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Organic field-effect transistors (OFETs) have been attracting
much interest because of their potential use as low-cost alternatives
to the present silicon-based transistors. Compared to the high
performance of p-channel OFETS, which is comparable to those

1(n=1~4)

of amorphous silicon transistors, the device performance of
n-channel OFETSs is generally IoWwith recent rapid progress in

the development of novel n-channel organic semiconductors,
however, high-performance n-channel OFETs showing electron
mobilities as high as hole mobilities in p-channel OFETs have
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become available. Such high-performance n-channel semiconductorsrigure 1. Dicyanomethylene-substituted thienoquinoid oligomers.

are naphthalene or perylene tetracarboxinfideasd extended
aromatic compounds modified with strong electron-withdrawing

groups? However, devices based on these materials are generally
fabricated by the vacuum process, and solution-processible n-

channel materials that allow for cost-effective device fabrication
are still limited. Furthermore, almost all of the n-channel OFETs
so far reported can operate only in vacuum or under inert
atmosphere and show greatly reduced performance in air, limiting
their practical application. Therefore, the development of air-stable,

solution-processible n-channel OFETs is one of the key issues for

the further development of OFETs.
Dicyanomethylene-substituted quinoidal oligothiopherigs(e

one of the representative classes of n-channel organic semiconduc

tors, and vacuum-deposited thin film of the terthiophene derivative
with two butyl substituents showed superior n-channel OFET
characteristics (Figure 2).However, the solubility of these
compounds is rapidly reduced when the oligothiophene chain is
extended: for example, the solubility of an unsubstituted ter-
thiophene analoguel(n = 3, R = H) in chloroform at room
temperature is~6 x 1074 mol/L. On the other hand, we recently
reported a series of highly soluble analogu®ap to the hexamer,
employing a soluble thiophene unit modified with a bis(butoxym-
ethyl)cyclopentane rin§. However, these compounds are not

suitable as organic semiconductors because of the steric bulkiness,

of the solubilizing units, which reduces intermolecular interactions
in the solid state. To retain such properties as high solubility and
intermolecular interaction in the solid state, we designed a new
hybrid-type terthiophene derivative, B;bis(dicyanomethylene)-
5,5'-dihydro-A21:3:2'-dithienyl-5,5'-bis(hexyloxymethyl)cyclopen-
ta[c]thiophene B8), in which only the central thiophene ring
possesses the solubilizing bis(hexyloxymethyl)cyclopentane unit.
We report here the synthesis and propertie8 tafgether with the
FET characteristics of its solution-processed n-channel OFETSs.
Hybrid compound3 was synthesized from a corresponding
dibromoterthiophene precursds)(using the palladium-catalyzed
Takahashi reactidrfollowed by air oxidation and was isolated as

a stable deep green solid (Scheme 1; see Supporting Informa’[iont
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Scheme 1. Synthesis of 3

1) NaH, CH,(CN),,
Pd(PPh3)s, dppf

2) air oxidation

63%

for details)® The solubility of 3 was quite high as expected 2
102 mol/L in chloroform at rt).

Owing to the high solubility, thin-film fabrication & was easily
achieved by the spin-coating method using 0.4 wt % chloroform
solution (2000 rpm, 30 s) on quartz glass or a SifSsObstrate.

The UV—vis spectrum of the spin-coated film &fon the glass
substrate showed a structureless broad peak centered at around
650 nm (Figure 2), which is almost the same as that observed in
chloroform solution (Figure S3), implying no strong intermolecular
interaction in the film state. Interestingly, the spectra of the film
on the substrate drastically changed on annealing: at°CQG
shoulder appeared at around 1000 nm, and at'C5@he intensity
of the shoulder was fairly enhanced. This indicates that the change
of molecular packing is thermally induced, and a highly interactive
molecular arrangement is realized in the annealed filr8. of
In agreement with the spectral changes, thin-film X-ray diffrac-
tion (XRD) patterns also changed upon annealing (Figure 3). No
peak was observed in the XRD pattern of the as-spun film,
indicating that the film was amorphous. On the other hand, the
XRD patterns of the annealed films showed a series of peaks
indicating formation of crystalline domains in the film. At the
annealing temperature of 15, the intensity of the first peak
(001) was fairly enhanced; at the same time, the emergence of peaks
assignable to higher order up to the fifth order (005) was noted.
From these results, we concluded that thermal annealing induced
the transformation into crystalline film with intermolecular interac-
tions in the solid state, although the as-spun film was amorphous
and showed no intermolecular interaction.

Top contact OFET devices were fabricated on the spin-coated
hin films on octyltrichlorosilane (OTS)-treated Si/Si€ubstrates,
and their characteristics in air were evaluated. In accordance with
the UV—vis spectra and the XRD patterns discussed above, the
FET characteristics of the devices strongly depended on the

10.1021/ja074607s CCC: $37.00 © 2007 American Chemical Society
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Figure 2. UV —vis spectra of spin-coated thin film 8f annealing at 150
°C produced a characteristic shoulder at ca. 1000 nm.
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Figure 3. XRD patterns of spin-coated thin film & annealing led to
the formation of crystalline film.

Table 1. Dependence of FET Characteristics on Annealing
Temperature of 3 Thin Film
Tanneal °C #FETlcm2 VisTt Ton/loi? VinlV
- 1.4x 104 107(10°) 4.5
50 1.7x 10 107 (109) -3.3
100 2.5% 1072 10°(10% -5.0
150 0.16 16(10% -1.2
200 5.2x 1073 10°(10% -2.5

a Current on/off ratio ki/lorr) was determined from thiy at Vg = 0 V
(loff) @and Vg = 60 V (lon). The values in parentheses are the maximum
lo/lof, Wherelo was the minimum in the transfer plots.
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Figure 4. FET characteristics d-based OFET on OTS-treated substrate
(annealed at 158C): output characteristics (left) and transfer characteristics
at Vg = 60 V (right).
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annealing temperature of the films (Table 1). OFETSs fabricated on
the as-spun film showed poor FET characteristics with electron
mobility (urer) of 1.4 x 1074 cm? V71 s71 (ol ~ 10°). In
contrast, annealing at higher temperature improved FET charac-
teristics: at 100C, urer was 2.5x 1072 cn? V=1 s~ with loy/l o

~ 103 and at 150C, urer Was increased to 0.16 @1 st with

lonflof ~ 10 (Figure 4). The present n-channel FET performance
is one of the best among solution-processed n-channel OFET

devices so far reported. Considering the fact that the fabrication of
thin films as well as the evaluation of FET characteristics was
carried out under ambient condition3,can be classified as a
characteristic material that gives air-stable, solution-processible
n-channel OFETSs.

In conclusion, we have developed a new hybrid-type dicyanom-
ethylene-substituted terthienoquinoid compoufi for use as a
highly soluble n-channel organic semiconductor. The as-spun film
of 3 was amorphous, and the molecules in the film were not
interactive. Thermal annealing induced the formation of a highly
crystalline film that shows intermolecular interaction in the solid
state. This film is a superior n-type semiconducting channel,
showing electron mobilities of up to 0.16 énd 1 s~1 with I/l o
~ 1. Although the present performance and air stabilitg-blsed
OFETs are remarkable, the reasons for these characteristics are not
known. Detailed studies of the structunproperty relationship are
underway.

Acknowledgment. This work was partially supported by Grants-
in-Aid for Scientific Research from the Ministry of Education,
Culture, Sports, Science and Technology, Japan, and an Industrial
Technology Research Grant Program in 2006 from the New Energy
and Industrial Technology Development Organization (NEDO) of
Japan. We thank Prof. T. Haino (Hiroshima University) for the
measurements of NOESY spectra.

Supporting Information Available: Experimental details of the
synthesis and characterization3®device fabrication, UV-vis spectra,
and XRDs of thin films. This material is available free of charge via
the Internet at http://pubs.acs.org.

References

(1) (a) Dimitrakopoulos, C. D.; Malenfant, R. Adv. Mater. 2002 14, 99—
117. (b) Katz, H. E.; Bao, Z.; Gilat. S. LAcc. Chem. Re2001, 34,
359-369. (c) Newman, C. R.; Frisbie, C. D.; da Silva Filho, D. A.; @as,
J.-L.; Ewbank, P. C.; Mann, K. RChem. Mater2004 16, 4436-4451.

(2) (a) Katz, H. E.; Lovinger, A. J.; Johnson, J.; Kloc, C.; Siegrist, T.; Li,
W.; Lin, Y.-Y.; Dodabalapur, ANature200Q 404, 478. (b) Malenfant,

P. R. L.; Dimitrakopoulos, C. D.; Gelorme, J. D.; Kosbar, L. L.; Graham,
T. O. Appl. Phys. Lett2002 80, 2517.

(3) (a) Bao, Z.; Lovinger, A. J.; Brown, J. Am. Chem. Sod998 122
207-208. (b) Sakamoto, Y.; Suzuki, T.; Kobayashi, M.; Gao, Y.; Fukai,
Y.; Inoue, Y.; Sato, F.; Tokito, SI. Am. Chem. SoQ004 126, 8138-
8140. (c) Facchetti, A.; Yoon, M.-H.; Stern, C. L.; Katz, H. E.; Marks, T.
J. Angew. Chem., Int. EQ003 42, 3900. (d) Jones, B. A.; Ahrens, M.
J.; Yoon, M.-H.; Facchetti, A.; Marks, T. J.; Wasielewski, M. Agew.
Chem., Int. Ed2004 43, 6363-6366. (e) Letizia, J. A.; Facchetti, A.;
Stern, C. L.; Ratner, M. A.; Marks T. J. Am. Chem. SoQ005 127,
13476-13477. (f) Ando, S.; Murakami, R.; Nishida, J.; Tada, H.; Inoue,
Y.; Tokito, S.; Yamashita, YJ. Am. Chem. So2005 127, 14996-14997.

(4) (a) Babel, A.; Janekhe, S. A. Am. Chem. So2003 125 13656-13657.

(b) Waldauf, C.; Schilinsky, P.; Perisutti, M.; Hauch, J.; Brabec, C. J.
Adv. Mater. 2003 15, 2084-2088. (c) Singh, T. B.; MarjanoVjcN.;
Stadler, P.; Auinger, M.; Matt, G. J.; @®es, S.; Sariciftci, N. S;
Schwaliauer, R.; Bauer, SJ. Appl. Phys.2005 97, 083714. (d)
Anthopoulos, T. D.; de Leeuw, D. M.; Cantatore, E.; van't Hof, P.; Alma,
J.; Hummelen, J. CJ. Appl. Phys2005 98, 054503. (e) Chikamatsu,
M.; Nagamatsu, S.; Yoshida, Y.; Saito, K.; Yase, K.; Kikuchi, Appl.
Phys. Lett.2005 87, 203504. (f) Anthopoulos, T. D.; Kooistra, F. B.;
Wondergem, H. J.; Kronholm, D.; Hummelen, J. C.; de Leeuw, D. M.
Adv. Mater. 2006 18, 1679-1684.

(5) (a) Pappenfus, T. M.; Chesterfield, R. J.; Frisbie, C. D.; Mann, K. R.;
Casado, J.; Raff, J. D.; Miller, L. L1. Am. Chem. So2002 124, 4184—
4185. (b) Chesterfield, R. J.; Newman, C. R.; Pappenfus, T. M.; Ewbank,
P. C.; Haukaas, M. H.; Mann, K. R.; Miller, L. L.; Frishie, C. Bdv.
Mater.2003 15, 1278-1282. (c) Kunugi, Y.; Takimiya, K.; Toyoshima,
Y.; Yamashita, K.; Aso, Y.; Otsubo, T. Mater. Chem2004 14, 1367—
1369.

(6) Takahashi, T.; Matsuoka, K.; Takimiya, K.; Otsubo, T.; Aso,JYAm.
Chem. Soc2005 127, 8928-8929.

(7) Uno, M.; Seto, K.; Takahashi, 8. Chem. Soc., Chem. Commuad884
932-933.

(8) Compound was fully characterized by the spectroscopic and combustion
elemental analyses. Reduction potenttal,{¢% of 3 was —0.14 V (vs
Ag/AgCl). From the electrochemical data, the LUMO energy leveB of
was estimated to be 4.2 eV below the vacuum level.

JA074607S

J. AM. CHEM. SOC. = VOL. 129, NO. 38, 2007 11685



