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CONSPECTUS: The design, synthesis, and characterization
of organic semiconductors applicable to organic electronic
devices, such as organic field-effect transistors (OFETs) and
organic photovoltaics (OPVs), had been one of the most
important topics in materials chemistry in the past decade.
Among the vast number of materials developed, much
expectation had been placed on thienoacenes, which are
rigid and planar structures formed by fusing thiophenes and
other aromatic rings, as a promising candidate for organic
semiconductors for high-performance OFETs. However, the
thienoacenes examined as an active material in OFETs in the
1990s afforded OFETs with only moderate hole mobilities
(approximately 0.1 cm2 V−1 s−1). We speculated that this was due to the sulfur atoms in the thienoacenes, which hardly
contributed to the intermolecular orbital overlap in the solid state. On the other hand, we have focused on other types of
thienoacenes, such as [1]benzothieno[3,2-b][1]benzothiophene (BTBT), which seem to have appropriate HOMO spatial
distribution for effective intermolecular orbital overlap. In fact, BTBT derivatives and their related materials, including
dinaphtho[2,3-b:2′,3′-f ]thieno[3,2-b]thiophene (DNTT), have turned out to be superior organic semiconductors, affording
OFETs with very high mobilities. To illustrate some examples, we have developed 2,7-diphenyl BTBT (DPh-BTBT) that yields
vapor-deposited OFETs having mobilities of up to 2.0 cm2 V−1 s−1 under ambient conditions, highly soluble dialkyl-BTBTs (Cn-
BTBTs) that afford solution-processed OFETs with mobilities higher than 1.0 cm2 V−1 s−1, and DNTT and its derivatives that
yield OFETs with even higher mobilities (>3.0 cm2 V−1 s−1) and stability under ambient conditions. Such high performances are
rationalized by their solid-state electronic structures that are calculated based on their packing structures: the large intermolecular
orbital overlap and the isotropic two-dimensional electronic structure are the key regardless of the molecular size and substituents
on the BTBT and its related thienoacene cores. Along with the discovery of such attracting performances, versatile and practical
methods for the synthesis of BTBT and its derivatives, and the π-extended derivatives including DNTT, dianthra[2,3-b:2′,3′-
f ]thieno[3,2-b]thiophene (DATT), and the thienoacenes with two thieno[3,2-b]thiophene moieties, have been developed. In
addition, the materials have been recently utilized in sophisticated devices and circuits, including all-printed transistor arrays,
flexible circuits on ultrathin plastic substrates, and biomedical applications, underscoring their promise as practical
semiconductors for electronic device applications. These exciting results of the present BTBT-based materials are expected to
open doors to new horizons of organic semiconductors in terms of practical application and the design and synthesis of far more
superior materials.

1. INTRODUCTION

The synthesis and characterization of organic semiconductors
have been a focal research field in the last two decades. Their
potential application to large-area and flexible electronic
devices, such as organic field-effect transistors (OFETs),
organic light-emitting diodes (OLEDs), and organic photo-
voltaics (OPVs), has sparked intensive research in this field.1

OFETs are a fundamental device that is used as the backplane
of various displays, radio frequency ID tags, sensors, switches,
and so forth.2 Although the carrier mobilities, which are the
most important figure of merit in field-effect transistors of any
kind, were far lower in OFETs than in silicon-based transistors

until the 1990s, continuous and intensive research geared
toward both materials development and device optimization
has led to significant improvements in OFET performance. For
example, pentacene-based devices, which were reported in 1992
to have mobilities of approximately 2 × 10−3 cm2 V−1 s−1,3 have
today achieved mobilities comparable to or exceeding those of
amorphous-silicon-based FETs.4 From the materials viewpoint,
highly extended polyacenes, a representative example of which
is pentacene,4 are prototypical organic semiconductors that
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have driven the field of organic electronics in the past decade.5

Unfortunately, however, although the carrier mobilities of such
polyacene-based OFETs are generally high, their low chemical
stability is a drawback. Thus, the stabilization of pentacene and
related compounds by chemical modification is one of the
promising approaches to developing superior organic semi-
conductors.6 On the other hand, many different material classes
with extended π-conjugation frameworks have also been
examined as the active material in OFETs to achieve high
mobility and stability.7

Mobility enhancement and environmental robustness to
oxidation in ambient air are the two major requirements of
organic semiconductors for OFETs. For the development of
air-stable p-channel organic semiconductors, lowering the
HOMO energy level (EHOMO) while keeping it suitable to
hole injection from an electrode is a feasible strategy.8 On the
other hand, mobility enhancement has not been an easy task.
Among the many material classes examined, π-extended
heteroaromatics seem to be promising because carrier transport
in the molecular solid is governed by intermolecular orbital
overlap9 and heteroatoms, such as sulfur that has a larger
atomic radius than carbon, are expected to facilitate
intermolecular nonbonded interaction and therefore orbital
overlaps. In fact, many thiophene-based organic semiconduc-
tors, including π-extended oligothiophenes and fused-thio-
phene compounds (thienoacenes), for example, α-sexithio-
phene (α-6T),10 α,α′-bis(dithieno[3,2-b:2′,3′-d]thiophene)
(BDTT),11a and α,α′-bis(benzo[1,2-b:4,5-b′]dithiophene)
(BBDT),11b have been developed and examined as the active
material for OFETs since the late 1990s. However, few
thiophene-based organic semiconductors afforded OFETs with

mobilities higher than or comparable to those of pentacene-
based ones.
Although the performances of thiophene-based organic

semiconductors reported before 2000 were unremarkable, we
were interested in those materials, particularly their electronic
structures. To gain an insight into those compounds, molecular
orbital (MO) calculations of several thiophene-based materials,
such as α-6T, BDTT, benzo[1,2-b:4,5-b′]dithiophene (BDT),
and [1]benzothieno[3,2-b][1]benzothiophene (BTBT), were
carried out. The spatial distributions of their HOMOs (Figure
1) show that there is virtually no contribution of sulfur atoms to
the HOMOs of α-6T and BDTT. In other words, nodal planes
exist on the sulfur atoms, implying negligible contribution of
the sulfur atoms to the intermolecular HOMO overlap. In
contrast, the sulfur atoms make a large contribution to the
HOMO of BTBT, suggesting effective contribution of the
sulfur atoms to the intermolecular HOMO overlap for carrier
transport. Although this could be a rather simple hypothesis, we
thought it would be interesting to examine such thienoacenes
as BTBT as organic semiconductors for OFETs.
The molecular structure of BTBT was elucidated as early as

in 1949, when Horton discussed the possible products in the
thermal reaction of toluene and elemental sulfur.12 Thereafter,
several BTBT derivatives, including the parent BTBT, were
synthesized in the 1980s.13−18 Those early works on the BTBT
derivatives were mainly motivated by their potential use as
liquid crystalline materials.15 In 2004, we made the first attempt
to fabricate parent-BTBT-based OFETs by vapor deposition,
but the attempt met with failure owing to the poor film-forming
property of the parent BTBT. The first material to successfully
afford working OFETs was 2,7-diphenyl-BTBT (DPh-BTBT);
its vapor-processed OFETs showed mobilities of up to 2.0 cm2

Figure 1. HOMOs of α-6T, BDTT, BDT, and BTBT (calculated with DFT B3LYP/6-31g(d)).

Figure 2. Molecular structures of BTBT and related organic semiconductors.
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V−1 s−1 under ambient conditions.19 Since then, various BTBT
derivatives20,21 and π-extended BTBT analogues, such as
dinaphtho[2,3-b:2′,3′-f ]thieno[3,2-b]thiophene (DNTT),22

have been synthesized and evaluated as organic semiconductors
for OFET devices (Figure 2), and most of them have turned
out to be superior organic semiconductors, affording OFETs
with high mobilities. Furthermore, several materials in this class
have found use in sophisticated device applications.23 The
importance of this class of organic semiconductors has
prompted us to review the synthesis and materials variation,
device characteristics, crystal structures, and electronic
structures of BTBT and related organic semiconductors.

2. SYNTHESIS AND MATERIALS VARIATION
Various methods for the synthesis of BTBT derivatives from
different starting compounds have been reported (Scheme
1).13−18 Parent BTBT, which can be conveniently synthesized
in a single step from commercial starting materials in a large
quantity (>30 g),13,14 can also be selectively functionalized at
the 2,7-positions via an electrophilic substitution reaction to
provide a range of derivatives. Of particular importance are
diacyl BTBTs, which can be converted into the corresponding
dialkyl-BTBTs (Cn-BTBTs) to afford solution-processed
OFETs with high mobilities (vide infra).20 Stilbenes with o-
sulfur functional groups can also be converted into correspond-

Scheme 1. Representative Synthetic Routes to BTBT and Its Derivatives

Scheme 2. Synthesis of DNTT and Its Derivatives
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ing BTBT derivatives with a range of substituents, such as
nitro,16 ester,17 bromo,18 and alkyl groups.18 Of them, 2,7-
dinitro-BTBT can be reduced into the corresponding diamino-
BTBT, which, via the diazotization reaction, is converted into
the diiodo-BTBT, a versatile intermediate for the synthesis of
DPh-BTBT19 and Cn-BTBTs.

20

For the synthesis of DNTT derivatives, the iodine-promoted
thienothiophene formation from trans-1,2-bis(3-methylthio-
naphthalen-2-yl)ethene intermediates is a workhorse reaction
(Scheme 2).22 The precursors of DNTT and its derivatives can
be conveniently synthesized from the corresponding 3-
methylthio-2-naphthaldehydes via a low-valence titanium-
mediated coupling reaction.24 Although the introduction of
the 3-methylthio substituent on 2-naphthaldehyde can be easily
done, a concomitant 1-methylthiolated isomer should be
removed from the reaction mixture by column chromatog-
raphy, which hinders its application to scalable synthesis.
Alternatively, 2-methoxynaphthalenes are versatile starting
materials in the synthesis of DNTT derivatives.25 After selective
introduction of the methylthio moiety at the 3-position of 2-
methoxynaphthalenes, conversion of the 2-methoxy into the
trifluoromethanesulfonate functionality followed by the Stille-
cross coupling reaction with trans-1,2-bis(tributylstannyl)-
ethene gives the corresponding bis(3-methylthionaphthalen-2-
yl)ethenes. The latter synthetic route to the precursors of
DNTTs is superior to the former one in terms of easy
experimental operation (no chromatographic separation of the
isomer is necessary), cost of starting materials, scalability, and
total yield (79% for the latter vs 39% total yield for the former
in the synthesis of parent DNTT). Taking advantage of those
merits, the use of various 2-methoxynaphthalenes with a
substituent at the 6- and/or 7-postion has allowed us to

synthesize new DNTT derivatives, including 2,9- and 3,10-
diphenyl- and 3,10-didecyl-DNTT,25 and π-extended dianthra-
[2,3-b:2′,3′-f ]thieno[3,2-b]thiophene (DATT).26

Further π-extended materials with two thieno[3,2-b]-
thiophene moieties were also synthesized via the double
iodine-promoted thienothiophene formation or via a consec-
utive thiophene annulation approach (Scheme 3).27 Poor
access to the precursors having two o-bis(methylthio)stilbene
moieties and low synthetic yields at the final step are the two
major drawbacks of the former method. In contrast, the latter
method affords straightforward access to BBTBDT and
BBTNDT from readily available starting materials and
reagents.27b

3. MOLECULAR PROPERTIES AND FET
PERFORMANCES

HOMO Energy Levels

As the EHOMO is one of the most important molecular
properties of p-channel organic semiconductors, EHOMO’s of all
the BTBT-based compounds were evaluated by cyclic
voltammetry (CV) in solution and/or by photoelectron
spectroscopy in air (PESA) in the thin film state (Table 1).
In general, the EHOMO’s evaluated by CV and PESA are in good
agreement for many material classes, including acenes and
thienoacenes. This is also the case for the present materials, for
example, BTBT, DPh-BTBT, and DNTT. However, it is
interesting to note that the compounds with long alkyl groups,
Cn-BTBTs and Cn-DNTTs, tend to give markedly high-lying
EHOMO’s in the PESA evaluations. Although such large
differences in the experimental EHOMO’s, depending on the
evaluation method, cannot be clearly explained, it is speculated
that the strong intermolecular electronic interaction between

Scheme 3. Two Synthetic Approaches to Largely π-Extended Compounds with Two Thieno[3,2-b]thiophene Moieties
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the adjacent molecules in the well-ordered thin film state
assisted by the long alkyl groups lowers the effective EHOMO’s in
the thin film state.28a

The EHOMO’s of the present compounds are low compared
with the EHOMO’s of the corresponding linear acenes having the
same number of aromatic rings. As an example, EHOMO of
tetracene is 5.2 eV below the vacuum level, whereas EHOMO of
parent BTBT is 5.8 eV. This marked difference is ascribed to
the electronic structures of the two compounds. Despite the
fact that the molecular structure of BTBT, which consists of
four aromatic rings fused in a linear manner, is, at first glance,
quite similar to that of tetracene, the thiophene rings
incorporated in the middle of the fused-ring system correspond
to the phene-like electronic structure, resulting in the effective
stabilization of EHOMO.

29 The difference in the HOMO−
LUMO energy gaps (Eg’s in Table 1) between BTBT and
tetracene (3.6 and 2.5 eV, respectively, as estimated from the
absorption onset in the solution spectra) can also be ascribed to
the difference in the electronic structures. Similarly, EHOMO’s of
compounds with an even larger number of fused aromatic rings

are kept relatively low, that is, as low as −4.9 eV, which is
beneficial for realizing stable OFETs operable under ambient
conditions.

FET Characteristics: Mobility

The most important feature of the present materials is that they
generally yield transistors with excellent mobilities regardless of
the molecular size or the substituent (Table 2). Even the
smallest molecular class, the BTBT derivatives, can afford
OFETs with mobilities higher than 1.0 cm2 V−1 s−1.19−21 It is
also worth mentioning that Cn-BTBTs, which are highly soluble
in common organic solvents (∼90 g L−1 in chloroform at room
temperature), can afford solution-processed OFETs showing
excellent device performance with mobilities higher than 1.0
cm2 V−1 s−1 in various device configurations fabricated by
different deposition processes.20,30 The most prominent result
reported recently is the fabrication of C8-BTBT-based devices
by a double-shot inkjet technique, thereby allowing the
formation of high-quality single-crystal-like thin films. The
crystalline films can act as a superior semiconductor channel to
produce OFETs with mobility of 16 cm2 V−1 s−1 on average.30e

Parent DNTT is also a promising organic semiconductor. It
is used in the fabrication of high-performance OFETs with
mobilities as high as 3 cm2 V−1 s−1 by vapor processes, and can
afford semiconducting channels regardless of the substrate or
the device configuration. Some examples are single-crystal
transistors,31 OFETs with a vertical three-dimensional (3D)
channel structure,32a carbon nanotube enabled vertical
OFETs,32b and devices and circuits fabricated on alkylphos-
phate-SAM on flexible plastic substrates.32c Slightly higher
mobilities (∼3.5 cm2 V−1 s−1) than those of the parent-DNTT-
based devices were recorded by DPh-DNTT-based OFETs.25

On the other hand, field-effect mobility was further enhanced
by the alkylation of DNTT; 2,9-C10-DNTT-based OFETs
fabricated by vapor deposition showed impressively high
mobilities of up to 8 cm2 V−1 s−1,24 which are among the
highest for OFETs that are based on a polycrystalline thin film.
Further π-extended analogues having more than six aromatic
ring systems also afforded similar device characteristics, for

Table 1. EHOMO’s and Eg’s of Representative BTBT-Based
Organic Semiconductors

EHOMO/eV Eg/eV
c

compd CVa PESAb solution thin film

BTBT −5.8 −5.8 3.6
Cn-BTBT (n = 5−14) −5.7 −5.3 3.5 3.3
DPh-BTBT −5.6 −5.6 3.3 3.0
DNTT −5.4 −5.4 2.9 2.6
2,9-C10-DNTT −5.4 −4.9 2.9 2.6
2,9-DPh-DNTT −5.3 2.7 2.4
DATT −5.1 2.4 2.1
BBTBDT −5.2 3.1 2.8
BNTBDT −5.2 2.7 2.4
BBTNDT −5.1d 2.7 2.4

aDetermined from the onset potential in CVs measured in the
solution. bDetermined by photoemission yield spectroscopy in air
(PESA) with a RIKEN KEIKI AC-2 surface analyzer. cCalculated from
λedge of absorption spectra.

Table 2. OFET Characteristics of Representative BTBT-Based Materials

compd Tsub/°C
a μ/cm2 V−1 s−1b Ion/Ioff notec ref

DPh-BTBT 100 2.0 107 TC, OTS-SAM 19
Cn-BTBT (n = 5−14) 2.8 107 TC, spin coating, annealed at 80 °C 20a
C12-BTBT rt 3.9 106−108 TC, ODTS-SAM 20b
C8-BTBT 5 106 TC, DTS-SAM, directing crystallization 30d
C8-BTBT 31 105−107 TG, CYTOP dielectric, double-shot ink jet 30e
DNTT 60 2.9 107 TC, OTS-SAM 22
DNTT 8.3 108 SC, TC, CYTOP dielectric 31
DNTT 60 0.6 106 TC, AlOx dielectric, n-tetradecylphosphonic acid-SAM, Vd = −1.5 V, Vg = 0 ∼

−3 V
32c

2,9-Cn-DNTT
(n = 6, 8, 10, 12)

60 0.7−3.7 107−109 TC without SAM 24

2,9-C10-DNTT 60 7.9 108 TC, ODTS-SAM 24
2,9-DPh-DNTT 100 3.4 108 TC, OTS-SAM 34
3,10-DPh-DNTT 100 3.6 108 TC, ODTS-SAM 34
DATT 100 3.0 106 TC, ODTS-SAM 26
BBTBDT 100 5.6 107 TC, ODTS-SAM 27b

aSubstrate temperature during deposition. bExtracted from the saturation regime using vapor-deposited thin-film OFETs fabricated on Si/SiO2
substrates unless otherwise stated. cTC: top-contact device, TG: top-gate device, SC: single-crystal transistor, OTS: octyltrichlorosilane, ODTS:
octadecyltrichlorosilane, DTS: decyltriethoxysilane, SAM: self-assembled monolayer.
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example, 3.0 cm2 V−1 s−1 for DATT26 and 5.6 cm2 V−1 s−1 for
BBTNDT.27b

FET characteristics: Operation under Ambient Conditions

As expected from the relatively low-lying EHOMO’s (4.9−5.7 eV
below the vacuum level, see Table 1), one of the notable
features of the present OFETs is their ability to operate in
ambient air, which is a merit for practical use compared with
the pentacene-based devices. On the other hand, the devices
made with the present materials have often suffered from large
contact resistance between the source electrode and the
semiconducting layer, particularly the devices with very short
channel length (L, less than 10 μm). Thus, contact doping
techniques were examined to compensate the large injection
barrier and found to be very effective for the fabrication of
devices with short L and their integrated circuits, enabling high-
frequency operation.33

For practical application to integrated electronic devices,
such as driving circuits for displays or biomedical sensors,23

thermal stability at the device stage is another requirement of
practical OFETs. In this context, BTBT and DNTT derivatives
having long alkyl groups may not be promising owing to their
thermal phase transition into the liquid crystalline phase at
relatively low temperatures (∼120 °C). In fact, thermal
treatment of the devices with Cn-BTBTs and Cn-DNTTs
above the phase transition temperatures significantly degrades
the device characteristics.34 On the contrary, parent DNTT,
which does not show any thermal phase transition up to 300
°C, was found to afford thermally stable OFETs on both Si/
SiO2 and flexible plastic substrates up to 160 °C, though
significant degradation of the device characteristics were
observed above 160 °C owing to thermally induced structural
change in the crystal grains on the substrate.23a,34 Further
improved thermal stability up to the temperature of 250 °C was
recently found in DPh-DNTT-based OFETs,34,35 particularly
2,9-DPh-DNTT, which, in combination with the high mobility
(∼3.5 cm2 V−1 s−1), makes the material a useful organic
semiconductor for many practical applications in the future. In
addition to those large molecules, the unsymmetrical
substitution on the small BTBT core was also proven to
improve thermal stability; 2-(octylthiophen-2-yl)-substituted
BTBT having a highly ordered liquid crystalline phase afforded
solution-processed OFETs with mobilities higher than 1 cm2

V−1 s−1, which were stable up to 150 °C.21a

4. CRYSTAL STRUCTURES AND ELECTRONIC
STRUCTURES IN THE SOLID STATE

Packing Structure in the Solid State

The mobilities of OFET devices are not only a molecular
property but also a device characteristic that is affected by
several factors, including crystallinity, molecular orientation,
film uniformity, and connectivity between crystalline grains. In
general, the materials discussed here afford uniform, poly-
crystalline thin films by vapor deposition or spin coating from
solution on the substrates (Figure 3).
In the thin films deposited on the substrates, the BTBT-

based materials tend to have edge-on, lamella-like packing
structures that are easily detected by out-of-plane XRD
measurements with conventional laboratory equipment. Fur-
thermore, in-plane XRD often affords useful information on the
packing structure in each lamellar layer and that information
corroborates the structural information from single-crystal
XRD. A typical example is shown in Figure 4 for C10-DNTT.

In the out-of-plane XRD, a series of peaks assignable to 00l
diffractions are observed (Figure 4a). The extracted d-spacing is
ca. 38 Å, which corresponds to the length of the crystallo-
graphic c-axis in the single-crystal cell (Figure 4c). On the other
hand, in the in-plane XRD, three characteristic peaks are
detected, which can be indexed as 110, 020, and 120 reflections
by the single-crystal cell, indicating that the packing structure in
the thin film state is basically the same as that in the single-
crystal structure (Figure 4b).
As demonstrated in Figure 4d, the molecular arrangement in

each layer is classified as the herringbone structure, which
consists of two types of bimolecular pairs: edge-to-edge pairs
(stacking pair) in the crystallographic a-axis direction and edge-
to-face pairs in the crystallographic 110 and −110 directions. In
general, compared with the edge-to-face pairs, intermolecular
orbital coupling in the edge-to-edge pairs is smaller in other
material classes, including acenes36 and acenedithiophenes,
because of the less effective intermolecular contacts through the
molecular edges. In the case of the present herringbone
structure, on the contrary, sulfur atoms at the thienothiophene
moiety in the ladder-shaped molecules can effectively interact
intermolecularly. Furthermore, the large contribution of the
sulfur atoms to the HOMO can lead to effective intermolecular
HOMO overlap, resulting in large intermolecular transfer
integrals (tstacking, Figure 4d). As a result, in combination with
similarly effective HOMO overlap in the edge-to-face molecular
pairs (ttransverse), a two-dimensional (2D) electronic structure is
realized in the semiconducting channel.
Inspection of Packing Structures

As most of the BTBT-based materials have similar herringbone
structures to 2,9-C10-DNTT, the effective HOMO overlap and
the 2D electronic structure is expected to be the general
features. However, detailed comparison of a range of
compounds reveals several variations in the packing structures
and hence the electronic structures depending on the molecule.
To elucidate the relationship between the molecular factors,
such as the size and substituent of molecules, and the orbital
overlap of HOMOs (t’s), we extracted the intermolecular
distance between the molecular centroids (dstacking and dtransverse)
in both edge-to-edge and edge-to-face pairs, respectively, and
herringbone angle (dihedral angels between the molecular
planes in edge-to-face pair) (Figure 5 and Table 3).
It is interesting to note that dstacking’s of parent BTBT,

DNTT, and DATT in the edge-to-edge pair increase with the
size of molecule, whereas dtransverse’s in the edge-to-face pairs are
almost constant. This anisotropic change can qualitatively be
understood by considering the fact that molecular width, the
actual spread in the molecular short-axis direction, also

Figure 3. AFM images of evaporated thin film of DNTT (a) and spin-
coated thin film of C8-BTBT (b).
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increases with the extension owing to the kinked molecular
structures, which makes the molecular centroids apart in the
edge-to-edge pair. Despite the increase of dstacking’s, the
calculated tstacking’s are larger for DNTT and DATT than for
BTBT, indicating that the extension of the conjugated system is
generally beneficial to enhance the intermolecular orbital
overlap. This is also the case in the edge-to-face pair; comparing
ttransverse of BTBT and the averaged ttransverse’s for DNTT and
DATT, we find that the latter two are apparently larger.
Another noticeable feature in the parent system is that ttransverse’s
for DNTT and DATT are significantly influenced by dtransverse’s.
Owing to the low symmetry of the unit cells (space group: P21
for both), there exist two different edge-to-face pairs with
different dtransverse’s. As expected, the bimolecular pairs with
shorter dtransverse afford larger ttransverse’s in both DNTT and
DATT. Although the herringbone angle is often referred to
characterize the herringbone structure, no clear relationship
between the angles and ttransverse’s are observed in the parent
system as well as the derivatives.
The introduction of long alkyl groups generally reduce one

or both of dstacking and dtransverse, resulting in large t’s compared
with the parent system.28b This can be explained by the
intermolecular van der Waals interaction of the long alkyl

groups, called the “zipper effect,”28 which brings about tight
packing in the solid state. This in fact leads to a higher mobility
for the 2,9-C10-DNTT-based devices than for the parent-
DNTT-based devices. In contrast, the introduction of phenyl
groups leads to relatively loose packing; in DPh-BTBT, dstacking
is 6.33 Å, which is longer than that in the parent BTBT,
resulting in smaller tstacking (34 meV), although the close mutual
position and the large ttransverse are preserved in the edge-to-face
pairs. The much longer dstacking (6.99 Å) observed for 3,10-DPh-
DNTT well corresponds to the smallest tstacking (22 meV)
among the present compounds, resulting in a rather anisotropic
electronic structure. The increase in dstacking by the introduction
of phenyl groups is attributed to the increase in width of the
molecules caused by the introduction of the phenyl groups and
the relatively large dihedral angles between the central BTBT or
the DNTT core and the phenyl groups (26.1° for DPh-BTBT
and 29.3° for 3,10-DPh-DNTT, respectively). On the contrary,
such structural perturbation by the phenyl groups is somehow
relaxed in 2,9-DPh-DNTT, which contains two phenyl groups
almost on the molecular long axis, and has smaller dihedral
angles between the core and the phenyl substituents (25.2°).
These structural factors could be the reason for the well-
balanced 2D electronic structure in 2,9-DPh-DNTT.

Figure 4. Characterization of solid-state structure of 2,9-C10-DNTT by XRD measurements. Out-of-plane (a) and in-plane (b) XRDs of thin film,
and packing structure elucidated by single-crystal XRD (c and d).
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From the above inspection of the packing structures, it can
be concluded that molecular factors, such as molecular size and
substituent, can alter the mutual positions of molecules in the
solid state and hence the extent of intermolecular orbital
overlaps. In fact, the large molecular size and alkylation are
advantageous for enhancing the orbital overlap. On the other
hand, the introduction of phenyl groups set the molecules apart
in the edge-to-edge pairs and weakens the intermolecular
orbital overlap in this direction, although the extent of such

effects is dependent on the substitution position. As a result,
the molecular factors cause subtle changes in the resulting
intermolecular orbital overlaps, although the present BTBT-
based materials can afford mostly a 2D isotropic electronic
structure with relatively large intermolecular orbital overlaps in
the solid state. These structural characterizations can rationalize
the high mobilities of OFETs fabricated with polycrystalline
thin films as the active layer.

5. SUMMARY AND OUTLOOK

Our initial working hypothesis that thiophene-based molecules
possessing HOMO largely contributed by sulfur atoms should
be potential organic semiconductors prompted us to examine
BTBT-based materials. Although the hypothesis could be rather
naive, the BTBT-based materials have turned out to be superior
organic semiconductors for OFETs. The features of the present
material class, that is, low-lying HOMO energy level, good
chemical stability, and high carrier mobility of OFET devices
with various device configurations, originate from the
thienothiophene moiety incorporated in the middle of the π-
conjugated core. As a result, the present BTBT-based materials
can be regarded as one of the ideal classes of p-channel organic
semiconductors from both experimental and theoretical
viewpoints. We hope that these materials will contribute to
the development of practical applications for OFETs, and the
BTBT and related thienoacene structures will be a platform for
the further development of superior organic semiconductors. In
addition, we also hope that the concept of materials design
discussed here will provide hints to develop further superior
materials. In fact, new thienoacene-based organic semi-
conductors with fused benzene and thiophene rings recently

Figure 5. Definitions of intermolecular factors in molecular pairs for analysis of the herringbone packing of BTBT-based molecules.

Table 3. Calculated Transfer Integrals (t, meV) and Distance
between Molecular Centroids (d, Å) in the Packing
Structure

edge-to-edge pair edge-to-face pair

compd
tstacking/
meVa

dstacking/
Å

ttransverse/
meVa

dtransverse/
Å

herringbone
angle/deg

BTBT 60 5.89 23 5.00 58.5
DPh-BTBT 34 6.33 65 4.89 42.4
C12-BTBT 62 5.99 46 4.86 55.2
DNTTb 71 6.19 91 4.93 52.6

14 5.10
2,9-C10-DNTT 83 5.99 51 4.85 51.1
2,9-DPh-DNTT 52 6.18 45 4.90 46.5
3,10-DPh-DNTT 22 6.99 80 5.01 34.5
DATTb 70 6.26 88 4.92 51.4

35 5.15
aTransfer integrals (t’s) were calculated using the Amsterdam Density
Functional (ADF) program package. bOwing to lower symmetry of
the unit cells, two independent edge-to-face pairs exist and thus two
different ttransverse’s are calculated.
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developed show very high mobility close to or exceeding 10
cm2 s−1 V−1,37 which will expand organic semiconductors’
horizons.
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