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’ INTRODUCTION

Organic field-effect transistors (OFETs) using π-conjugated
molecules or polymers as the active semiconducting layer have
been intensively investigated as key elements for realizing
flexible, large area electronic devices in future.1 Recent advances
in material developments as well as processing optimizations
have achieved superior performances of OFETs to the amor-
phous silicon-based thin film transistors currently industrialized,
and a mobility benchmark as high as 5.5 cm2 V�1 s�1 was
reported for OFETs with polycrystalline thin films of a conven-
tional organic semiconductor, pentacene consisting of five fused
benzenes.2 The high performance of the pentacene-based
OFETs is generally interpreted by its small reorganization energy
(λ) at the molecular level and large intermolecular electronic
couplings (transfer integrals, t) at the solid-state level.3 With
extension of π-conjugation system, λ tends to decrease, whereas
t increases,3 and thus much larger acenes than pentacene are
expected to be better organic semiconductors. Large acene
molecules such as pentacene, however, have a drawback of poor
air-stability owing to their high-lying HOMO energy levels.4

Moreover, hexacene and heptacene,5,6 higher homologues in the
acene series, are not just air-unstable but chemically labile; they
are readily involved in chemical reactions such as Dield�Alder-
like cycloaddition and homodimerization.7 Thus, even for isola-
tion of such higher acenes, it is necessary to introduce bulky

substituents for the steric protection from these chemical reac-
tions (Figure 1).

To circumvent the instability of the higher acenes, structurally
related π-extended, ladder-type compounds with much better
stability have been focused; such compounds are oligothienoa-
cenes with up to eight thiophene rings,8 heteroaromatic-benzene-
alternating systems with up to nine aromatic rings (Figure 1).9

Although their stabilities are fairly improved thanks to the
incorporated heteroaromatic rings, solubilizing substituents are
necessary to keep the synthetic intermediates and the products
soluble, in particular, for largely extended compounds more than
seven fused rings. Their packing and solid-state electronic struc-
tures are thus largely altered by the substituents, which makes it
unclear how π-extension can contribute to the transport char-
acteristics in the solid state. To our best knowledge, dibenzo-fused
[5]thienoacene with seven aromatic rings and its selenophene
analogue are among the largest systems whose crystal structures
and transport properties were investigated.10

We have recently focused on diacene-fused thieno[3,2-b]-
thiophenes, e.g., [1]benzothineno[3,2-b]benzothiophene (BTBT)11

and dinaphtho[2,3-b:20,30-f]thieno[3,2-b]thiophene (DNTT),12

as stable π-extended molecular frameworks for the development
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ABSTRACT: A novel highly π-extended heteroarene with eight fused
aromatic rings, dianthra[2,3-b:20,30-f]thieno[3,2-b]thiophene (DATT),
was selectively synthesized via a newly developed synthetic strategy, fully
characterized by means of single crystal X-ray structural analysis, and
examined as an organic semiconductor in thin film transistors. Even with its
highly extended acene-likeπ-system, DATT is a fairly air-stable compound
with IP of 5.1 eV. Single crystal X-ray structural analysis revealed its planar
molecular structure and the lamella-like layered structure with typical
herringbone packing. Theoretical calculations of the solid state electronic
structure based on the bulk single crystal structure suggest that DATT
affords almost comparable intermolecular orbital couplings between HOMOs (tHOMO) with those of dinaphtho[2,3-b:20,30-f]-
thieno[3,2-b]thiophene (DNTT), implying its good potential as an organic semiconductor for organic field-effect transistors. In
fact, field-effect mobilities as high as 3.0 cm2V�1 s�1 were achieved with vapor-processedDATT-based devices, which is comparable
with that of DNTT-based devices. Themolecular ordering of DATT in the thin film state, however, turned out to be not completely
uniform; as elucidated by in-plane and out-of-plane XRDmeasurements, the face-on molecular orientation was contaminated in the
edge-on orientation, the former of which is not optimal for efficient carrier transport and thus could limit the mobility.
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of organic semiconductors (Figure 2). In fact, the BTBT and
DNTT derivatives are quite useful for the development of
high-performance OFETs and their integrated devices and
circuits.13,14 In particular, the parent DNTT-based OFETs show
mobilities as high as 3.1 cm2 V�1 s�1 for thin film transistors12 and
8.3 cm2 V�1 s�1 on single crystals.15 Furthermore, alkylated DNTT
derivatives showmuch enhanced mobilities in vapor-deposited thin
film transistors (up to 7.9 cm2 V�1 s�1)16a and solution-processed
single-crystalline film transistors (up to 12 cm2 V�1 s�1).16b

Although the DNTT core has a highly π-extended arene structure
consisting of six fused aromatic rings, the molecules are very stable,
thanks to the thieno[3,2-b]thiophene moiety embedded in the
middle of two naphthalenes.17 For further material development
along this structuralmotif, we have been interested in an anthracene-
integrated molecule, dianthra[2,3-b:20,30-f]thieno[3,2-b]thiophene
(DATT, Figure 2) with eight fused aromatic rings.

In this article, we report a straightforward synthesis of DATT
featuring a newly developed selective functionalization of an-
thracene at the 2 and 3 positions and the molecular and packing
structure, solid-state electronic structure, and thin film transistor
characteristics of DATT.

’RESULTS AND DISCUSSIONS

Synthesis. We first attempted to synthesize DATT using the
same synthetic methodology as for the DNTT derivatives12,16a

starting from anthracene-2-carbaldehyde (1) (Scheme 1).8,19

The first methylthiolation reaction on 1 gave amixture consisting
of desired 3-methylthioanthracene-2-carbaldehyde (2) and its
1-methylthio isomer (20) (80% yield as an isomer mixture).
Although isolation of 2 was attempted by chromatography
and/or fractional recrystallization, their poor solubility and

similar crystallinity prevented complete isolation, resulting in
ca. 80% pure 2 at best. Thus, the sample was resignedly used in
the following low-valent titanium mediated coupling reaction,
which gave a mixture of the corresponding ethenes containing
the precursor of DATT, trans-1,2-bis(3-methylthioanthracen-2-
yl)ethene (3). Isolation of 3 from the mixture by fractional
recrystallization and/or chromatography failed owing again to
the poor solubility. The final ring-closing reaction using the
isomeric ethenes gave a complex mixture, sublimation of which
afforded only a trace amount of DATT contaminated with other
isomer(s). We therefore concluded that this approach is not
realistic for synthesizing DATT effectively.
To circumvent the poor selectivity of 3-functionalization on 1,

we have examined various potential routes and finally found a
straightforward synthetic methodology (Scheme 2); starting
from 2-methoxyanthracene (4),20 3-methylthiolation was selec-
tively achieved to give 5 quantitatively, and the 2-methoxy
functionality of 5 was utilized as a handle for introducing the
ethene moiety. After selective demethylation of the methoxy
group keeping the methylthio moiety intact, the resulting
alcohol was readily converted into triflate 6, which was then
utilized in the palladium-catalyzed Stille coupling reaction
with 1,2-bis(tributylstannyl)ethene to give the precursor of
DATT (3).21 The final ring-closing reaction constructing the

Figure 1. Largely π-extended ladder-type compounds.

Figure 2. Chemical structures of diacene-fused thieno[3,2-b]-
thiophenes.

Scheme 1. Attempted Synthesis of DATT from Anthracene-
2-carbaldehyde (1)

Scheme 2. Successful Synthesis of DATT
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central thieno[3,2-b]thiophene moiety promoted by excess io-
dine was smoothly proceeded to afford DATT. Note that this
simple synthesis is highly selective, affording good yield in each
step, and thus quite efficient for constructing largelyπ-conjugated
ladder-type compounds with the thieno[3,2-b]thiophene moiety.
DATT was a stable, dark-red compound and readily purified

by vacuum sublimation. Owing to its poor solubility, character-
ization of DATT was done by mass spectroscopy and combus-
tion elemental analysis. The structure was unambiguously
confirmed by single crystal X-ray analysis, which clearly shows
its rigid and planar molecular structure (Figure 3).
Physicochemical Properties and MO Calculations. As ex-

pected from its highly extended, planar structure, solubility of
DATT is too low to evaluate its electrochemical properties and
absorption spectra in solution. Instead, we measured ionization
potential (IP) of its evaporated thin film with photoelectron yield
spectroscopy in air (PESA), and the IP of DATT was determined
to be 5.1 eV (Figure S1 in Supporting Information), which agrees
well with the value predicted from the theoretical calculations (vide
infra). Comparison of the IP value to those of BTBT (5.8 eV) and
DNTT (5.4 eV) indicates that extension of π-framework certainly
elevates the HOMO energy level. However, DATT still keeps a
relatively low-lyingHOMOenergy level sufficient for air stability.22

The absorption spectra of the DATT thin film shown in Figure 4
represents similar but bathochromically shifted absorption bands
compared to that of DNTT, reflecting its smaller HOMO�LU-
MO gap (Eg). Estimated Egs from the absorption edge are ca.
2.61 eV for DNTT and 2.06 eV for DATT, respectively. These
values are much larger than the Eg of the hexacene derivative
(Figure 1) estimated from its solution absorption spectra (∼1.36
eV),5 reflecting the phene-like electronic structure of DATT at the
central thieno[3,2-b]thiophene moiety.17

These physicochemical properties of DATT are well repro-
duced by theoretical MO calculations.23 The HOMO energy

level of DATT estimated from the MO calculations (Figure 5) is
higher by ca. 0.3 eV than that of DNTT, which is consistent with
the IP determined with PESA. The MO calculations also predict
that DATT has much smaller reorganization energy of hole (λh,
86 meV) than that of DNTT (130 meV) and BTBT (226 meV),
indicating basically the same trend in the acene system, where the
π-extension reduces the reorganization energies.3 It should be
also noted that the λh of DATT is smaller than that of pentacene
(94 meV),3 implying that DATT is promising as an organic
semiconductor for OFET devices.
Packing Structure of DATT. The packing structure of DATT

in the bulk crystal represents the typical molecular lamella
structure (Figure 6a) with the herringbone arrangement
(Figure 6b) often observed for high performance organic semi-
conductors for OFETs. Strictly speaking, the crystal structure of
DATT is of crystallographic isostructure with that of DNTT,
having the same space group (P21) and similar cell parameters,12

and it is thus interesting to compare their intermolecular orbital
overlaps. Evaluation of intermolecular electronic coupling of
HOMO (transfer integral, tHOMO) based on the packing struc-
ture of DATT is carried out using the Amsterdam Density
Functional (ADF) program package.24,25 The calculated tHOMOs

Figure 3. Molecular structure of DATT.

Figure 4. Absorption spectra of thin films of DNTT and DATT.

Figure 5. Calculated frontier orbitals of BTBT, DNTT, and DATT at
the DFT B3LYP/6-31 g(d) level.

Figure 6. (a) Crystal structure (b-axis projection) and (b) packing
structure in the crystallographic ab cell with calculated intermolecular
HOMO couplings (transfer integrals of HOMO; tHOMO) of DATT
together with tHOMO of DNTT.
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are fairly large as expected from the π-extended molecular
structure of DATT (Figure 6b). Interestingly, the values of
tHOMOs between the neighboring molecules are comparable to
those of DNTT12 and are well balanced for all three kinds of
molecular pairs in the crystallographic ab cell, indicative of
smaller anisotropy for DATT than for DNTT in the solid-state
electronic structure. These electronic structure aspects in com-
bination with its small λh values imply that DATT-based OFETs
should show transport properties comparable to or even better
than those of the DNTT-based ones.
Thin Film FET Devices of DATT. DATT-based thin-film

OFETs were fabricated with a bottom-gate, top-contact config-
uration with W/L = ca. 30 on Si/SiO2 substrates modified with
various self-assembled monolayers (SAMs) and evaluated under
ambient conditions. Regardless of the SAMs and substrate
temperatures during deposition (Tsub), all of the DATT-based
OFETs showed typical p-channel transistor responses. Among
them, the devices fabricated on hot substrate (Tsub = 100 �C)
demonstrated μFET values higher than 1.0 cm

2 V�1 s�1 and Ion/
Ioff values above 10

5 (Table 1). Figure 7 shows the output and
transfer curves of the device fabricated on the octadecyltrichlor-
osilane (ODTS)-treated Si/SiO2 substrate. In the output curves,
linear increase of Id at low Vd region, indicating the small contact
resistance, is observed, likely reflecting the low IP value of DATT.
Hysteresis in the transfer curves is almost negligible. As a result,
the DATT-based OFETs showed characteristics comparable to

those of the DNTT-based devices.12 However, the FET char-
acteristics of DATT-based ones largely depend on Tsubs, and the
devices fabricated at lower Tsub gave inferior performances. In
particular, very large Tsub dependence of μFET was observed for
the devices fabricated on the ODTS-treated substrates (Table 1).
Although the origins of the significant dependence of the ODTS-
modified devices were unclear, Tsub dependence of μFET's can be
understood by considering that the DATT molecule is so large
that it crystallizes easily at lower temperatures, resulting in
difficulty in controlling the formation of well-ordered crystallites
suitable for thin-film FETs. In fact, AFM images of evaporated
thin films clearly support this speculation; the size of crystallites
on the substrate is largely influenced by Tsub (Figure 8). Very
small crystallites were observed in the thin film deposited at
Tsub = rt, and upon elevating Tsub, the grain size increased.
Another interesting point on the DATT-based OFETs is the

threshold voltage (Vth) in comparison with those based on the
BTBT or DNTT derivatives with different HOMO energy levels.
For their reportedOFETs on the Si/SiO2 substrate showing μFET
higher than 1.0 cm2 V�1 s�1, the Vth values are�10 to�30 V for
the BTBTs-based OFETs,11 around �10 V for DNTTs-based
ones,12,16 and �5 to þ16 V for the present DATT-based ones.
Although the deviations are large, compounds with higher
HOMO energy levels (smaller IPs) tend to have positive Vth
values. This is in good agreement with reduction of the energy
difference between the HOMO of the semiconductors and the
work function (WF) of the source electrode. Shelf lifetime tests
of the DATT-based OFETs in the ordinary lab conditions were
also carried out (Figure S4 in Supporting Information). Although
the extracted mobilities reduced slightly, no significant increase of
off-current was observed.
As evidenced from their X-ray diffraction (XRD) patterns, the

DATT thin films were crystalline, similar to those of DNTT thin
films; clear peaks assignable to (00l) reflections were observed in
the out-of-plane measurement (Figure 9a). Calculated interlayer
spacing, 20.9 Å, is in good agreement with the crystallographic c-
axis length of the bulk single crystal, indicating that the DATT
molecules take the edge-on molecular orientation. Furthermore,
appearance of peaks in the in-plane XRD (Figure 9b), all of which
are also well indexed with the bulk single crystal cell, indicates its
crystalline order also in the in-plane direction and the same
crystalline phase both in the thin film state and the bulk single
crystal.
Careful inspection of both the out-of-plane and in-plane

XRDs, however, suggests that the molecular orientation of
DATT in the thin film is not completely uniform; in the out-

Table 1. FET Characteristics of DATT Devicesa Fabricated
on Si/SiO2 Substrates with Surface Treatments at Various
Substrate Temperatures during Deposition (Tsub)

SAMb Tsub (�C) μFET
c (cm2 V�1 s�1) Ion/Ioff

d Vth (V)

HMDS rt 0.22�0.28 1� 106 �17.4

60 0.49�0.73 1� 106 �12.4

100 1.1�1.8 6� 105 �5.0

OTS rt 0.43�0.51 2� 106 �14.3

60 0.68�0.87 2� 106 �10.7

100 1.0�1.4 2� 107 �4.4

ODTS rt 4.8�5.3 � 10�2 5� 105 �11.2

60 0.23�0.26 1� 106 �10.2

100 2.3�3.0 5� 105 þ16.5
aBottom-gate, top-contact configuration withW/L = ca. 30. bHMDS =
hexamethyldisilazane, OTS = octyltrichlorosilane, ODTS = octadecyl-
trichlorosilane. cData from more than 10 devices. d Ion and Ioff were the
source-drain current measured at Vg =�60 V and Vg = 0 V, respectively.

Figure 7. FET characteristics of the DATT-based device on the ODTS-treated Si/SiO2 substrate: (a) output curves and (b) transfer curves.
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of-plane XRDs, there are weak but noticeable peaks assignable to
the “in-plane” peaks (i.e., 110, 020, and 120), strongly indicating
the existence of crystallites with the c-axis parallel to the
substrate; in other words, crystallites with the face-on molecular
orientation coexist with those with the edge-on. Such contam-
ination of the face-on orientation is much pronounced in the thin
films deposited at lower Tsubs (Figure 9a), which well explains
the inferior FET performances of the devices fabricated at lower
Tsub's.

26 Even the thin film that afforded the best FET perfor-
mances (μ≈ 3.0 cm2 V�1 s�1) shows the “in-plane” peaks in the
out-of-plane XRD (Figure 9a, top), indicating the existence of
the face-on phase that would limit the FET performances.
Thus, much better transport characteristics can be expected,
provided that improvement of molecular ordering in the thin film
state of the DATT-based devices by optimizing film deposition
conditions and/or derivatization of the DATT molecule are
possible.

’CONCLUSION

In summary, we have successfully developed DATT, a new π-
extended ladder-type compound with eight fused aromatic rings.
Even with its highly extended acene-like π-system, DATT is a
fairly air-stable compoundwith IP of 5.1 eV. A field-effectmobility
as high as 3.0 cm2 V�1 s�1 was achieved with vapor-processed
DATT-based devices, even though the thin-film ordering is not
very good. Therefore, improvement of molecular ordering by
optimizing the film deposition conditions and derivatization of
DATT could further improve the performances. In the latter
context, the synthetic method newly developed is quite suitable to
synthesize DATT derivatives and its related largely π-extended
heteroarenes, since the method is highly selective and efficient
starting from readily available methoxy-substituted aromatic
compounds. Thus, design, synthesis, and evaluation of new largely
extended compounds are now underway in our group.

Figure 8. AFM images of evaporated thin films at various Tsub on ODTS-treated substrates; Tsub = rt (a), 60 �C (b), and 100 �C (c).

Figure 9. (a) Out-of-plane XRD patterns of DATT thin films deposited at Tsub = rt, 60 �C, and 100 �C from the bottom and (b) in-plane patterns
(Tsub = 100 �C) on ODTS-treated substrates.
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’EXPERIMENTAL SECTION

General. All chemicals and solvents are of reagent grade unless
otherwise indicated. THF was purified with a standard distillation
procedure prior to use. 2-Methoxyanthracene (4)20 was synthesized as
reported. Melting points were uncorrected. All reactions were carried out
under nitrogen atmosphere. Nuclear magnetic resonance (NMR) spectra
were obtained in deuterated chloroform (CDCl3) with TMS as internal
reference unless otherwise stated; chemical shifts (δ) are reported in parts
per million. IR spectra were recorded using a KBr pellet for solid samples.
EI-MS spectra were obtained using an electron impact ionization proce-
dure (70 eV).
3-Methylthio-2-methoxyanthracene (5). To a solution of

2-methoxyanthracene (4, 15.0 g, 72 mmol) in THF (520 mL) was added
1.67 M hexane solution of n-BuLi (86 mL, 144 mmol) at 0 �C. After the
mixture was stirred for 1 h at room temperature, dimethyldisulfide
(13 mL, 150 mmol) was added to the solution at 0 �C, and the resulting
mixture was stirred for 7 h at room temperature. Themixture was poured
into water (100 mL), and then THF was evaporated in vacuo to give a
precipitate. The precipitate was collected by filtration and washed with
water (100 mL) and methanol (100 mL) to give 3-methylthio-2-
methoxyanthracene (18.3 g, quantitative yield) as a white solid. An
analytical sample was obtained by gel-permeation chromatography with
JAI-GEL 1H/2H column assembly. Colorless crystals; mp
176.5�177.5 �C; 1H NMR (400 MHz, CDCl3) δ 2.58 (s, 3H), 4.03
(s, 3H), 7.16 (s, 1H), 7.39 (ddd, J = 8.2, 4.9, 1.9 Hz, 1H), 7.42 (ddd, J =
8.2, 4.9, 1.9Hz, 1H), 7.55 (s, 1H), 7.92 (d, J = 9.5Hz, 1H) 7.93 (d, J = 9.5
Hz, 1H), 8.22 (s, 1H), 8.24 (s, 1H); 13C NMR (125 MHz, CDCl3) δ
14.7, 56.2, 103.4, 122.5, 124.3, 124.7, 124.9, 125.4, 127.9, 128.4, 128.9,
131.0, 131.0, 131.7, 131.8, 154.6; EIMS (70 eV) m/z = 254 (Mþ). Anal.
Calcd for C16H14OS: C, 75.55; H, 5.55. Found: C, 75.26; H, 5.33.
3-(Methylthio)anthracen-2-ol. To a solution of 3-methylthio-2-

methoxyanthracene (5, 14.5 g, 57 mmol) in dichloromethane (200 mL)
was added dropwise a dichloromethane solution of BBr3 (ca. 2M, 50mL,
100 mmol) at�78 �C. After 5 h of stirring at room temperature, ice (ca.
50 g) was added to the mixture at 0 �C. The resulting mixture was
extracted with dichloromethane (200 mL � 3), and the combined
organic layer was washed with brine (100 mL � 3), dried (MgSO4),
and concentrated in vacuo to give practically pure 3-(methylthio)
anthracen-2-ol (13.7 g, quantitative yield) as a white solid. An ana-
lytical sample was obtained by gel-permeation chromatography with
JAI-GEL 1H/2H column assembly. Colorless crystals; mp
175.6�176.5 �C; 1H NMR (400 MHz, CDCl3) δ 2.49 (s, 3H), 6.54
(s, 1H), 7.31 (s, 1H), 7.39 (ddd, J = 10.7, 6.6, 1.4 Hz, 1H), 7.41 (s, 1H),
7.43 (ddd, J = 10.7, 6.6, 1.4 Hz, 1H), 7.91 (d, J = 8.8 Hz, 1H), 7.93 (dd,
J = 8.8 Hz, 1H), 8.14 (s, 1H), 8.22 (s, 1H), 8.30 (s, 1H); 13C NMR (100
MHz, CDCl3) δ 19.8, 107.8, 124.2, 125.0, 126.2, 126.2, 126.8, 128.0,
128.5, 128.6, 130.8, 132.8, 133.0, 133.8, 151.7; IR (KBr) ν 3510 cm�1

(OH); EIMS (70 eV) m/z = 240 (Mþ). Anal. Calcd for C15H12OS: C,
74.66; H, 4.72. Found: C, 74.70; H, 4.84.
3-(Methylthio)anthracen-2-yl Trifluoromethanesulfonate

(6). To a solution of 3-(methylthio)anthracen-2-ol (10.1 g, 42 mmol)
and triethylamine (16.0 mL, 115 mmol) in dichloromethane (400 mL)
was added trifluoromethanesulfonic anhydride (10.0 mL, 54.6 mmol) at
0 �C. After 42 h of stirring at room temperature, the mixture was diluted
with water (50 mL) and hydrochloric acid (4 M, 100 mL). The resulting
mixture was extracted with dichloromethane (100 mL � 3). The
combined organic layer was washed with brine (100 mL � 3), dried
(MgSO4), and concentrated in vacuo to give practically pure 3-
(methylthio)anthracen-2-yl trifluoromethanesulfonate (15.5 g, quantita-
tive yield) as a yellow solid. An analytical sample was obtained by gel-
permeation chromatography with JAI-GEL 1H/2H column assembly.
Colorless crystals; mp 105.5�106.0 �C; 1H NMR (400 MHz, CDCl3) δ
2.63 (s, 3H), 7.50 (ddd, J = 9.6, 6.3, 1.8 Hz, 1H), 7.51 (ddd, J = 9.6, 6.3,

1.8Hz, 1H), 7.78 (s, 1H), 7.88 (s, 1H), 7.97 (dd, J = 5.5, 2.0Hz, 1H), 7.98
(dd, J = 5.5, 2.0Hz, 1H), 8.34 (s, 1H), 8.38 (s, 1H); 13CNMR(125MHz,
CDCl3) δ 15.8, 119.0 (q, J = 319 Hz), 119.5, 125.4, 126.2, 126.4, 126.8,
127.1, 128.4 (�2), 129.0, 130.6, 131.0, 132.0, 132.9, 145.3; IR (KBr) ν
1429, 1207 cm�1 (-O-SO2-); EIMS (70 eV) m/z = 372 (Mþ). Anal.
Calcd for C16H11F3O3S2: C, 51.61; H, 2.98. Found C, 51.57; H, 2.67.
trans-1,2-Bis(3-methylthioanthracen-2-yl)ethene (3). To a

deaerated solution of 3-(methylthio)anthracen-2-yl trifluoromethanesul-
fonate (6, 11.2 g, 30 mmol) and trans-1,2-bis(tributylstannyl)ethane21

(9.1 g, 15.0 mmol) in DMF (110 mL) was added Pd(PPh3)4 (1.2 g, 1.0
mmol, 3 mol %). The mixture was heated at 100 �C for 17 h in dark and
then diluted with water. The resulting precipitate was collected by
filtration and washed with water (100 mL) and ethanol (50 mL) to give
practically pure trans-1,2-bis(3-methylthioanthracen-2-yl)ethene (3.9 g,
59%) as a yellow solid. An analytical sample was obtained by vacuum
sublimation. Mp > 300 �C; 1HNMR (400MHz, CDCl3) δ 2.66 (s, 6H),
7.44 (dd, J = 5.0, 4.4 Hz, 4H), 7.75 (s, 2H), 7.78 (s, 2H), 7.97 (d, J = 9.6
Hz, 2H), 7.98 (d, J = 9.6Hz, 2H), 8.27 (s, 2H), 8.30 (s, 2H), 8.44 (s, 2H);
13C NMR (100 MHz, CDCl3) δ 16.8, 124.2, 124.9, 125.7, 125.7, 126.0,
126.8, 126.9, 128.5, 128.6, 129.2, 130.6, 132.0, 132.8, 136.5, 147.3; IR
(KBr) ν 1485, 1426, 1024, 957, 862, 741 cm�1; EIMS (70 eV)m/z = 472
(Mþ).; Anal. Calcd for C32H24S2: C, 81.31; H, 5.12. Found: C, 81.21;
H, 4.90.
Dianthra[2,3-b:20,30-f]thieno[3,2-b]thiophene (DATT). Pow-

dered iodine (59 g, 232 mmol) was added to a suspension of trans-1,2-
bis(3-methylthioanthracen-2-yl)ethene (3.8 g, 8.0 mmol) in acetic acid
(250 mL), and the mixture was refluxed for 11 h. Excess acetic acid was
distilled off, and the resulting residue was treated with saturated aqueous
sodium hydrogen sulfite solution (200 mL) with stirring (ca. 1 h). The
resulting precipitate was collected by filtration, washed successively with
water (100 mL) and acetone (100 mL), and dried in vacuo to give crude
DATT (3.8 g, quantitative) as a dark reddish solid. For device fabrication,
the crude DATT was washed with boiling chlorobenzene and then
purified by repetitive gradient sublimation in vacuo (ca. 400 �C at∼10�2

Pa under nitrogen atmosphere), which gave typically 50% yield of
purified DATT with sufficient quality. Mp > 300 �C; EIMS (70 eV)
m/z = 440 (Mþ). Anal. Calcd for C30H16S2: C, 81.78; H, 3.66. Found: C,
81.38; H, 3.52.
Single Crystal X-ray Analysis. Single crystals of DATT for X-ray

structural analysis were obtained by a sublimation method. The X-ray
crystal structure analysis was made on a Rigaku Mercury-CCD (Mo KR
radiation, λ = 0.71069 Å, graphite monochromator, T = 296 K, 2θmax =
55.0�). The structure was solved by the direct methods.27 Non-hydrogen
atoms were refined anisotropically, and hydrogen atoms were included in
the calculations but not refined. All calculations were performed using the
crystallographic software package TeXsan 1.2.28

Crystallographic data for DATT: C30H16S2 (440.58), orange plate,
0.30 � 0.20 � 0.10 mm3, monoclinic, space group, P21 (No. 4), a =
6.259(3), b = 7.569(3), c = 20.826(9) Å, b= 92.781(1)�,V= 985.3(7) Å3,
Z = 2, R = 0.0595 for 3127 observed reflections (I > 2σ(I)) and 289
variable parameters, wR2 = 0.1473 for all data (3563).
Fabrication and Evaluation of FET Devices. OFETs were

fabricated in a “top-contact” configuration on a heavily doped nþ-Si
(100) wafer with a 200 nm thermally grown SiO2 (Ci = 17.3 nF cm�2).
The substrate surfaces were treated with octyltrichlorosilane (OTS),
octadecyltrichlorosilane (ODTS), or hexamethyldisilazane (HMDS) as
reported previously. A thin film of DATT as the active layer was vacuum-
deposited on the Si/SiO2 substrates maintained at various temperatures
(Tsub) at a rate of 1 Å s�1 under a pressure of ∼10�3 Pa. On top of the
organic thin film, gold films (80 nm) as drain and source electrodes were
deposited through a shadow mask. For a typical device, the drain-source
channel length (L) and width (W) are 50 μm and 1.5 mm, respectively.
Characteristics of the OFET devices were measured at room tempera-
ture under ambient conditions with a Keithley 4200 semiconducting
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parameter analyzer. Field-effect mobility (μFET) was calculated in the
saturation (Vd = �60 V) of the Id using the following equation,

Id ¼ CiμFETðW=2LÞðVg � VthÞ2

where Ci is the capacitance of the SiO2 insulator, and Vg and Vth are the
gate and threshold voltages, respectively. Current on/off ratio (Ion/Ioff)
was determined from the Id at Vg = 0 V (Ioff) and Vg = �60 V (Ion).
The μFET data reported are typical values from more than ten different
devices.
Theoretical Calculations. Geometry optimizations and normal

mode calculations of isolated nTA molecules of BTBT, DNTT, and
DATT were performed at the B3LYP/6-31G(d) level using the Gauss-
ian03 program package. Reorganization energies of hole were also
calculated using the same program package at the same level following
the procedures described in ref 3. Calculations of intermolecular transfer
integrals (t's) were performed with the PW91 functional and Slater-type
triple-ζ plus polarization (TZP) basis sets using the ADF (Amsterdam
Density Functional) package.24,25
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