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The herringbone structure is a representative molecular packing in organic semiconductors, but there are some
modifications with largely different dihedral angles ranging from 40 to 130°. Dihedral angle ª dependence of the transfer
integrals is systematically investigated on the basis of the molecular orbital calculations for various organic
semiconductors including pentacene, picene, oligothiophene, fused thiophene, tetrathiafulvalenes (TTF), and
benzothienobenzothiophene (BTBT). In the conventional organic semiconductors such as pentacene and oligothiophene,
the transfer integral is a monotonously decreasing function of ª starting from the stacking geometry, and smaller
ª provides more two-dimensional bands. When the molecules are slipped along the molecular long axis D, these
compounds show characteristic oscillating structure of the transfer integrals depending on D, which is called
D-modulation. Contrarily, TTF derivatives show oscillating structure of the transfer integrals depending on
ª (ª-modulation) due to interaction at the side position. BTBT exhibits a pattern much different from the conventional
organic semiconductors, and a considerable magnitude of transfer integrals is expected in the large ª region. These
systematic investigations demonstrate that the ª-dependence of the charge transport largely depends on the original
molecular orbital symmetry.

Recently, considerable attention has been devoted to organic
semiconductors due to large-area, flexibility, and easy-fabrica-
tion in organic electronics consisting of organic field-effect
transistors (OFETs), organic light-emitting diodes, and organic
photovoltaics.1 It is characteristic of small-molecule organic
semiconductors used in OFETs that highly ordered molecular
packing is important for attaining high performance. Among
the crystals of organic semiconductor molecules, the herring-
bone structure is a representative molecular arrangement. One
of the most known examples is pentacene (Scheme 1a),2 which
has a largely inclined herringbone structure with a small
dihedral angle of ª = 53° (Figure 1). Recently, it has been
reported that OFET of picene shows high performance
(Scheme 1c),3 where ª = 58° is similar to pentacene.4 Oligo-
thiophene (Scheme 1d) is another representative of the her-
ringbone structure, where ª is 50­60° (Figures 1d and 1e).5

A very wide range of ª is, however, observed in other
organic semiconductors (Figure 1); examples are 89° for
perfluoropentacene (Scheme 1b and Figure 1b), which shows
n-channel OFET characteristics, and 130° in pentathienoacene
(f-5T, Scheme 1e, and Figure 1f).6,7 Dibenzotetrathiafulvalene
(DBTTF, Scheme 1g) is an OFET material investigated by
many research groups,8 but at least four polymorphs have been
reported, in which the ¡-phase, obtained from solution, has a
herringbone structure with a very large dihedral angle of
124°,9a whereas the ¢-phase, obtained again from solution,
takes another herringbone structure with small ª = 51°,9b and
one more different herringbone phase obtained from sublima-

tion has small ª = 58°.9c We have recently reported t-butyl-
substituted DBTTF with a herringbone structure of ª = 41°.10

Benzothienobenzothiophene (BTBT, Scheme 1h) derivatives
are known owing to excellent mobility even in solution pro-
cess as well as improved stability.11 Crystals of alkyl-BTBT
(Cn-BTBT for n = 8, 10, and 12) and diphenyl-BTBT (DPh-
BTBT) have herringbone packing with ª = 55­56 and 42°,
respectively.

Gavezzotti and Desiraju have distinguished the above large
dihedral-angle phases from the authentic herringbone structure
with ª = 40­70°, and designated them as the £-structure for the
ª = 90­110° range and as the ¢-structure for nearly stacked
structures with ª > 150°.12 It is customary in this work that
the dihedral angles are always given in the ª < 90° range.
Accordingly, the supplementary angles are afforded for ª >
90°, so that the ¢- and £-structures are respectively reported
to be ª = 0­30° and ª = 70­90°. In contrast, we chose the
lattice so as to make the intermolecular interactions c1 and c2
between the parallel molecules always in the vertical directions
(Figure 1). From this, we can treat the structures with ª > 90°
continuously from the authentic herringbone structures with
ª < 90° by rotating the molecules. In this definition, the shorter
lattice is vertical for (f)­(h), but horizontal for others.

In organic charge-transfer salts and superconductors based
on bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF), the her-
ringbone structure is referred to as the ª-phase.13 There are
many ª-salts with different anions, and the dihedral angle
varies in a considerable range from 100 to 130°.14 At the

© 2011 The Chemical Society of Japan

Published on the web October 6, 2011; doi:10.1246/bcsj.20110176

Bull. Chem. Soc. Jpn. Vol. 84, No. 10, 1049­1056 (2011) 1049

http://dx.doi.org/10.1246/bcsj.20110176


same time, the bandwidth changes considerably, and the metal­
insulator transition temperature rises from liquid helium
temperatures to nearly room temperature. This is known as
the universal phase diagram of the ª-phase.13 For the ª-phase
BEDT-TTF, we have calculated the transfer integrals when
ª is changed,14 and revealed that the diagonal transfer inte-
gral designated as p1 in Figure 1 largely decreases when
ª increases. Therefore, ª dependence of the bandwidth is the
origin of the universal phase diagram.

Here we investigate dihedral angle dependence of transfer
integrals for other organic semiconductors, including penta-
cene, perfluoropentacene, picene, sexithiophene (6T), penta-
thienoacene (f-5T), BEDT-TTF, DBTTF, and BTBT. Although
the HOMO bands of the BEDT-TTF charge-transfer salts are
partially filled and the HOMO bands of organic semiconductors
are entirely filled, the transfer integrals are treated in the same
framework. Band structures of the herringbone structure have
been investigated by many research groups particularly for
pentacene15 and oligothiophenes.16 Recently, conduction of
organic semiconductors is discussed by the hopping model

considering the reorganization energy.17 Here we demonstrate
the geometry dependence of the molecular orbital overlap in
these organic semiconductors, which is essentially different
from BEDT-TTF, and discuss the requirements to realize
preferable carrier transport in these materials. Since the
molecular orbital overlap of these molecules is much more
sensitive to the displacement along the molecular long axis (D)
than BEDT-TTF, the D dependence is also investigated.18 Then
we discuss two-dimensional maps of transfer integrals with
respect to ª and D, from which we can extract characteristics of
each molecule.

Computational Methods

The molecular orbitals (MO) are calculated by Gaussian 09
program at B3LYP/6-31G(d,p) level (Figure 2).19 The transfer
integrals in the actual crystal geometry are calculated by the
extended Hückel method.13b The atomic orbitals are the same
as the standard ones,14 and sulfur atoms include 3d orbitals. For
pentacene, four polymorphs are reported, all of which are
slightly different herringbone structure, and the difference of
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Scheme 1. Molecular structures of (a) pentacene, (b) perfluoropentacene, (c) picene, (d) 6T, (e) f-5T, (f) BEDT-TTF, (g) DBTTF, and
(h) BTBT.
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Figure 1. Definition of transfer integrals in the actual crystals of (a) pentacene, (b) perfluoropentacene, (c) picene, (d) 6T/LT phase,
(e) 6T/HT phase, (f) f-5T, (g) ª-(BEDT-TTF)2TlCo(SCN)4, (h) DBTTF/¡-phase, (i) DBTTF/¢-phase, (j) DBTTF/triclinic phase,
(k) C12-BTBT (alkyl chains are omitted for clarity), and (l) DPh-BTBT.
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the band structure have been discussed.15c­15f We mainly
discuss the single-crystal phase (Polymorph I) because the
detailed structural parameters are available.2 In order to
investigate global geometric dependence of the intermolecular
interaction, the transfer integrals are estimated by continuously
changing the molecular geometry as shown in Figure 3. The
vertical direction is taken as the c axis, and the horizontal
intercolumnar direction is called the a axis. In the herringbone
structure, there are two kinds of transfer integrals; the diagonal
one is designated as tp, and the vertical one is called tc.
Depending on the crystal symmetry, there are respectively
two kinds of p1/p2 and c1/c2. Atomic coordinates of these
molecules are optimized by DFT calculations using the B3LYP
functional and 6-31G(d,p) basis set implemented by Gaussian
09 software package. Then one molecule is placed on the
corner of the unit cell, and another molecule is located on the
center. The ª = 180° geometry is a simple stacking geometry,
where all molecular planes are horizontal (Figure 3a). Here, the
lattice constant c is assumed to be 3.4¡, which is the usual
interplanar distance of aromatic molecules. The horizontal
a axis is determined from a sum of the van der Waals distance
and twice the molecular width. At ª = 0° all molecules are
vertical and parallel to each other again (Figure 3c), where the

a axis is twice 3.4¡, and the c axis is the sum of the molecular
width and the van der Waals distance. Then each molecule
is rotated around the molecular long axis (Figure 3b) by
approximately keeping the van der Waals contacts, in which the
lattice constants are linearly changed with respect to cos ª. This
is because in case of the ª-salts of BEDT-TTF, a good linear
relation holds between the lattice constants and cos ª.14 The
actual crystal has a definite ª and has the corresponding actual
lattice constants. We have used the lattice constants at ª = 180
and 0° to obtain the linear relation to cos ª (Table S1), and
confirmed by using the actual crystals. In the calculation, tc is
for a pair of parallel molecules, changes from a stacking
arrangement at ª = 180° to a side-by-side arrangement at
ª = 0°. Accordingly, this is approximately equivalent to the
parallel rotation reported in Ref. 14, by converting º = ª/2,
where º is an angle of intermolecular vector measured from the
molecular plane.

Overlap integrals between the molecular pairs, Sp and Sc, are
calculated using the extended Hückel method.20 There is
another widely adopted way to estimate transfer integrals,
where MO calculation of a molecular pair is carried out, and
the transfer integrals are evaluated from the level splitting. In
this calculation, zero transfer integral does not appear because
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Figure 2. Frontier orbitals of (a) pentacene, (b) perfluoropentacene, (c) picene, (d) 6T, (e) f-5T, (f) BEDT-TTF, (g) DBTTF, and
(h) BTBT.

(a) (b) (c) (d)

Figure 3. Molecular arrangement at the time of molecular rotation. Starting from (a) the stacking structure at the dihedral angle of
ª = 180°, (b) the molecules are rotated up to (c) the vertical molecular arrangement at ª = 0°. (d) Displacement D along the
molecular long axis.
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the molecular orbitals are renormalized for the respective pair.
However, since we want to know the symmetry dependence
more explicitly, we adopt the frozen orbital approximation, in
which the overlap integrals are calculated from the MO of the
single molecule. Subsequently, transfer integrals, tp and tc, are
estimated by t = E © S, where E is the energy of the MO, and
is assumed to be ¹10 eV. Overlap integrals are also calculated
by changing the displacement along the molecular long axis,
D (Figure 3d). Thus the overlap integrals are plotted with
respect to ª and D on a two-dimensional (2D) plane.

Results and Discussion

Transfer Integrals in the Actual Crystals. Transfer
integrals calculated from the actual crystal geometry are shown
in Figure 1 and Table 1. The atomic coordinates are taken from
the reported X-ray structures, and the HOMO is evaluated from
the extended Hückel method,13b whereas LUMO is used for
perfluoropentacene.

It is obvious from Figure 1 that the usual herringbone
structure has dihedral angles around 60°, but (f)­(h) show
exceptionally large dihedral angles of 120­130°. Perfluoropen-
tacene in (b) exhibits an intermediate value of 89°. Generally
speaking, in the former compounds with small dihedral angles,
tp is approximately equal to tc, or sometimes larger than tc.
Since tp is a diagonal interaction and constructs a 2D network,
2D conduction is expected. It should be noted that p1 and p2
are equivalent from the crystal symmetry in 6T/HT, ª-phase
BEDT-TTF, ¢-phase DBTTF, and BTBT derivatives. In
this case, the bandwidth is evaluated from W = 8tp + 4tc
(Table 1).14a Contrarily, in compounds with large dihedral
angles such as f-5T and ¢-phase DBTTF, tc is dominant,
and relatively one-dimensional (1D) conduction is expected.
Notably, polymorphs of DBTTF exhibit 2D and 1D conduction
depending on the dihedral angles. This however, does not apply
to BEDT-TTF; ª-(BEDT-TTF)2TlCo(SCN)4 provides large tp in
spite of the large dihedral angle.13b

Maps of Transfer Integrals. Figure 4 shows mapping
calculations of transfer integrals plotted with respect to ª and D.
Positive transfer integral regions are designated in green, and
negative regions are red, but the absolute magnitude is important
to make an energy band. The map sometimes crosses zero

reflecting the orbital symmetry. Although this is not considered
too seriously, because the renormalization of MO gives rise to
finite overlap, the zero crossing region is generally expected to
afford small transfer integrals. The circles indicate the geometry
of the actual crystals discussed in the previous section.

For the pentacene HOMO, tp takes a maximum at ª = 0° and
decreases monotonously to large ª. This large maximum is
close to the stacking arrangement, though the molecules are
slipped along the molecular short axis (Figure 3c). tc has a
maximum at ª = 180° again because this exactly corresponds
to the stacking arrangement. The maps of transfer integrals in
pentacene demonstrate that only the stacking arrangement is
overwhelming. This comes from the molecular structure of
pentacene, in which the intermolecular ³­³ interaction at the
side position is blocked by the hydrogen atoms. The map of tc,
however, crosses zero around ª = 130°, and forms a second
small peak around ª = 90°. The zero crossing is associated
with the long straight node at the molecular center parallel
to the molecular long axis (Figure 2a). In general, when
the number of nodes is n, the map has n + 1 peaks. In this
connection, it is noteworthy that tc of the LUMO does not show
zero crossing (Figure 4a), because the LUMO does not have
such a long node (Figure 2a). On the contrary, when D is
scanned, both tp and tc cross zero several times. The periodicity
is about 2.8¡, corresponding to the size of an aromatic ring.
This is related to the vertical nodes along the molecular short
axis (Figure 2a). Both HOMO and LUMO have this kind
of vertical node, and show “D-modulation.” At ª = 53° and
D = 1.8¡ in the actual bulk crystal, tp and tc are reasonably
large. These values are by one order of magnitude smaller than
the stacking geometry at ª = 180 and 0°, but the balanced
tp and tc construct the 2D network. This is the reason that the
herringbone structure is generally believed to be a 2D structure.
The thin-film phases are different from the bulk crystal phase,
but are basically the herringbone structure as well.15c­15h The
D values of the bulk crystal are 0.4 and 1.9¡ for p1 and p2,
whereas these values are 0.1 and 0.3¡ for the thin film phase
(Figure 4a).15f Accordingly, the thin film phase is expected to
be more perfectly two-dimensional. The bandwidth of penta-
cene is estimated to be 188meV (Table 1) in agreement with
the previous calculations.15 Perfluoropentacene is located at

Table 1. Transfer Integrals Calculated for the Actual Crystal Geometry

Compound ª/°
Transfer integrals/meV Bandwidth

/meV
Ref.

p1 p2 c1 c2

(a) Pentacene 53 ¹14 24 ¹2 16 188 2
(b) Perfluoropentacenea) 89 0 0 ¹128 ® 512 6
(c) Picene 58 21 30 31 ® 266 4
(d) Sexithiophene (6T)/LT 62 0 13 ¹6 ® 76 5a
(e) Sexithiophene (6T)/HT 53 ¹24 ® 2 ® 200 5b
(f) Pentathienoacene (f-5T) 130 1 0 18 ® 76 7
(g) ª-(BEDT-TTF)2TlCo(SCN)4 119 ¹96 ® ¹43 ® 940 13b
(h) DBTTF/¡-phase 132 12 ® 29 ® 212 10
(i) DBTTF/¢-phase 52 ¹3 6 ¹3 12 66 9b
(j) DBTTF/triclinic phase 58 12 ¹23 ¹13 ¹6 178 9c
(k) C12-BTBT 55 ¹21 ® ¹32 ® 296 11b
(l) DPh-BTBT 42 57 ® 51 ® 660 11a

a) For LUMO.
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Figure 4. 2D map of transfer integrals, tp and tc, with respect to ª and D for (a) pentacene (b) picene, (c) 6T, (d) f-5T, (e) BEDT-TTF,
(f) DBTTF, and (g) BTBT. Circles and triangles are geometries in the actual crystals and the polymorphs. (a) Circles are for the bulk
crystal, and triangles are for the thin film phase. Circles in LUMO of (a) are for perfluoropentacene. In (g), circles are for C12-BTBT,
and triangles are for DPh-BTBT.
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ª = 89° in the actual crystal, where tp is practically zero and
only tc has meaningful magnitude, leading to 1D interaction.
This agrees with the calculation from the actual crystal
geometry (Table 1), and the previous band calculations.21 The
bandwidth (512meV) is, however, significantly larger than
pentacene (188meV). This example demonstrates that dimen-
sionality of the herringbone packing is sensitive to the dihedral
angle.

For picene, the HOMO has two long transverse nodes along
the molecular long axis (Figure 2c). As a result, tc changes sign
twice when ª is scanned (Figure 4b), and the map of tc shows
“ª-modulation” with peaks at ª = 180, 120, and 60°. Interest-
ingly, the map of tp still shows D-modulation. This difference
comes from the inclined molecular arrangement in tp, which
obscures the influence of the long nodes, whereas the parallel
molecular planes in tc suffer from a stricter effect of the long
nodes. Magnitudes of tp and tc are comparable in the actual
crystal geometry, leading to 2D energy band with a bandwidth
of 266meV.

Oligothiophenes are represented by sexithiophene (6T). 6T
shows two phases depending on the temperature.5 One molecule
is crystallographically independent in the low-temperature (LT)
phase, and there are twofold screw axes along the horizontal
axis (the a axis in Figure 3). The molecule in the high-
temperature (HT) phase is located on an inversion center, and
twofold screw axes are parallel to the vertical axis (the c axis in
Figure 3). Therefore tc is the same in both phases. The maps of
the HOMO in the LT phase show a pattern similar to pentacene.
The maps are dominated by the D-modulation, and monoto-
nously decrease from the stacking geometry at ª = 0° for tp and
ª = 180° for tc. 2D conduction is realized by tp, which has
comparable magnitude to pentacene (Table 1). The HT phase
provides basically similar maps to the LT phase (in the middle
of Figure 4c). The HT phase has a smaller dihedral angle (53°)
than the LT phase (62°). Accordingly, it is expected from the
maps that the HT phase has larger tp. This is in agreement with
the individual calculations in Table 1. The resulting band width
of 200meV is a little smaller than previous reports (400meV),16

but it is reasonable that oligothiophene and pentacene have
approximately similar bandwidths.

In the maps of the LUMO of 6T (Figure 4c), the
D-modulation is largely replaced by the ª-modulation, and
the amplitude becomes relatively large. This comes from the
population on the sulfur atoms, though the HOMO does not
have population on the sulfur atoms (Figure 2d). If electron
transport is realized in an oligothiophene, the bandwidth is
expected to be larger than the hole transport. Actually, electron
transport has been observed in some oligothiophenes with
fluorinated alkyl chains.22

As an example of fused-oligothiophenes, pentathienoacene
(f-5T) is investigated. As depicted in Figure 2e, the MO
symmetry of the respective thiophene unit is similar to that of
the oligothiophene (Figure 2d). Consequently, the mapping
patterns are very close to those of 6T, where the D-
modulation is predominant in the HOMO, and ª-modulation
appears in the LUMO. In particular, the ª-modulation in the
LUMO is remarkable, and relatively large side interactions
are expected. These features are consistent with previous
calculations.23

As we have previously reported,14 tc of BEDT-TTF shows
pronounced ª-modulation (Figure 4e). This is associated with
the entirely symmetric HOMO, where all sulfur atoms have the
same phase (Figure 2f). The peaks of tc appear around 0, 60,
120, and 180°, which is basically identical to our previous
results of parallel rotation if we take º = ª/2.14 BEDT-TTF
affords very large transfer integrals due to the multiple sulfur
atoms aligned at the molecular side, and it is particularly
characteristic that considerable interaction appears even at
the side position around ª = 0°. tp also mainly exhibits
ª-modulation, and shows a peak around 90°. The upper slope
of this peak in the region of ª = 90­130° is the origin of the
universal phase diagram of the ª-phase.14 It should be noted
that BEDT-TTF provides much larger bandwidth of 940meV
than other organic semiconductors (Table 1).

Interestingly, DBTTF shows considerably different maps
from BEDT-TTF in spite of the same core skeleton (Figure 4f),
and the map looks like a hybrid of ª- and D-modulations. This
is because the MO symmetry of the benzene rings plays an
important role in the large D region, and the map shows a
hybridized feature of pentacene and BEDT-TTF. As another
consequence, tp for large ª is not as large as BEDT-TTF around
the actual ª = 132° of the ¡-phase DBTTF, so that the ¡-phase
DBTTF is expected to be relatively 1D. Molecular long axes of
a DBTTF pair for tp in the ¡-phase are, however, not strictly
parallel to each other, but twisted about 12°. Accordingly, the
transfer integrals in Table 1 are a little different from the values
estimated from the maps, and the ¡-phase DBTTF is not highly
1D. Among many polymorphs of DBTTF, the ¢-phase is a
normal herringbone structure with a dihedral angle of 52°,
where tp is larger than tc, leading to 2D interaction (Table 1).
The bandwidth of ¢-phase (66meV) is, however, smaller than
212meV of the ¡-phase and 178meV of the triclinic phase.
DBTTF is repeatedly investigated as an OFET material, where
the highest reported mobility is 1 cm2V¹1 s¹1 in a single
crystal,8a but DBTTF sometimes shows much lower perform-
ance,8c,8d probably due to the polymorphic modifications. It has
been recently discussed that the highest value comes from the
¡-phase.24 In our calculation, the ¡-phase affords the largest
bandwidth (Table 1h).

BTBT derivatives are a material which shows extremely high
OFET performance.11 The calculation affords relatively large
bandwidths both for C12-BEBT and DPh-BTBT (Table 1). This
result is in accordance with the calculation reported in Ref. 25.
The maps are however, much different from other organic
semiconductors (Figure 4g). This is again a hybrid of ª- and
D-modulations, but it is noteworthy that tp has a significant
magnitude over the wide range of ª values, and particularly even
at the side (ª = 180°) position. This is related to the significant
HOMO population on the sulfur atoms as well as the absence of
the long straight node (Figure 2h). The MO symmetry agrees
with previous MO calculation.26 BTBT has a single sulfur atom
on each side, but it works similarly to two in-phase side sulfur
atoms of TTF. These sulfur atoms play an important role in
enhancing the side interaction. It has been pointed out that the
phene structure of BTBT, similarly to chrysene, gives rise to the
low HOMO level and is an origin of stable transistor perform-
ance.26 A series of benzothiophenes have been developed
recently, and the variations of the transistor properties have been

Transfer Integrals in Herringbone StructuresBull. Chem. Soc. Jpn. Vol. 84, No. 10 (2011)1054



investigated.25 Judging from the reported molecular orbitals,
large MO population on sulfur is not common to the phene
structure, but some straight benzothiophenes show this property.
Differently from TTF, the transfer integrals of BTBT decay
rapidly at large D (Figure 4g). This decay is not so large for
DPh-BTBT, and this leads to the relatively large bandwidth of
DPh-BTBT in Table 1.

Discussion. The 2D plot of the transfer integrals are roughly
classified to two patterns: D-modulation and ª-modulation. The
modulation pattern depends on the symmetry of the MO; the
vertical nodes along the molecular short axis afford the D-
modulation, whose periodicity is determined by the ring size.
The ª-modulation is related to the nodes along the molecular
long axis. The ª-modulation affords several peaks in the middle
ª range and provides an opportunity to realize large transfer
integrals in the actual system. The magnitude of the transfer
integrals is enhanced by sulfur atoms because the extended
atomic orbital affords large intermolecular interactions.

The dihedral angle is an important factor to determine the
dimensionality in the compounds showing the D-modulation,
because both tp and tc transfer integrals are monotonously
decreasing functions starting from the maxima at the
³-stacking. This does not apply to the compounds showing
ª-modulation, because many peaks appear in the middle
ª range. Many traditional OFET materials such as pentacene
and 6T as well as f-5T are recognized as D-modulation
materials, so the dihedral angle is crucial to determine the
dimensionality and magnitude of intermolecular interactions.
Materials with ª-modulation are not sensitive to the dihedral
angle in general, and usually provide greater interactions at the
side position. BEDT-TTF is a well-known example that shows
2D interaction, but BTBT is another example that exhibits
excellent 2D interaction. It should be emphasized that these
differences stem from the MO symmetry, and originally comes
from the molecular structure.

Summary

We have investigated the angular dependence of transfer
integrals based on the MO calculations by scanning the global
geometry. It is an important point to consider the ª > 90°
region, which is discussed continuously from the authentic
herringbone structures. The largely different qualitative pat-
terns reported here is valid even when we carry out more
elaborated calculations. In the authentic herringbone structures
such as pentacene and oligothiophenes, small ª is necessary to
realize 2D transport, but different MO symmetry is required to
achieve 2D conduction in large ª materials. f-5T is not much
different from oligothiophenes, whereas BTBT fulfills the latter
condition, which rivals the side interactions of TTF.

This work was supported by the global COE program
“Education and Research Center for Emergence of New
Molecular Chemistry” from Ministry of Education, Culture,
Sports, Science and Technology of Japan.

Supporting Information

The linear relations used for obtaining lattice constants from
cos ª. This material is available free of charge on the web at
http://www.csj.jp/journals/bcsj/.
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