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Abstract: A series of fused thiophenes
composed of fused a-oligothiophene
units as building blocks, end-capped
with either styrene or 1-pentyl-4-vinyl-
benzene groups, has been synthesized
through Stille coupling reactions. The
compounds have been fully character-
ized by means of '"H NMR spectrome-
try, high-resolution mass spectrometry,
and elemental analysis. The molecules
present a trans—trans configuration be-
tween their double bonds, which has
been verified and confirmed by Fouri-
er-transform infrared spectroscopy and

nt overlap and sulfur—sulfur interactions
between the adjacent molecules. The
decomposition temperatures were all
found to be above 300°C, indicating
that compounds of this series possess
excellent thermal stability. The fact
that no phase transition occurs at low
temperature indicates that they should
be well-suited for application in devi-
ces. Moreover, they possess low
HOMO energy levels, based on cyclic
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voltammetry measurements, and suita-
ble energy gaps, as determined from
their thin-film UV/Vis spectra. Thin-
film X-ray diffraction analysis and
atomic force microscopy revealed high
crystallinity on supporting substrates.
In addition, as the substrate tempera-
ture has a significant influence on the
morphology and the degree of crystal-
linity, the device performance could be
optimized by varying the substrate
temperature. These materials were
found to exhibit optimal field-effect
performance, with a mobility of

single-crystal X-ray diffraction analysis.
The X-ray crystal structures showed m—

Introduction

In recent years, organic field-effect transistors (OFETs), the
critical components of future organic electronics, have at-
tracted a lot of interest as a low-cost alternative to conven-
tional silicon transistors for electronic applications."! The
design and synthesis of novel materials to improve the key
OFET performance, including carrier mobility, on/off ratio,
and threshold voltage, are major challenges in organic semi-
conductor research. Organic semiconductors such as penta-
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transistors - AN ]
0.17cm“V~'s™ and an on/off ratio of

10°, at a substrate temperature of 70°C.

cene have shown superior field-effect performance and mo-
bilities in excess of 1 cm?V~'s™'.?) Thiophene-based materi-
als have been considered as promising candidates for organ-
ic semiconductors and are proposed to have good OFET
performance due to various intra- and intermolecular inter-
actions, including weak hydrogen bonding, m—m stacking,
and sulfur—sulfur interactions.”! Oligothiophenes consisting
of a-linked thiophene units (a-oligothiophenes, a-nT) and
derivatives thereof have been widely used in OFETs.l
However, these oligomers can easily twist from planarity,
thus decreasing conjugation through torsion about single
bonds, which may potentially affect the band gap in the
solid state.’! An effective approach to resolving this problem
is to combine the stability of the thiophene ring with the
planarity of linear acenes to produce thienoacenes.**"°l
Fused thiophenes can be regarded as fused a-oligothio-
phenes and their derivatives. Linearly condensed thiophenes
give the most extended m-conjugation and the highest pla-
narity. In addition, efficient intermolecular S-S interactions
in the fused thiophenes may contribute to carrier transport.
Therefore, the exploration of organic semiconductors based
on fused thiophenes would appear to be highly promising.
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In our research aimed at finding superior semiconductors,
we have focused our attention on fused thiophenes and
have successfully synthesized a series of high-performance
organic semiconductors.” Fused a-oligothiophenes based on
thieno[3,2-b]thiophene (TT) and dithieno[3,2-b:2',3'-d]thio-
phene (DTT) represent versatile and effective molecular
scaffolds in the design of organic semiconductors. However,
semiconductors  containing  thieno[3,2-b]thieno[2’,3:4,5]-
thieno[2,3-d|thiophene (TTA) have scarcely been stud-
ied.’"*81 A series of new organic semiconductors has been
synthesized, which have fused a-oligothiophene units as the
building blocks, end-capped with either styrene or 1-pentyl-
4-vinylbenzene groups. Double bonds in the backbones of
these materials facilitate m-electron delocalization and
extend the effective conjugation length of the system.”’ Sev-
eral research groups have developed semiconductors with
high performance by selecting conjugated vinylene-based
compounds."”! In the current work, some organic semicon-
ductors have been designed and synthesized by varying the
degree of fusion in a series of fused thiophenes. The prod-
ucts may represent a new family of candidate materials for
use in OFETs. These semiconductors display good polycrys-
talline film-forming properties, and the molecules are orient-
ed in an orderly manner with a m—m stacking direction paral-
lel to the substrate. Their properties ensure that OFETs
based on these materials will exhibit high device perfor-
mance, which has been verified by device fabrication and
measurement. An identical approach has been followed to
synthesize six target compounds by Stille coupling reac-
tions.'!) The building blocks were synthesized in a specific
manner by oxidative couplings. Scheme 1 shows the chemi-
cal structures of the fused thiophenes end-capped with sty-
rene (2a, 3a, and 4a) and 1-pentyl-4-vinylbenzene (2b, 3b,
and 4b), and the synthetic route used to obtain them. The
products have been characterized by high-resolution mass
spectrometry, '"H NMR spectrometry, Fourier-transform in-
frared spectroscopy, and elemental analysis. Their photo-
electronic properties have been probed by UV/Vis spectro-
photometry, fluorescence spectroscopy, and cyclic voltam-
metry.

Results and Discussion

Synthesis: The key building blocks were synthesized by an
approach involving a combination of cross-coupling reac-
tions and oxidative couplings. TT was obtained in 52 % yield
in six steps starting from 3-bromothiophene and was con-
verted into 2,5-dibromo-thieno[3,2-b]thiophene 2 by treat-
ment with two equivalents of N-bromosuccinimide (NBS) in
CHCI,." DTT was obtained in 25% yield in two steps from
2,3-dibromothiophene.'¥ The synthetic route used to pre-
pare TTA! started from 3-bromothieno|[3,2-b]thiophene.['
The same methodology was implemented for the synthesis
of 2,6-dibromodithieno|[3,2-b;2",3'-d]thiophene 3"** and 2,6-
dibromothieno[3,2-b]thieno[2’,3":4,5]thieno[2,3-d]thiophene

4" using two equivalents of NBS in CHCl,. (E)-B-Tributyl-
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Scheme 1. Synthetic routes to 2a—4a and 2b—4b.

(styryl)stannane (1a) was prepared by the reaction of phe-
nylacetylene with tributyltin hydride (Bu;SnH) catalyzed by
azobis(isobutyronitrile) (AIBN). Similarly, reaction of 4-
pentylphenylacetylene with Bu;SnH in the presence of
AIBN gave (FE)-p-tributyl[2-(4-pentylphenyl)vinyl]stannane
(1b). The subsequent [Pd(PPh;),Cl,]-catalyzed Stille cou-
plings of the appropriate stannyl and bromo compounds
used to synthesize the six fused thiophenes are shown in
Scheme 1. Palladium-catalyzed Stille coupling of 2 with 1a
by refluxing for 12 h in toluene solution afforded 2a in 70 %
yield. Likewise, Stille coupling of 2 with the corresponding
1b afforded 2b in 73% yield. 3a and 3b were synthesized
through an analogous procedure in 65 and 70% yield, re-
spectively. 4a and 4b derived from TTA were prepared by
Stille couplings of 4 with the corresponding compounds 1a
and 1b in 70 and 63 % yield, respectively. One of the great-
est challenges was the purification of the compounds be-
cause homo-couplings of the stannyl and bromo compounds
occurred as side reactions in all of the syntheses. After the
obtained materials had been purified by multiple Soxhlet
extraction using methanol and acetone, they were further
purified by threefold gradient sublimation under vacuum.
They were all obtained as yellow solids and were found to
be slightly soluble in THF, chloroform, toluene, and chloro-
benzene. Their chemical structures were determined by EI-
MS or MALDI-TOF MS, 'HNMR spectrometry, Fourier-
transform infrared (FTIR) spectroscopy, and elemental anal-
yses. Single-crystal X-ray structure determinations of two of
the target compounds confirmed the proposed structures.
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None of the compounds could be characterized by *C NMR
spectroscopic analysis due to their poor solubility.

Thermal properties: The thermal properties of the new
fused thiophenes were evaluated by thermal gravimetric
analysis (TGA) and differential scanning calorimetry
(DSC). The onset of decomposition temperatures, 2a
(317°C), 2b (345°C), 3a (343°C), 3b (359°C), 4a (350°C),
and 4b (389°C), increase with the extent of thiophene ring
fusion and on adding the alkyl-substituted groups. There is
no doubt that extension of the conjugation of the fused o-
oligothiophenes and attachment of the the alkyl-substituted
groups improved the thermal stability.'®! The DSC traces of
2a and 4a did not show any obvious endothermic peaks be-
tween 0 and 285°C in either the heating or cooling cycles,
but those of 2b, 3a, and 3b displayed single endothermic
peaks at 144°C, 288°C, and 221°C, respectively. The DSC
trace of 4b showed two endothermic melting peaks at
216°C and 265°C. The former was strong with high enthal-
py, while the latter was relatively weak with low enthalpy.
As identified by polarized optical micrography, some solid—
solid phase transitions of 4b occurred at both endothermic
peaks, although an isotropic phase was not observed before
the decomposition temperature. The fact that the onset de-
composition temperatures of all of the fused thiophenes are
above 300°C shows that they have excellent thermal stabili-
ty, and the absence of any phase transitions at low tempera-
tures indicates that this series of compounds should be well-
suited for application in devices.

Molecular and single-crystal structures: The effect of molec-
ular conformation and packing property in single crystals on
charge-carrier transport is one of the fundamental issues for
organic semiconducting materials. Single crystals of 3a were
obtained by slow evaporation of the volatiles from a solu-
tion in methanol/toluene (2:1), while those of 4a were ob-
tained by slow sublimation in a temperature-gradient fur-
nace. Unfortunately, no single crystals of the compounds 2a,
2b, 3b, and 4b could be obtained. X-ray diffraction studies
were performed on the crystals of 3a and 4a to determine
their solid-state structures. Figure 1 shows that the molecu-
lar structure of 3a has a twisted geometry, with the central
DTT core not lying in the same plane with a torsion angle
of 130° along its long axis. The angle by which the benzene
rings in 3a are displaced from the plane of the long axis is
9.86°. In contrast, the molecular backbone of the TTA core
in 4a is almost flat, and the angle by which the benzene
rings are displaced from the mean plane is 7.55°. As expect-
ed, the geometric structures of 3a and 4a display a trans—
trans configuration between their double bonds, which may
increase the mobility of the charge carriers.'”) We assumed
that the other compounds 2a, 2b, 3b, and 4b would have a
similar trans—trans molecular configuration, confirmation of
which was provided by the results of a subsequent FTIR
spectroscopy study. The unit cells of the derivatives are
shown in Figure 2. Each unit cell contains two layers along
the c-axis direction, such that one half of the c-axis length,
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Figure 1. Front and side views of the molecular structures of a) 3a and
b) 4a with 50 % probability ellipsoids.

Figure 2. Stereographic views of unit cells of molecules a) 3a and b) 4a
(hydrogen atoms have been omitted for clarity).

21.14 and 22.90 A for 3a and 4a, respectively, corresponds
to the width of each layer. In Figure 3, it can be seen that
the molecules are packed to form a sheet-like array, in
which short S-S contacts are observed. The intermolecular
short S-S contact in the bc plane of the sheet-like array of
3a has a distance of 3.44 A, while that in the ac plane of 4a
has a distance of 3.42 A. Intermolecular S-S contacts in-
crease the effective dimensionality of the electronic struc-
ture and are beneficial to charge transport. The molecular
sheets are piled up and form a columnar stacking with an in-
terplanar separation of 2.23 A (3a) in the b-axis direction
and 2.20 A (4a) in the a-axis direction. The interaction be-
tween the stacks is reinforced by the close intermolecular
S-S contacts. Such packing is similar to that of other fused
thiophenes.”™'® Both molecules display a nearly flat, sym-
metric molecular geometry, which facilitates tight molecular
packing. The molecules pack in a herringbone geometry,
similar to those of pentacene!” and most fused thio-
phenes,®™ and the tilt angle between the two molecular
planes is 37.13° in 3a and 43.08° in 4a.

It was important to identify the configurations of the
other four compounds (2a, 2b, 3b, and 4b), because isomer-
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Figure 3. Stacking patterns in the crystals: a) 3a: view along the a axis;
b) 4a: view along the b axis. For clarity, only one sheet-like array of mol-
ecules (0.5 < ¢ <1.0) is depicted. Intermolecular S-S interactions are in-
dicated with dotted lines.

ization about double bonds often occurs during thermal
evaporation and deposition processes. The six compounds
were purified by gradient sublimation under vacuum. There-
fore, it was necessary to verify that all of the molecules re-
tained the same trans configuration. This was confirmed by
FTIR spectroscopy (see Figure 4). The FTIR spectra of each
of the six molecules featured a strong absorption band at
~946 cm ', which corresponds to an out-of-plane bending
vibration of a trans-vinylene C—H bond.['"?"! No bands due
to cis-vinylene C—H bonds in the region ~882-862 cm™!
were observed in the spectra. It was thus established that all
of the compounds exhibit trans—trans conjugation, which is
favorable for ordering in the solid state. This was important
and gratifying as even a small percentage of cis-isomers may
prevent good organization in thin films and hence decrease
the mobility of charge carriers. From Figure 4, it can be seen
that the monosubstituted phenyl ring (2a, 3a, and 4a) gives
rise to a characteristic absorption band at ~698 cm™', while
no band due to the 1,4-disubstituted phenyl ring (2b, 3b,
and 4b) is observed in this region.!

Optical and electrochemical properties: The UV/Vis absorp-
tion spectra of the compounds in dilute THF solution and of
vacuum-deposited thin films on quartz substrates are shown
in Figure 5. In solution, the compounds show redshifts of
their absorption peaks with increasing degree of fusion of
the a-oligothiophene units. For the compounds sharing the
same building block (2a and 2b, 3a and 3b, 4a and 4b), the
absorption spectra in solution of the 1-pentyl-4-vinylben-
zene-substituted compounds exhibit a small redshift and a
similar peak shape to the spectra of the styrene-substituted
compounds. On comparing the solid-state and solution spec-
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Figure 4. FT-IR spectra of 2a, 2b, 3a, 3b, 4a, and 4b.

tra, the former are blue-shifted because the molecules adopt
a herringbone packing motif that leads to H aggrega-
tion.”>?!l This is usually related to excitonic coupling be-
tween adjacent molecules in a closely packed structure. We
conclude that there are strong interactions between neigh-
boring molecules in the film. The optical band gaps E,
(2.53eV (2a), 2.52eV (2b), 240eV (3a), 2.58eV (3b),
2.37 eV (4a), and 2.41 eV (4b)) were determined by extrap-
olating the long-wavelength absorption edges, Agpe (E,=
1240/ gpse; €V), of their vacuum-deposited thin-film spectra.
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Figure 5. Normalized UV/Vis absorption spectra in THF solution (sol.)
and in the solid state (film).
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In order to understand the charge-transport properties, to
assess the ionization potentials (hole-injecting ability), and
to verify the electrochemical stability of the compounds,
cyclic voltammetry (CV) measurements were performed.
We used a conventional three-electrode cell with Pt working
electrodes, a platinum wire counter electrode, and an Ag/
AgCl reference electrode in THF solution at room tempera-
ture. Compounds 2a—4a underwent an irreversible oxidation
process between 1.13 and 1.16 V, while the oxidations of
2b-4b were partially reversible and appeared at 0.95V
versus Ag/AgCl. No reduction potentials of the six com-
pounds below zero voltage could be observed, as shown in
Figure 6. The ionization potentials (Eyomo; HOMO!: highest
occupied molecular orbital) of m-conjugated systems can be
estimated by using the equation Eygyo=—(4.40 + EX*)
eV.Pl E™'is the onset potential for oxidation. The values of
E™' for 2a, 2b, 3a, 3b, 4a and 4b of 1.03, 0.73, 0.99, 0.82,
0.96, and 0.74 V, corresponding to estimated Eyopo levels of
—5.43, —5.13, —5.39, —5.22, —5.36, and —5.14 eV, respective-
ly, are indicative of good electrochemical stability. It is
worthy of note that these HOMO levels match the work
function of gold metal (—5.2 eV), so that hole injection from
a gold source electrode in a p-type OFET can be expected
to be efficient. All of the studied compounds have lower-
lying HOMO energy levels and larger band gaps than penta-
cene (Epomo=—4.60 €V, E,=2.21¢eV), suggesting that they
should show better stabilities towards oxygen under ambient
conditions.!

FULL PAPER

Studies on thin films: Thin films (of thickness about 50 nm)
of the materials on n-octadecyltrichlorosilane (OTS)-modi-
fied SiO,/Si substrates at different substrate temperatures
were investigated by means of thin-film X-ray diffraction
(XRD) analysis and atomic force microscopy (AFM).
Figure 7 shows the X-ray diffraction patterns of the six films
at different substrate temperatures (7Ty,), which indicate
that they show their best mobilities at 70°C (for 2a, 3a, and
3b) and 100°C (for 2b, 4a, and 4b). All of the XRD pat-
terns exhibit strong and sharp diffraction peaks with multi-
ple orders of reflection, which is indicative of a preferred
orientation of the molecules in the films with high crystallin-
ity on the substrates. Compared to the pentyl-substituted
2b—4b, compounds 2a—4a exhibit stronger and sharper pri-
mary peaks, indicating that these molecules are perfectly
oriented in the crystal grains. The first strong reflection
peak in the XRD pattern of a film of 3a at 26 ~4.11° corre-
sponds to a d-spacing of 21.4 A (see Figure 7c), which is co-
incident with the length of the molecule (21.1 A) deter-
mined by single-crystal XRD experiments. This suggests
that the molecules of 3a are arranged with their long axes
almost perpendicular to the substrate, with the - stacking
direction parallel to the substrate, in which case the charge
carriers would transport easily with high mobilities.””! The
molecules of 4a pack in the same manner as those of 3a.
The first strong reflection peak in the XRD pattern of a
film of 4a at 26 =~ 3.82° corresponds to a d-spacing of
23.1 A, coincident with the length of the molecule (22.9 A).
The diffraction peaks of 3a and 4a correspond well with
those observed by powder
XRD, revealing that the mole-
cules in the films pack in the
same manner as in the crystal-
line state. This orientation is
known to be favorable for ach-
ieving high mobility since the
stacking structure increases the

intermolecular m-overlap®! and
the stacking direction is also
consistent with the direction of
current flow.”” We assume that
2a adopts a similar thin-film
structure because the monolay-
er thickness of films (19.5A)
determined by thin-film XRD
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measurements is  coincident
with the length of the molecule
(19.5A) calculated by Chem-
Draw 3D and optimized by Ma-
terial Studio 3.0. However, the
tilt angles of films of 2b—4b de-
posited from the vapor phase
are not easily deduced from the
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Figure 6. Cyclic voltammograms measured at a scan rate of 100 mVs™" in 0.1 Bu,NPF, in THF. a) 2a, b) 2b, tion peak. Figure8 shows
c)3a, d) 3b, e) 4a, f) 4b. atomic force microscopy
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Figure 7. Thin-film X-ray diffractograms of a) 2a (7, =70°C), b) 2b (7,,=100°C), ¢) 3a (7,,=70°C), d) 3b

(T, =70°C), €) 4a (T, =100°C), and £) 4b (T, =100°C).

(AFM) images of thin films deposited on SiO,/Si substrates.
The AFM images of 2a-4a all show plate-like grains con-
sisting of flat terraces. In particular, the thin film of 3a was
seen to consist of large plate-like and interconnected poly-
crystalline grains of several microns on the substrate at
70°C, which should facilitate carrier transport and thus
result in superior transport properties. For the alkyl-substi-
tuted compounds 2b—4b, the AFM image of 3b reveals a
mixture of rod-like and plate-like grains. The grain sizes of
2b and 4b are smaller and inter-grain connection is less ex-
tensive than that in 3b. This trend in the morphologies is
consistent with the fluctuation trends in the pggp values,
those of 2a—4a being higher than those of the alkyl-substi-
tuted 2b—4b (the pgpp values are in the order: 2a ~ 2b, 3a
> 3b, 4a > 4b).

OFET device performance: Devices were fabricated by
vacuum deposition on OTS-treated SiO,/Si substrates at var-
ious temperatures. Their performances were measured in a
top-contact configuration (drain and source electrodes de-
posited above the semiconductor) with Au electrodes. The
performances were measured in air and the results are
shown in Table 1. Typical field-effect transistor output and
transfer characteristics using 3a as the active semiconductor
are presented in Figure 9. All of the OFET devices exhibit-
ed p-type operation.

It was observed that the OFET performance of each com-
pound depended on the temperature of the substrate. When
2b was deposited at a substrate temperature of 100°C, the
resultant device showed a mobility of 0.04 cm?V's™'. Re-
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ten times higher than that of 3b
(0.17 versus 0.013cm?V~'s™),
while the ppgr of 4a was four

50 nm
IZS nm
0nm

Figure 8.2x2 um*> AFM images at different substrate temperatures:
a)2a (7,,=70°C), b)2b (T,,=100°C), c)3a (7,,=70°C), d)3b
(T, =70°C), e) 4a (T,,,=100°C), and f) 4b (7,,=100°C).

times that of 4b (0.06 versus 0.014 cm*V~'s™"), which may
be attributed to the more effective m-conjugation and closer
ni—rt overlap in the former. As is well known, the morpholo-
gies of thin films dramatically influence device performan-
ces. This is consistent with the aforementioned thin-film
XRD and AFM images, which indicate superior film mor-
phology and molecular order in the non-alkyl-substituted
compounds compared to the alkyl-substituted compounds.
Devices fabricated from 3a at T,,,=70°C showed a best
hole mobility of 0.17 cm*V~'s™! and an on/off ratio of 10° in
a saturation regime. It is accepted that the charge carrier
transport in OFETs is dominated by highly ordered thin
films with large interconnected polycrystalline grains. At
T,»,=70°C, all diffraction peaks became stronger and sharp-

Chem. Eur. J. 2010, 16, 2231 -2239
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Table 1. Field-effect transistor characteristics: the carrier mobility upgr,
on/off current ratio I, and threshold voltage Vi of materials deposited
at different substrate temperatures T,

Material Ty, [°C] teer [em*V7'sT] Lonsort Vi [V]
2a 20 0.03 10° -21.0
70 0.04 10° —-11.0
100 0.04 10° —11.5
2b 20 0.013 4x10° -1.6
70 0.018 3x10* -9.1
100 0.04 10° +0.8
3a 20 0.08 10° —6.1
70 0.17 10° -10.1
100 0.07 10° -9.7
3b 20 6.2x1073 10° —-1.1
70 0.013 2x10* —6.4
100 94x1073 10* —4.2
4a 20 0.02 10* -9.5
70 0.03 10* -10.0
100 0.06 10° —-8.7
120 0.02 10* —-154
150 0.017 10* -20.2
4b 20 0.01 10° +1.0
70 0.017 10° -17.8
100 0.014 10* -3.5
120 0.008 10* +5
a) -250 =
444 i)
~200 1 I il
= -150 e aaaase: Y
=
g —100
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Figure 9. a) Output and b) transfer characteristics of OFET devices based
on 3a at 7,,,=70°C at different gate voltages.

er, and, at the same time, the AFM images revealed that the
grain size increased and the intergrain connection was im-
proved, indicative of improved ordering in the films. Both
AFM and thin-film XRD showed that the films of 3a depos-
ited at T,=70°C had the best film morphology and molec-
ular ordering, consistent with the highest pppr obtained
under these conditions. When the substrate temperature was
increased to 100°C, the molecules of 3a formed larger as-
semblies on the substrate and simultaneously some bounda-
ries between the grains were formed, which probably led to
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a lowering of the charge transport, as manifested in a de-
crease in mobility to 0.07 cm®*V's™".

Conclusions

In conclusion, we have synthesized a new series of oligomers
based on thieno[3,2-b]thiophene, dithieno[3,2-b:2',3'-d]thio-
phene, and thieno[3,2-b]thieno[2’,3":4,5]thieno[2,3-d]thio-
phene, end-capped with either styrene or 1-pentyl-4-vinyl-
benzene groups, by means of Stille coupling reactions. Their
chemical structures, which feature a trans—trans configura-
tion between the double bonds, have been determined by
Fourier-transform infrared spectroscopy and single-crystal
X-ray diffraction analysis. Investigation of their physico-
chemical properties has indicated that they are more stable
than pentacene. They have been used as p-type semiconduc-
tors for organic field-effect transistors, which showed a high
mobility of 0.17 cm*V~'s™" and a large on/off ratio of 10°.

Experimental Section

General: Chemicals were purchased from Aldrich or Alfa Aesar and
were used as received. Solvents and other common reagents were ob-
tained from the Beijing Chemical Plant. 'HNMR (300 MHz) and
"HNMR (400 MHz) spectra were obtained on Bruker DMX-300 and
DMX-400 NMR spectrometers, respectively, using tetramethylsilane as
an internal standard. Mass spectra were determined on a Micromass
GCT-MS spectrometer. Elemental analyses were performed with a Carlo
Erba model 1160 elemental analyzer. TGA measurements were carried
out on a TA SDT 2960 instrument under a dry nitrogen flow, heating
from room temperature (RT) to 550°C at a rate of 10°Cmin'. DSC
analyses were performed on a TA DSC 2010 instrument under a dry N,
flow, heating from RT to 300°C at a rate of 10°C min™". Electronic ab-
sorption spectra were measured on a Jasco V570 UV/Vis spectrophotom-
eter. Emission spectra were recorded on a Hitachi F-4500 fluorescence
spectrometer. FT-IR spectra were determined using a Perkin-Elmer
Tensor 27 spectrometer with samples in KBr pellets. Cyclic voltammetric
measurements were carried out at RT in a conventional three-electrode
cell using Pt button working electrodes of diameter 2 mm, a platinum
wire counter electrode, and an Ag/AgCl reference electrode, with a
0.1 molL™" solution of tetrabutylammonium hexafluorophosphate
(Bu,NPFy) in tetrahydrofuran (THF) as the electrolyte, using a comput-
er-controlled CHI660C instrument. Thin-film X-ray diffraction measure-
ments were made in the reflection mode at RT using a 2 kW Rigaku X-
ray diffraction system. The films were also imaged in air using a Digital
Instruments Nanoscope III atomic force microscope operated in tapping
mode.

X-ray diffraction measurements: X-ray crystal structure determinations
were carried out in reflection mode using a Rigaku MM-007 X-ray dif-
fraction system (Mo, radiation, 1=0.71073 A). The data were collected
at 113 K, and the structure was solved by direct methods using SHELXS-
97 and refined by using the SHELXL-97 program. Colorless prismatic
crystals of 3a were obtained by slow evaporation of the volatiles from a
solution in methanol/toluene (2:1). Crystallographic data for 3a: crystal
size: 0.14x0.12x0.08 mm?; monoclinic; P2,/n; Z=4; a=17.3557(18), b=
6.0295(14), ¢=42.272(8) A; V=1872.7(7) A®, peyea=1.421 gem™>; final
R=0.0789, wR=0.1896; GoF=1.093 with />2.000(). Yellow platelet
crystals of 4a were obtained by slow sublimation in a temperature-gradi-
ent furnace. Crystallographic data for 4a: crystal size: 0.12x0.10x
0.02 mm®; monoclinic; P2/c; Z=4; a=5.8990(18), b=7.401(2), c=
45.799(13) A; V=1998.9(10) A% peea=1.517 gem™3; final R=0.0697,
wR=0.1391; GoF=0.985 with 1>2.000(/). CCDC-711682 (3a) and
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711683 (4a) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Device fabrication: OFET devices were made by subliming the molecules
(film thickness: 50 nm) onto OTS-modified SiO,/Si substrates, followed
by Au deposition through a shadow mask to define the source and drain
electrodes. Prior to the deposition, OTS was deposited by placing the
SiO, substrates in a vacuum oven saturated with OTS vapor for 3 h. The
performances were measured in a top-contact configuration (drain and
source electrodes deposited above the semiconductor). Gold source and
drain contacts (50 nm) were deposited onto the organic layer through a
shadow mask. The channel length (L) and width (W) were 3000 and
50 pum, respectively. The OFET characteristics of the devices were deter-
mined at room temperature in air by using a Hewlett—Packard 4140B
semiconductor parameter analyzer. The mobilities in the saturation
regime were determined using Equation (1):

[DS = WFETWCi/ZL)(VG7VT>2 (1)

where I is the drain-source current in the saturated regime, uggy is the
field-effect mobility, W is the channel width, L is the channel length, C; is
the capacitance of the SiO, dielectric layer, V is the gate voltage, and
V' is the threshold voltage.

2,5-Distyrylthieno[3,2-b]thiophene  (2a):  Phenylacetylene (224 g,
20.0 mmol), Bu;SnH (5.8 g, 20.0 mmol), AIBN (0.20 g), and dry toluene
(100 mL) were placed in a three-necked flask equipped with a condenser.
The mixture was heated at 90°C under a nitrogen atmosphere for 12 h
and then cooled to room temperature. The yellow solution of (E)-f3-tribu-
tyl(styryl)stannane thus obtained was used directly for the next step with-
out further purification. (E)-p-Tributyl(styryl)stannane, 2,5-dibromothie-
no[3,2-b]thiophene (1.49 g, 5 mmol), and [Pd(PPh;),Cl,] (3 mol%) were
mixed in dry toluene (150 mL). Nitrogen was bubbled through the mix-
ture for 15 min and then it was refluxed under a nitrogen atmosphere for
3 days. Thereafter, the mixture was cooled to room temperature and an-
hydrous methanol (100 mL) was added. The precipitate formed was col-
lected by filtration and washed with dilute acid (5% HCI), water, metha-
nol, and finally three times with acetone to remove the starting material
as well as the monosubstituted by-product. The material was further puri-
fied by three sublimations to afford 2a as a bright-yellow solid (1.2 g,
70%). '"HNMR (400 MHz, [Dg]THF, 27°C, TMS): 6=7.52-7.51 (d, 4H,
J(H,H)=17.6 Hz), 7.41-7.37 (d, 2H, J(H,H)=16.0 Hz), 7.33-7.31 (t, 4H,
J(H,H)=14.0Hz), 7.30 (s, 2H), 7.23-7.19 (t, 2H, J(H,H)=15.0 Hz),
6.98-6.94 ppm (d, 2H, J(H,H)=16.0 Hz); MS (EI): m/z (%): 344 (100)
[M*]; elemental analysis caled (%) for C,H;eS,: C 76.70, H 4.68, S
18.62; found: C 76.54, H 4.64, S 18.63.
2,5-Bis[2-(4-pentylphenyl)vinyl]thieno[3,2-b]thiophene (2b): 4-Pentyl-
phenylacetylene (6.88 g, 40.0 mmol), Bu;SnH (11.6 g, 40.0 mmol), AIBN
(0.20 g), and dry toluene (100 mL) were placed in a three-necked flask
equipped with a condenser. The mixture was heated to 90°C under a ni-
trogen atmosphere for 12 h and then cooled to room temperature. The
yellow solution of (E)-f-tributyl[2-(4-pentylphenyl)vinyl]stannane thus
obtained was used directly for the next step without further purification.
2b was prepared according to the procedure described for 2a by Stille
coupling of 2,5-dibromothieno[3,2-b]thiophene with (E)-p-tributyl[2-(4-
pentylphenyl)vinylJstannane in the presence of [Pd(PPh;),Cl,] (3 mol %)
and was isolated as a yellow solid (1.77 g, 73%). "H NMR (300 MHz,
[D,]THF, 57°C, TMS): 6=7.44-7.41 (d, 4H, J(H,H)=9.0 Hz), 7.36-7.31
(d, 2H, J(HH)=15.0Hz), 7.26 (s, 2H), 7.17-7.14 (d, 4H, J(HH)=
9.0 Hz), 6.95-6.90 (d, 2H, J(H,H)=15.0 Hz), 2.63-2.58 (t, 4H, J(H.H)=
7.5Hz), 1.68-1.60 (m, 4H), 1.50-1.29 (m, 8H), 0.93-0.88 ppm (t, 6H,
J(HH)=7.5Hz); MS (MALDI-TOF): m/z: caled for C;HjS,: 484.8;
found: 484.9; elemental analysis calcd (%) for C;,HseS,: C 79.29, H 7.49,
S 13.23; found: C 78.91, H 7.44, S 13.44.
2,5-Distyryldithieno[3,2-5:2',3'-d]thiophene (3a): 3a was prepared ac-
cording to the procedure described for 2a by Stille coupling of 2,6-dibro-
modithieno[3,2-b:2',3"-d]thiophene with (E)-p-tributyl(styryl)stannane. 3a
was isolated as a yellow solid (1.3g, 65%). 'HNMR (300 MHz,
[Dg]THE, 57°C, TMS): 6=17.56-7.54 (d, 4H, J(H,H)=7.9 Hz), 7.47-7.41
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(t, 2H, J(HH)=18.8 Hz), 7.40 (s, 2H), 7.36-7.31 (t, 4H, J(HH)=
15.0 Hz), 7.25-7.21 (t, 2H, J(H,H)=14.0 Hz), 7.04-6.98 ppm (d, 2H,
J(H,H)=16.0 Hz); MS (EI): m/z (%): 400 (100) [M*]; elemental analysis
caled (%) for C,yHS;: C 71.96, H 4.03, S 24.01; found: C 71.80, H 4.11,
S 13.70.

2,6-Bis[2-(4-pentylphenyl)vinyl]dithieno[3,2-5:2',3'-d]thiophene (3b): 3b
was prepared according to the procedure described for 2b by Stille cou-
pling of 2,6-dibromodithieno[3,2-b:2’,3'-d]thiophene with (E)-f-tributyl[2-
(4-pentylphenyl)vinyl]stannane in 70% yield (1.89g). 'HNMR
(300 MHz, [Dg]THEF, 27°C, TMS): 0=7.46-7.43 (d, 4H, J(H,H)=9.0 Hz),
7.39-7.34 (d, 2H, J(HH)=15.0Hz), 7.35 (s, 2H), 7.18-7.15 (d, 4H,
J(H,H)=9.0 Hz), 6.99-6.94 (d, 2H, J(H,H)=15.0 Hz), 2.63-2.58 (t, 4H,
J(H,H)=7.5 Hz), 1.65-1.58 (m, 4H), 1.36-1.29 (m, 8H), 0.93-0.88 ppm
(t, 6H, J(H,H)=7.5Hz); MS (MALDI-TOF): m/z: calcd for Cs;HseS;s:
540.8; found: 540.9; elemental analysis calcd (%) for C;HjeS;: C 75.50,
H 6.71, S 17.79; found: C 75.43, H 6.83, S 17.33.
2,6-Distyrylthieno[3,2-b]thieno[2',3":4,5]thieno[2,3-d]thiophene (4a): 4a
was prepared according to the procedure described for 2a by Stille cou-
pling of 2,6-dibromothieno[3,2-b]thieno[2’,3":4,5]thieno[2,3-d]thiophene
with (E)-f-tributyl(styryl)stannane. 4a was isolated as a yellow solid
(1.60 g, 70%). HRMS (MALDI): m/z: caled for C,H;¢S,: 456.0135;
found: 456.0138; elemental analysis caled (%) for C,sH,4S,: C 68.38, H
3.53, S 28.09; found: C 68.33, H 3.51, S 27.89.
2,6-Bis[2-(4-pentylphenyl)vinylJthieno[3,2-b]thieno[2',3":4,5]thieno[2,3-
d]thiophene (4b): 4b was prepared according to the procedure described
for 2b by Stille coupling of 2,6-dibromothieno[3,2-b]thieno[2',3":4,5]-
thieno[2,3-d[thiophene with (E)-B-tributyl[2-(4-pentylphenyl)vinyl]stan-
nane. 4b was isolated as a yellow solid (1.88g, 63%). 'HNMR
(300 MHz, [Dg]THE, 57°C, TMS): 6=7.43-7.40 (d, 4H, J(H,H)=9.0 Hz),
7.33-7.28 (d, 2H, J(H,H)=15.0Hz), 7.36 (s, 2H), 7.17-7.14 (d, 4H,
J(H,H)=9.0 Hz), 7.00-6.95 (d, 2H, J(H,H)=15.0 Hz), 2.64-2.59 (t, 4H,
J(H,H)=7.5Hz), 1.72-1.62 (m, 4H), 1.37-1.29 (m, 8H), 0.92-0.88 ppm
(t, 6H, J(H,H)=6.0 Hz); MS (MALDI-TOF): m/z: calcd for C3,H3S,:
596.9; found: 596.8; elemental analysis calcd (%) for C3,HjS,: C 72.43,
H 6.08, S 21.49; found: C 72.54, H 6.15, S 21.24.
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