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Coplanar benzo[1,2-b:4,5-b']bis[h]benzothiophenes (1a, 1b) for
the application in organic field-effect transistors were synthe-
sized by a simple two-step procedure involving triflic acid
induced ring-closure reaction; such solution processed devices
show a hole mobility of up to 0.01 cm> V' s~

Conjugated oligomers with rigid, fused-ring structures are of
particular interest for organic field-effect transistors (OFETs).
Among all the organic n-conjugated materials, pentacene and
their derivatives have been considered as the benchmark
materials for OFETs due to their high charge carrier mobility
comparable to amorphous silicon.! However, their stability is
somehow limited.? Recent developments by several groups in
synthesizing new organic semiconductors and optimizing de-
vice fabrication have resulted in improved stability and tran-
sistor performance.’ Some of these materials were based on
fused thiophene (selenophene) aromatics and indeed led to
good OFET characteristics (mobility up to 0.5 cm®> V' s~
and on/off ratio up to 10°),* together with higher stability than
that of pentacene.

Motivated by this, benzo[1,2-b:4,5-b"]bis[b]benzothiophene
(BBBT, 1a), which is an analogue of pentacene, with a similar
rigid, linearly conjugated structure,” was synthesized and
applied in OFETs. Very recently, OFET properties of physical
vapor deposited BBBT films have been investigated, resulting
in a hole mobility of 2.4 x 107> cm? V~! 57! but faced the
problem of a complicated synthesis.® In our parallel studies,
we herein report a new simple, straightforward, and high
yield synthesis of BBBT and its alkyl substituted derivative,
which were then applied in OFETs via solution processing,
giving a hole mobility of up to 0.01 cm? V™' s™! and an on/off
ratio of 10°.

Scheme 1 illustrates the synthetic approach towards BBBT
1a and 1b. Precursor 2 was easily obtained by following the
procedure described in the literature.” The Suzuki coupling
between 2 and the corresponding phenyl boronic ester
afforded 4a and 4b in 65 and 85% yields, respectively. The
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quantitative intramolecular ring-closing condensation® of the
dimethylsulfinyl benzene with the adjacent phenyl ring pro-
ceeded slowly in the dark with an excess of pure triflic acid.
After 72 h, the clear solution was poured into a water/ice
mixture to give a yellowish powder which was filtered off,
dried and used directly in the next step without further
purification. The powder was dissolved in pyridine and heated
to reflux overnight. The product was purified by recrystalliza-
tion from tetrachloroethane or by silica chromatography,
giving pure BBBT 1a and BBBT-C4 1b as colorless solids in
75 and 98% yields, respectively.® The alkyl substituents in 1b
dramatically increase the solubility of this material, which can
be easily dissolved in common organic solvents at room
temperature. To the best of our knowledge, no synthetic
method has been reported for endcapping of BBBT by alkyl
chains. In our modular approach, the peripheral “R’ group
can be simply altered in a broad range, such as alkyl or aryl,
and thus, the intermolecular interactions and electronic char-
acteristics of the target molecules can be precisely tuned.

The optical properties and redox potentials of compounds
la and 1b are shown in Fig. 1 and Table 1. The absorption
maxima of the ring-fused derivatives 1a and 1b are obviously
red-shifted with respect to those of the precursors (Fig. 1).
Both 1a and 1b possess similar absorption bands, indicating
no pronounced perturbation by the substitution of alkyl
chains, although the main absorption band of 1a was slightly
blue-shifted (366 nm for 1a and 369 nm for 1b). Oxidation
potentials of 1a and 1b were investigated by cyclic voltamme-
try (CV). Both 1a and 1b exhibited similar and reversible
oxidation waves. Their HOMO levels around —5.4 eV are
lower than that observed for pentacene and most oligothio-
phenes, indicating better environmental stability. Taking the
HOMO-LUMO gap of around 3.3 eV, as estimated from the
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Scheme 1 Synthetic route towards BBBT 1a and 1b. Reagents and
conditions: (i) Pd(PPhj3)y, K,CO;, toluene, 80 °C, 24 h; (i) (a)
CF;3SOsH, P,0Os, RT; (b) pyridine, reflux.
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Fig. 1 UV-Vis spectra of 1 and 4 in THF (1.0 x 107° M).

absorption edges in THF, the LUMO levels of —2.1 eV can be
calculated.

Single crystals of 1a and 1b suitable for X-ray analysis§ were
obtained by recrystallization from tetrachloroethane and
chloroform, respectively (Fig. 2). In both structures, the
molecules are located on an inversion centre and the entire
n-systems are planar. The mean atom deviations from the
plane based on the C;3S, skeleton are 0.03 A for both 1a and
1b (Fig. S1, ESIY). Interestingly, the packing regime of la
shows no prominent m-stacking in comparison to the litera-
ture® but instead a typical “herringbone” structure like penta-
cene, in which there is no molecular overlap (Fig. 2(a)). The
molecular structure of 1b is similar to la except for the two
terminal n-butyl groups, which lie out of the plane of the
skeleton and adopt a staggered and all-anti conformation to
minimize the steric energy in the packing of aliphatic chains.
Therefore the stretched and doubly bent 1b promotes a
“lamellar” structure'® with an interplanar separation of
3.42 A as marked in green dashed lines (Fig. 2(b)). A side-
by-side S-S short distance of 3.80 A is determined which is
indicated by red dashed lines in Fig. 2(b).

Organic field-effect transistors (OFETSs) are fabricated in a
“bottom contact” configuration as follows: compound 1a is
drop-cast from a 5 mg ml~! 1,1,2,2-tetrachloroethane solution
on photolithographically defined transistor substrates, where
the dielectric surface is treated with phenyltriethoxysilane
(PTES) in order to avoid interfacial trapping. Fig. 3(a) illus-
trates the transfer characteristics after annealing the sample at
100 °C for 30 min. From these curves, a saturated hole
mobility of 0.01 cm? V™! s7! is obtained, which is applied to
the real channel length in consideration of the spotlike film
formation (ESIf). Furthermore a threshold voltage ¥V of

Fig. 2 Crystal structures of 1a (a) and 1b (b), in which the H atoms
are omitted for clarity. (Green dashed line marks interplanar separa-
tion of 3.42 A; red dashed line indicates S-S short distance of 3.80 A).

—29 V and an on/off current ratio of 10° are extracted
(Table 2). It is interesting to compare this higher charge carrier
mobility with the value reported for vacuum deposited BBBT
of 2.4 x 1072 em? V' s7'.° However, the high threshold
voltage together with the superlinear increase of the sour-
ce—drain current in the output curves (ESI) suggests interface
trapping and high contact resistances. We attribute these
limiting factors to the rigidity of the crystals lying between
the electrodes, in this way preventing sufficient contact to the
interface and the metals. It is believed that the device fabrica-
tion can be further improved, most probably leading to
significantly enhanced overall performance.

Due to its low solubility, compound 1a is difficult to process.
To improve the solubility and thus the processibility, dibuty-
lated BBBT (1b) is therefore synthesized, allowing film deposi-
tion from most common organic solvents like THF,
chloroform or toluene. Using the same processing conditions
as 1a, 1b resulted in a lower mobility of 1 x 10 °cm?> Vs,
a threshold voltage of —27 V and an on/off ratio of 10°. The
best result for this compound is achieved by drop-casting a
20 mg ml~! toluene solution on a transistor substrate held at
60 °C. The bottom contact gold electrodes are treated with
l-octanethiol to reduce contact resistance.'! Despite the high
crystallinity and large domains (ESIY), compound 1b reveals
an one order of magnitude lower charge carrier mobility than
la (Table 2), possibly due to the isolating property of the alkyl
chains which leads to a hindered charge transport inside the

Table 1 Electrochemical results, UV-Vis data and estimated HOMO and LUMO levels of 1a and 1b

Eo‘IV /lm&,xb/nm
Compound Anodic/onset Peak/edge HOMO/eV Band gap?/eV LUMO/eV
la 1.07/0.95 366/379 —-54 3.30 -2.1
1b 1.07/0.96 369/375 —54 3.24 -22

“ ¥s. Ag/AgCl in CH,Cl, with 0.1 M n-BuyNPF; as supporting electrolyte (scan speed = 50 mV s™!). © Absorption spectra. ¢ Calculated based on

HOMO = —(E3™' + 4.4) V. ¢ Estimated from the absorption edge.
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Fig. 3 Transfer characteristics of 1a- (a) and 1b- (b) based FETs at a
source—drain bias of Vsp = —60 V.

Table 2 FET characteristics of 1a and 1b

Compound Pear/em® V717! On/off ratio
1a 1.0 x 1072 10°
1b 1.0 x 1073 103

packed lamellar structure. A further cause might be the lower
concentration of the chromophore core. In these comparisons
it has to be taken into account that 1a and 1b are deposited
from different solutions on non-identical transistor substrate
configurations.

From the transfer characteristics of 1b (Fig. 3(b)) a thresh-
old voltage of —35 V and an on/off ratio of 10° are extracted
(Table 2). However, the observed output characteristics (ESIT)
indicate severe charge trapping at the semiconductor—dielec-
tric interface or at the macroscopic domain boundaries as
observed for 1a.'> For further FET optimization, various
additional solution processing techniques are in the focus of
our interest.

In summary, we have developed a facile synthesis of BBBT
with and without alkyl substitution. The synthesis utilized a
super-acid induced ring closure reaction to fuse two easily
prepared synthons. Our preliminary studies revealed better
performance of solution processed OFETs in comparison to
devices prepared by PVD. Further synthetic design of novel
related conjugated oligomers with more thiophene rings par-
allel with device optimization with regard to the high threshold
voltage are currently underway in our laboratory.

This work was supported by EU project NAIMO (NMP4-
CT-2004-500355).
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