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New solution-prosessable n-channel organic semiconductors
were developed based on a 2,6-bis(dicyanomethylene)-2,6-dihy-
drobenzo[1,2-b:4,5-b'1dithiophene core. The OFETs showed n-
channel transistor characteristics under ambient conditions with

electron field-effect mobility up to 6.3 x 1073 cm? V=l 51,

Recent intensive research efforts in material development
and device optimization have improved the performance of solu-
tion-processed organic field-effect transistors (OFETs).! In par-
ticular, p-channel OFETs have attained both high field-effect
mobility comparable with or superior to amorphous silicon-
based FETs and stability under ambient conditions."? In con-
trast, solution-processed n-channel OFETs suffered from both
poor performances and lack of air-stability. Very recently, how-
ever, Facchetti and co-workers have reported several air-stable
solution-processed n-channel OFETs with electron field-effect
mobility () higher than 0.1 cm? V=1g~13

We also recently reported a new n-channel organic semicon-
ductor, dicyanomethylene-substituted terthienoquinoid deriva-
tive 1, which afforded solution-processed n-channel OFETs with
Uy of 0.16 cm? V! s~! under ambient conditions.* This result
indicates that 7-extended thienoquinoidal compounds modified
with dicyanomethylene moieties are promising for air-stable n-
channel organic semiconductors and even for soluble ones, pro-
vided that appropriate solubilizing modifications are made. From
this viewpoint, 2,6-bis(dicyanomethylene)-2,6-dihydrobenzo-
[1,2-b:4,5-b']dithiophene (CNBDT, Figure 1)>° is an interesting
core structure, because of its linearly extended rigid benzodithi-
enoquinoidal structure and low-lying LUMO level comparable
with that of TCNQ.”:® In this communication, we report the syn-
thesis and characterization of 4,8-dialkyl-CNBDT (C,-CNBDT,
n = 8, 10, and 12, Figure 1) as a soluble n-channel organic semi-
conductor, together with evaluation of the parent CNBDT as a
vapor processable n-channel organic semiconductor.

Because of its poor solubility and difficulty in purification,
the reported yield of CNBDT was very low (10% isolated
yield).” In contrast, the synthesis and purification of
C,-CNBDTs proceeded straightforward: the conventional
Takahashi reaction® using the corresponding 2,6-dibromo-4,8-
dialkyl-BDTs 26 with sodium dicyanomethanide in the presence
of catalytic tetrakis(triphenylphosphine)palladium in refluxing
tetrahydrofuran followed by spontaneous air oxidation gave
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Figure 1. Molecular structures of 1, 2, and CNBDT derivatives.

C,-CNBDTs in reasonable yields (ca. 60%).!° Thanks
to their improved solubility (up to 1.31 gL~" in chloroform at
rt for Cj,-CNBDT), C,-CNBDTs were fully characterized
by spectroscopy and combustion elemental analyses.’ C,-
CNBDTs showed a quasi-reversible, two-stage reduction wave
(Figure S1),'° and estimated LUMO energy level from the onset
of the first reduction is ca. 4.6 eV below the vacuum level, which
agrees well with their LUMO level theoretically calculated at the
DFT B3LYP-6-31G(d) level.'

Thin film deposition of the parent CNBDT was done by va-
por deposition, whereas thin films of C,-CNBDTs were readily
obtained by spin-coating with 0.2 wt % chloroform solution at
4000 rpm for 30 s on Si/SiO; substrates. On top of the thin films,
vapor deposition of gold source and drain electrodes completed
fabrication of OFETs with a top-contact configuration. Figure 2a
shows the output characteristics of the CNBDT-based device
evaluated under ambient conditions, where enhancement of
the drain current (I3) by application of the gate voltage (V)
was observed. However, Iy at V, =0V was fairly large.
Although the reasons for such large off-current are not clear,
we speculate that the face-on molecular orientation on the sub-
strate estimated from the XRD pattern suggesting the inter-layer
spacing of ca. 33A (Figure 2b), is related to such poor FET
characteristics.

In sharp contrast, solution-processed OFETs using C,-
CNBDTs as an active semiconducting material showed typical
n-channel FET responses (Figure 3): not only clear off-state
but also enhancement of I3 by application of V; as well as the
saturation of /; in the high drain voltage (V) regime were ob-
served. The (tfgr extracted from the saturation regime are in
the order of 1073 cm? V™! s~ with I, /I of 10%, and no large
difference between the derivatives with different alkyl chain
lengths was observed (Table 1 and Figures S3 and S4). These
FET performances are not the best among recently reported
solution-processed n-channel OFETSs based on the state of the
art air-stable n-channel semiconductors. To understand the rela-
tively low mobility, we investigated the thin films by AFM and
XRD measurements.
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Figure 2. (a) Output characteristics of CNBDT-based OFET. Note that no
clear off state was observed. (b) XRD pattern of evaporated thin film of
CNBDT.
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Figure 3. FET characteristics of Cs-CNBDT evaluated under ambient condi-
tions: (a) output and (b) transfer characteristics.

Table 1. FET characteristics® of C,-CNBDTs using spin-coated thin films and
interlayer spacings estimated from XRD measurement

U d-spacing®
n Jem? \F,E_Tl - Ton /Lot Vin/V /A
8 3.7 x 1073 10* +2.0 14.1
10 1.0 x 1073 5% 103 +2.6 16.0
12 1.1 x1073 5% 103 +8.0 17.6

#“top-contact” configuration with 50 um and 1.5 mm of channel length and
width, respectively, was used. ®Estimated from the first diffraction peak in
XRDs shown in Figure 4 and Figure S5.'°

Figure 4a shows an AFM image of the spin-coated thin film
of Cs-CNBDT as a representative, where continuous thin film
surface without clear grain boundaries is observed. In the
XRD pattern (Figure 4b), a broad peak at around 260 = 6.2°
was observed, which corresponds to interlayer spacing of
14.1 A. Similar XRD patterns were obtained for other deriva-
tives with longer d-spacings depending on the alkyl chain
lengths (Table 1), implying that the molecular short-axis direc-
tion parallel to the two alkyl chains tends to orient upright to
the substrate with relatively large inclination of the molecules
from the substrate normal. However, the peaks in the XRDs were
very weak, indicative of the poor crystalline order, which is
thought to be a major cause for the low mobility of C,-
CNBDT-based OFETs.

In order to improve the crystallinity, we examined thermal
annealing of the thin films. The annealed films afforded en-
hanced peaks in the XRDs, in particular at 150°C, not only
the first peak with high intensity but also the second and third
peaks were observed (Figure 5a). With the thin film annealed
at 50°C, the FET performances were slightly improved with
Wepr of 6.3 x 1073 em? V~!s™! for Cg-CNBDT. In contrast,
annealing at higher temperatures deteriorated the FET responses,
which was apparently related to the morphological changes of
the thin film, since the films became clouded on the surface by
annealing at 100 °C or higher temperature. In the AFM image
of the annealed thin film at 150°C (Figure 5b), large crystal
grains sub-um in size were observed. The crystal grains do not
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Figure 4. AFM image (a) and XRD pattern (b) of spin-coated thin film of Cg-
CNBDT.
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Figure 5. XRD patterns of Cs-CNBDT thin films depending on the annealing
temperature (a) and AFM image of Cs-CNBDT thin film annealed at 150 °C.

connect to each other, indicating that continuous active channels
for the transistor are destroyed by thermal aggregation concom-
itant with crystallization.

In summary, we have synthesized and evaluated C,-
CNBDTs as soluble n-channel organic semiconductors. Differ-
ent from the parent CNBDT, C,,-CNBDTs are soluble n-channel
semiconductors that afford solution-processed OFETS with (ggr
of the order of 1073 cm? V~!s~!. Although attempts to further
enhance the FET characteristics by thermal annealing of the thin
films failed, the present results show that the quinoidal heteroar-
ene structure is promising as new air-stable n-channel organic
semiconductors. Further trial to develop related soluble n-chan-
nel organic semiconductors is now underway.

This work was supported by a Grants-in-Aid for Scientific
Research (No. 20350088) from the Ministry of Education,
Culture, Sports, Science and Technology, Japan.

References and Notes

1 Recent reviews on solution-processed OFETs, see: a) B. S. Ong, Y. Wu,
Y. Li, P. Liu, H. Pan, Chem.—Eur. J. 2008, 14, 4766. b) 1. Osaka, R. D.
McCullough, Acc. Chem. Res. 2008, 41, 1202.

2 High-performance solution-processed OFETs with mobility higher than
1.0cm? V='s~! have been reported: a) M. M. Payne, S. R. Parkin, J. E.
Anthony, C. C. Kuo, T. N. Jackson, J. Am. Chem. Soc. 2005, 127, 4986.
b) B. H. Hamadani, D. J. Gundlach, I. McCulloch, M. Heeney, Appl. Phys.
Lett. 2007, 91, 243512. ¢) S. K. Park, T. N. Jackson, J. E. Anthony, D. A.
Mourey, Appl. Phys. Lett. 2007, 91, 063514. d) H. Ebata, T. Izawa, E.
Miyazaki, K. Takimiya, M. Ikeda, H. Kuwabara, T. Yui, J. Am. Chem.
Soc. 2007, 129, 15732.

3 a)H. Usta, A. Facchetti, T. J. Marks, Org. Lett. 2008, 10, 1385. b) H. Usta, A.
Facchetti, T. J. Marks, J. Am. Chem. Soc. 2008, 130, 8580. c¢) H. Yan, Z.
Chen, Y. Zheng, C. Newman, J. R. Quinn, F. Dotz, M. Kastler, A. Facchetti,
Nature 2009, 457, 679.

4 S. Handa, E. Miyazaki, K. Takimiya, Y. Kunugi, J. Am. Chem. Soc. 2007,
129, 11684.

5  The BDT core has been employed for both p- and n-channel OFET materials:
a) J. G. Laquindanum, H. E. Katz, A. J. Lovinger, A. Dodabalapur, Adv.
Mater. 1997, 9, 36. b) K. Takimiya, Y. Kunugi, Y. Konda, N. Niihara, T.
Otsubo, J. Am. Chem. Soc. 2004, 126, 5084. c) K. Takimiya, Y. Konda, H.
Ebata, N. Niihara, T. Otsubo, J. Org. Chem. 2005, 70, 10569. d) K. Takimiya,
Y. Kunugi, H. Ebata, T. Otsubo. Chem. Lett. 2006, 35, 1200. e) T. Kashiki,
E. Miyazaki, K. Takimiya, Chem. Lett. 2008, 37, 284.

6 a)H.Pan, Y.Li, Y. Wu, P. Liu, B. S. Ong, S. Zhu, G. Xu, Chem. Mater. 2006,
18,3237.b) H. Pan, Y. Li, Y. Wu, P. Liu, B. S. Ong, S. Zhu, G. Xu, J. Am.
Chem. Soc. 2007, 129, 4112.

7 S. Yoshida, M. Fujii, Y. Aso, T. Otsubo, F. Ogura, J. Org. Chem. 1994, 59,
3077.

8  Relation between air-stability of n-channel OFETs and LUMO energy level
was discussed in detail. See: a) Z. Wang, C. Kim, A. Facchetti, T. J. Marks,
J. Am. Chem. Soc. 2007, 129, 13362. b) H. Usta, A. Facchetti, T. J. Marks,
J. Am. Chem. Soc. 2008, 130, 8580.

M. Uno, K. Seto, S. Takahashi, J. Chem. Soc., Chem. Commun. 1984, 932.

10 Supporting Information is available electronically on the CSJ-Journal Web
site, http://www.csj.jp/journals/chem-lett/index.html.

Published on the web (Advance View) May 16, 2009; doi:10.1246/c1.2009.568



