
Synthetic Metals 217 (2016) 68–78
Review

Design and elaboration of organic molecules for high field-effect
-mobility semiconductors

Kazuo Takimiya*, Masahiro Nakano, Hiroyoshi Sugino, Itaru Osaka
RIKEN Center for Emergent Matter Science, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

A R T I C L E I N F O

Article history:
Received 7 December 2015
Received in revised form 5 February 2016
Accepted 19 February 2016
Available online xxx

Keywords:
Organic semiconductor
Organic field-effect transistor
High mobility
Molecular design
Electronic structure

A B S T R A C T

In this article, we focus on several high-mobility organic semiconductors so far reported, such as acenes,
heteroacenes, and rylene diimides, in order to extract molecular and supramolecular factors, including
molecular size, manner of p-extension, heteroatom, molecular shape, and substituent, which would
enhance our understanding of the design strategy for the synthesis of molecules for high field-effect-
mobility semiconductors. After performing a detailed inspection of these organic semiconductors, we
arrive at the conclusion that the construction of a two-dimensional (2D) electronic structure with large
orbital overlaps in the solid state is the key. This can be realized by tuning these molecular factors; for
example, the use of linearly p-extended systems with fused aromatic ring structures, heteroatom
incorporation, and the use of suitable substituents for 2D packing, such as herringbone or 2D bricklayer
packing.

ã 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Optoelectronic devices based on organic p-conjugated mole-
cules, often called organic semiconductors, have emerged in the
1980s as a technology that can be potentially utilized in practical
applications, such as light emission (organic light-emitting diode,
OLED), switching (organic field-effect transistor, OFET), and
photovoltaic conversion (organic photovoltaics, OPVs) [1,2].
* Corresponding author.
E-mail address: takimiya@riken.jp (K. Takimiya).

http://dx.doi.org/10.1016/j.synthmet.2016.02.018
0379-6779/ã 2016 Elsevier B.V. All rights reserved.
Although these organic devices have several advantages, such as
light weight, flexibility, low production cost, and low environmen-
tal impact of the production process, their performances have been
generally inferior to those of corresponding devices based on
inorganic semiconductors. In the last two decades, intensive efforts
have been made for the development of superior organic semi-
conductors and the betterment of device fabrication techniques.
Among the several functions required for organic semiconductors
in the devices, carrier transport is the most basic and important
one, and therefore, the carrier mobility (m) of organic semi-
conductors is regarded as a key property for determining device
performance. For this reason, to experimentally evaluate carrier
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mobility, a metric that measures how quickly carriers (holes or
electrons) can move under an electric field in an organic
semiconductor and the pursuit of high-mobility organic materials
are pivotal issues in scientific communities related to materials
chemistry and physics.

OFETs that have emerged in the 1980s can afford a relatively
easy method for the evaluation of mobility in the thin-film state of
organic semiconductors [3]. In addition, OFETs have been regarded
as an attractive alternative for amorphous silicon-based thin-film
transistors [4]. Since then, numerous organic semiconductors have
been synthesized and examined as the active materials in OFETs
[5]. As a result, several superior organic semiconductors that are
based on both small molecules and conjugated polymers have
been developed, and the relationship between the molecular
structure and the transport property of organic semiconductors
has been discussed in an effort to establish a design strategy for
high-performance OFETs.

2. Molecular semiconductors

In order to clarify structure-property relationships in organic
semiconductors, not only the molecular structure but also the
solid-state structure of a given organic semiconductor is indis-
pensable, because mobility is not a molecular property but a
property that is deeply related to the nature of a molecular solid
[6]. In this regard, molecular structures with exact atomic
coordinates can be experimentally determined by single-crystal
X-ray analysis, in sharp contrast to semiconducting polymers that
have a certain molecular weight distribution and lack quantitative
information of the atomic coordinates in the condensed phases.
The exactly determined atomic coordinates of semiconducting
molecules in the solid state can be utilized for the estimation of the
electronic structure. In fact, this approach has been quite effective
to correlate the molecular/solid-state structures to the transport
properties, including the mobility obtained from OFETs. Although
there are arguments on the effect of the grain boundaries between
crystallites in the thin-film state, the electronic structure based on
the single-crystal X-ray analysis can be nicely correlated to the
mobility in the thin-film transistor settings of many representative
high-mobility organic semiconductors.

In this article, we first examine several representative
semiconducting molecular systems and then focus on such
molecular factors as molecular size, manner of p-extension,
heteroatom, molecular shape, and substituent, which should be
optimized for realizing high-mobility organic semiconductors.
Furthermore, the packing structures of such molecular systems are
discussed on the basis of reported X-ray crystal structures aided by
theoretical calculations of intermolecular orbital overlaps (transfer
integrals). By performing these analyses, molecular and supramo-
lecular factors are extracted. Finally, molecular design strategies
for realizing better organic semiconductors would be created.

3. Molecular and crystal structures: from the point of view of
organic semiconductors

In general, organic semiconductors consist of p-conjugated
systems, and most of them contain several aromatic and/or
heteroaromatic ring structures, as represented by oligoacenes and
oligothiophenes. The electronic structure of organic semiconduc-
tors is determined by the molecular size and shape, the extent of
p-conjugation, the substituent, and so on. Recent rapid progress in
computational chemistry has enabled us to predict the molecular
electronic structures and properties with certain reliability before
the actual synthesis of molecules. At the same time, such
computation helps us understand better the molecular electronic
structures of semiconducting molecules.
Organic semiconducting molecules are utilized as a semicon-
ducting layer in the solid state, often in the thin-film state. In such a
condensed phase, each molecule interacts with neighboring
molecules via weak and often anisotropic intermolecular inter-
actions that make each molecular solid quite different from others.
Although the electronic structure of a molecular solid is largely
determined by the intermolecular interaction in the solid state, the
molecular electronic structure also plays an important role. Thus,
for the design of better organic semiconductors, one should pay
attention to the electronic structures at both molecular and solid-
state levels.

The carrier transport mechanism in organic molecular solids is
still controversial. Many approaches from both experimental [7]
and theoretical points of view [8] have been carried out, and
several transport models, such as the hopping and band-like
models, have been proposed. Among them, the hopping model has
been widely accepted as an appropriate mechanism describing
carrier transport in molecular solids. At the same time, the model is
intuitively acceptable for organic chemists who recognize mole-
cules as an isolated entity. According to the Marcus hopping theory
[9], which has reasonably explained the transport characteristics of
many organic semiconductors, the carriers are localized on a single
molecular site, and the charge-transfer reactions take place via
inter-site hopping, i.e., self-exchange charge-transfer reaction
between a neutral molecule and a neighboring charged molecule,
M and M+ (Eq. (1) and Fig. 1 for hole transport as example).

Mþ þ M ! M þ Mþ ð1Þ
In this regime, the rate constant for charge hopping (ket) is

described by:

ket ¼ 4p2

h
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4plkBT
p t2exp � l

4kBT

� �
ð2Þ

where T is temperature, l is reorganization energy, and t is transfer
integral between the molecular sites. From the equation, it is
obvious that for ket to be enhanced, l should be as small as possible
and t should be as large as possible. As depicted in Fig. 1, the
reorganization energy in the self-exchange reaction corresponds to
the sum of the geometry relaxation energies (l = l1 + l2) for the
neutral state to charged state (M ! M+, l1) and vice versa (M+! M,
l2). Even though l can be related to an intermolecular charge
exchange reaction, it can be recognized as a molecular factor that is
related to the “stiffness” of a p-conjugated framework during the
charge exchange reaction. In fact, l can be theoretically computed,
and all the ls discussed in this paper are estimated by using
Gaussian 09 program at the DFT B3LYP/6-31g(d) level unless
otherwise stated.

On the other hand, another important parameter, t, which is the
transfer integral or the orbital overlap between neighboring
molecules, is an intermolecular factor. Thus, it is expected that the
magnitude of t should be related to the distance, the mutual
position, and the orientation of molecules in the solid state. For the
evaluation of t by theoretical calculations, the atomic coordinates
of semiconducting molecules are required.

These two parameters, l and t, can be recognized as the indexes
of “molecular character”: an organic semiconductor with a large l
and a small t can be understood as a system with a strong
molecular character, in which the carrier tends to stay on each
molecular site because of the large energy dissipation (large l) and
the small intermolecular orbital overlap (small t). In contrast, an
organic semiconductor with a small l and a large t is more like an
inorganic covalent compound in which band-like transport is likely
to occur: the carrier can be smoothly moved through the effective
orbital overlap between molecules (large t) without a large energy
loss (small l). It is interesting to note that in many organic



Fig. 1. Schematic energy diagram during the self-exchange charge-transfer reaction between a neutral molecule (M) and a neighboring charged molecule (M+).
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semiconductors showing high mobility (>1.0 cm2V�1 s�1), both l
and t are of similar order, namely, several tens to several hundred
meV, which implies that such a high-mobility system may be near
the borderline between the hopping and band-like transport
regimes.

In addition to the two parameters, the high-mobility organic
semiconductors tend to have a multi-dimensional, two-dimen-
sional (2D) or higher, electronic structure in the solid state [10].
This can be understood by considering the fact that a one-
dimensional (1D) system should be susceptible to defects in the
structure. On the other hand, in the case of organic thin-film
transistors (OTFTs) consisting of vapor- or solution-deposited thin
films of the organic semiconductors as the active layer, the
crystalline grains in the thin films tend to orient arbitrarily, and
therefore, a multi-dimensional system should be advantageous.
From these considerations, three factors, l, t, and the dimension-
ality of electronic structure in the solid state, should be taken into
account for realizing high-mobility semiconductors. In the
following sections, we will focus on several molecular systems,
including acenes [11], thienoacenes [12], and rylene diimides
[13,14], which are known as high-mobility p- and n-channel
organic semiconductors, to extract the molecular and supramo-
lecular factors that influence the above three factors.

The elaboration of organic semiconductors generally starts
from the design of molecules. Thus, it should be beneficial to
understand how the molecular factors, such as molecular size,
manner of p-extension, incorporation of heteroaromatic rings,
Fig. 2. Molecular structure of a series of acenes and herringbone packing structure of hex
overlap of HOMOs. The calculated values are listed in Table 1.
molecular shape, and substituent, affect the three parameters.
Hereafter, these molecular factors for the representative organic
semiconductors will be discussed in hopes of extracting the
essence of the molecular design strategy for high-mobility organic
semiconductors.

4. Molecular size

It has been demonstrated that the extension of the p-conjuga-
tion system of organic semiconductors is beneficial to enhancing
mobility in OFETs. A representative example is the acene system,
i.e., naphthalene, anthracene, tetracene, pentacene, and hexacene
(Fig. 2,Table 1) [15], all of which have basically the same
herringbone structure in the solid state. Although it is not easy
to directly compare the mobility values of OFETs reported by
different groups, the mobility trend of the acene-based OFETs with
vapor-deposited thin films can be clearly demonstrated in Table 1;
larger homologues, such as pentacene and hexacene, show higher
mobility than smaller homologues. Note that the high-lying HOMO
energy level (EHOMO) (>�5.0 eV) and the high reactivity of hexacene
[16] make it less amenable for use as an active material in OFETs for
practical application. In contrast, pentacene is a reasonably stable
compound that has been extensively utilized as a conventional
organic semiconductor. As a result of the extensive optimization of
pentacene-based p-channel OFETs, a benchmark thin-film mobili-
ty of 3.0 cm2V�1 s�1 has been realized [17]. These mobility
enhancements can be explained by the small l and the large t
acene as a representative of the acene series together with the intermolecular orbital



Table 2
Calculated LUMO energy levels and reorganization energy for electron transport
(lET) of naphthalene, perylene, and naphthodithiophene diimides.a

ELUMO/eV lET / meV

�3.409 336

�3.464 276

�3.474 263

a Theoretical calculations (DFT B3LYP/6-31g(d)).

Table 1
Properties of oligoacenes.a

Compound EHOMO
b/eV lHT

b/meV transfer integralc/
meV

m/cm2V�1 s�1a

t1 t2 t3

naphthalene �5.80 183 36 8 8 0.0511
anthracene �5.24 138 42 19 19 0.158
tetracene �4.87 113 37 70 22 0.470
pentacene �4.62 95 31 79 45 0.832
hexacene �4.42 79 37 88 60 1.461

a Data from reference 15. Original references are cited therein.
b Calculated at B3LYP/6-31 (d,p) level.
c Averaged value along the directions under consideration.
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when the p-system is enlarged in similar molecular systems. In
other words, p-extension leads to delocalization of the molecular
orbital, which in turn reduces the structural difference between
the neutral and charged states, resulting in a small l for hole
transport in the p-extended system. On the other hand, ts in the
solid state can also be enhanced by the extended molecular orbitals
in this case, where the molecular arrangement and the intermo-
lecular distances are preserved.

Although empirical research on OFETs has not been carried out,
the relationship between molecular size, e.g., extension of p-conju-
gated system, and l for carrier transport for a series of oligothio-
phenes up to 50-mer was elucidated through the theoretical
calculations by Bendikov and coworkers. In that work, they
demonstrated a clear reduction of l with an extension of oligomer
size, which approaches zero for infinite oligomer lengths, i.e., for
polymers [18]. Similarly, reducedls were also reported for a series of
thienoacenes with a central thieno[3,2-b]thiophene structure,
namely, [1]benzothieno[3,2-b][1]benzothiophene (BTBT), dinaph-
tho[2,3-b:20,30-f]thieno[3,2-b]thiophene (DNTT), and dianthra[2,3-
b:20,30-f]thieno[3,2-b]thiophene (DATT) (Fig. 3) [19].

A similar reduction of ls for electron transport (lET) by
extending the p-system is observed for the rylene diimide system
for n-channel organic semiconductors [20]. We evaluated lET for
three rylene diimide derivatives (Table 2) by theoretical calcu-
lations. It is interesting to note that the LUMO energy level (ELUMO)
is almost unchanged, in sharp contrast to the above acene-based p-
channel organic semiconductors. On the other hand, lET is
significantly decreased by the extension of the rylene core part
in both vertical (perylene diimide) and horizontal (naphthodi-
thiophene diimide) directions [21].

From these comparisons, it can be concluded that the extension
of the p-conjugation system is generally beneficial to reduce l for
both hole and electron transport. As the estimation of reorganiza-
tion energies by theoretical calculations can be readily accom-
plished, it is recommended to estimate ls along with EHOMO/ELUMO

by theoretical calculations prior to the synthesis of molecules for
organic semiconductors.

5. Fused vs. oligomeric systems: manner of p-extension

In the acene, oligothiophene, and rylene diimide series,
molecular electronic structures, including reorganization energy
Fig. 3. Molecular structures of [1]benzothieno[3,2-b][1]benzothiophene (BTBT), dinaph
[3,2-b]thiophene (DATT).
and EHOMO/ELUMO, can be greatly affected by not only a degree of
p-extension but also the manner of p-extension. As an example,
four molecules consisting of two thiophene and two benzene
rings: 5,50-diphenyl-2,20-bithiophene (DPh-BT), BTBT, naphtho
[1,8-bc:5,4-b0c0]dithiophene (peri-NDT), and naphtho[2,3-b:6,7-
b0]dithiophene (anti-NDT), are examined by theoretical calcula-
tions (Table 3). Even with a similar extent of p-extension with the
same number of aromatic rings, the estimated EHOMOs of these
compounds vary by the manner of conjugation. In particular, the
EHOMO of BTBT (5.58 eV below the vacuum level) is lower than
those of the other three compounds. This can be explained by
considering the isoelectronic hydrocarbons: although the BTBT
core appears to be similar to tetracene at a glance, the isoelectronic
aromatic hydrocarbon of BTBT is chrysene, a phene with four
benzene rings [22]. Polycyclic phenes containing an angular ring
system tend to have markedly stabilized HOMO compared to
polycyclic acenes with the same number of rings, owing to the
large stabilization by the aromatic sextet [23].

On the other hand, lHT of DPh-BT (336 meV) is markedly larger
than those of the other three compounds, BTBT, anti-NDT, and peri-
NDT, having fused ring structures. It is thus expected that fused
systems tend to have smaller l than oligomeric systems having
single bonds connecting the aromatic rings. This is intuitively
understandable: the fused systems should have stiffer molecular
structures than the oligomeric systems, which can have various
molecular motions, including rotation around the single bonds.

Because of the lack of experimental data for the mobilities of
these thiophene-based molecules, it is not straightforward to
discuss the effects of the manner of p-extension on the mobility.
tho[2,3-b:20 ,30-f]thieno[3,2-b]thiophene (DNTT), and dianthra[2,3-b:20 ,30-f]thieno



Table 3
Calculated HOMO energy levels and reorganization energy for hole transport (lHT)
of four compounds consisting of two benzene and two thiophene rings.a

EHOMO/eV lHT/meV

�5.122 336

�5.579 226

�5.093 176

�4.974 105

a Theoretical calculations (DFT B3LYP/6-31g(d)).
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Fortunately, the diphenyl derivatives of BTBT [24], peri-NDT [25],
and anti-NDT [26] were examined as the active materials in thin-
film transistors, and their packing structures were also elucidated
(Table 4). All the three diphenyl derivatives have a similar
herringbone packing structure, but the mobility of OFET based
on the peri-NDT derivative is lower than those of the other two
compounds by more than one order of magnitude. This can be
qualitatively explained by the smaller intermolecular orbital
overlap: in the packing structures of DPh-BTBT and DPh-anti-
NDT, relatively large intermolecular orbital overlaps of HOMOs in
both stacking (t1) and transverse (t2) directions are observed
compared to those of DPh-peri-NDT [27]. It should be also noted
that the packing structure of DPh-peri-NDT in the thin-film state is
not the same as that in the single crystal by comparing the X-ray
diffraction patterns, and therefore a direct correlation between
single-crystal structure and thin-film mobility cannot be made.
However, a comparison of the X-ray diffraction patterns suggests
that the packing structures in the single crystal and thin-film state
Table 4
Calculated transfer integrals in the herringbone packing structure and field-effect mobilit
NDT.
should be similar, and therefore, we conclude that it is likely that
the peri-condensed aromatic systems, such as DPh-peri-NDT, are
disadvantageous for large and isotropic intermolecular orbital
overlap in the herringbone packing structure, compared to the
cata-condensed systems, such as DPh-BTBT and DPh-anti-NDT.
Note that the EHOMO as well as the reorganization energy (l) can
affect the mobility of thin-film transistors. In fact, the material
with the lowest EHOMO among the three is DPh-BTBT (ca. 5.6 eV
below the vacuum level), which affords transistors that show
substantial injection barrier in the linear regime, resulting in a
lower linear-regime mobility than that of DPh-anti-NDT based
transistors [26]. On the other hand, the calculated lHT values of
these compounds are similar to those of their parent compounds
(Table 3), where the BTBT system has the largest lHT. In actual
devices based on the diphenyl derivatives, the highest mobility is
reported for DPh-BTBT, which has the largest ts and a balanced 2D
electronic structure. From these results, it seems that the
intermolecular orbital overlap of HOMOs (t), rather than lHT, is
the most dominant factor governing the field-effect mobility of the
devices, which can be qualitatively understood from Eq. (1), where
ket is proportional to the square of t.

6. Heteroatoms and heteroaromatics

Heteroaromatics, in particular, thiophene, have been exten-
sively used in organic semiconductors, as represented by oligo-
and polythiophenes. This is partly because of the high chemical
stability, the ease of selective chemical modification, and the
availability of various derivatives. In addition, sulfur atom has a
larger atomic radius than carbon atom, which implies that
thiophene-based organic semiconductors have specially expanded
molecular orbitals. It is thus expected that the thiophene-based
organic semiconductors exhibit effective intermolecular orbital
interaction through sulfur atoms. In organic semiconducting
molecules, however, the reality is not that simple; as exemplified
by the four thiophene-based organic semiconductors in Table 3,
their sulfur atoms have quite different contributions to the
HOMOs. In the HOMO of DPh-BT, nodal planes exist on the sulfur
atoms in the thiophene rings, similar to oligothiophenes, whereas
large HOMO coefficients exist on the sulfur atoms of the HOMO of
BTBT and anti-NDT. This marked difference implies that for the
former, the large and polarizable sulfur atoms do not contribute to
ies extracted from the saturation regimes of DPh-BTBT, DPh-peri-NDT, and DPh-anti-



Fig. 4. Molecular structure of pentathienoacene and geometry of its HOMO.
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the intermolecular orbital overlap of HOMO in the solid state. In
sharp contrast, for the latter systems, intermolecular interaction
via the sulfur atoms can enhance the intermolecular orbital overlap
of HOMO in the solid state.

From this comparison, it seems that the thiophene-fused
compounds, including thienoacenes, can make use of sulfur atoms
for effective intermolecular HOMO overlap in the solid state.
However, this is not always the case; in the case of peri-NDT
(Table 3), the contribution of sulfur atoms to the HOMO is rather
marginal. Another example is [n]thienoacenes, as represented by
pentathienoacene (Fig. 4) [28,29], in which the nodal planes
always exist on the sulfur atoms. These marked differences in the
HOMO geometry of the thiophene-based compounds can be
understood by considering the model compounds of several
thiophene-based fragments, such as 2,20-bithiophene for the
model for oligothiophenes, thieno[3,2-b]thiophene for [n]thienoa-
cenes, benzo[b]thiophene for BTBT and anti-NDT, and benzo[c]
thiophene for peri-NDT (Fig. 5).

The HOMO of thiophene has a nodal plane on the sulfur atom
with C2 symmetry, whereas the next HOMO of thiophene has a
Fig. 5. Four high-lying occupied molecular orbitals of 2,20-bithiophene (a), thie
nodal plane on two a-carbon atoms with Cs symmetry. Because of
the different symmetries, the HOMO and next HOMO of thiophene
cannot interact with each other when two thiophenes are
connected, and for this symmetrical reason, the HOMO of 2,20-
bithiophene can be expressed as a linearly combined thiophene
HOMOs (Fig. 5a). This is also the case for thieno[3,2-b]thiophene,
whose HOMO largely reflects the thiophene HOMO (Fig. 5b). On
the other hand, when thiophene is combined with benzene ring in
a fused manner, the mixing of orbitals looks quite different from
the case of the combination of two thiophenes. The benzene
HOMO is doubly degenerated; one of them has the same symmetry
as the thiophene HOMO and the other has the same symmetry as
the next HOMO of thiophene. In the case of benzo[b]thiophene, the
strong mixing of the next HOMO of thiophene with one of the
benzene HOMOs with Cs symmetry can induce the emergence of a
molecular orbital consisting of the thiophene next-HOMO-like
orbital as the frontier orbital (Fig. 5c). In contrast, the molecular
orbitals of benzo[c]thiophene look quite different from those of its
isomer, benzo[b]thiophene, owing to the different ways that the
two aromatic rings are combined. In this case, the strong mixing of
the thiophene HOMO and one of the benzene HOMOs with C2

symmetry occurs, and the resulting orbital becomes the HOMO of
benzo[c]thiophene, which has a similar nature to the thiophene
HOMO with the nodal plane on the sulfur atom (Fig. 5d).

These considerations may be quite naive to explain why a
certain kind of thienoacene has large HOMO coefficients on its
sulfur atoms. Nevertheless, they imply the importance of
molecular orbital symmetry and the manner of combination of
no[3,2-b]thiophene (b), benzo[b]thiophene (c), and benzo[c]thiophene (d).



Fig. 6. Molecular and packing structures of coronene (a) and hexabenzo[bc,ef,hi,kl,no,qr]coronene with calculated intermolecular orbital overlaps of HOMOs (b).
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aromatic rings in the design of molecules for high-mobility organic
semiconductors by taking advantage of “heavy atoms” embedded
in organic semiconducting molecules.

7. Shape of molecules

As already discussed above, the molecular shape can be affected
by the manner of p-extension, which in turn has a large impact on
the packing structure and the intermolecular orbital overlap, and
consequently the dimensionality of the electronic structure in the
solid state. This is well exemplified by 2D-extended aromatic
hydrocarbons, such as coronene [30] and hexabenzo[bc,ef,hi,kl,no,
qr]coronene (HBC). [31] Fig. 6 demonstrates the packing structures
of coronene and HBC with the calculated intermolecular orbital
overlaps of HOMOs. The packing structures of these compounds
are characterized by a p-stacking columnar structure with face-to-
face intermolecular interaction. Owing to the facile orbital overlap
in the face-to-face stack of a largely extended p-core, a very large
intermolecular orbital overlap of HOMOs (172 and 82 meV for
coronene and HBC, respectively) is calculated. In sharp contrast,
the intermolecular orbital overlap between the face-to-face stacks
is quite small (1.7 and 7.6 meV for coronene and HBC, respectively)
Fig. 7. Packing structures and calculated ts of thienoacene-based organic semico
pentathienoacene.
indicating that these systems are mostly 1D. Because of the strong
anisotropy of the electronic structures in the solid state, the
mobility of the thin-film transistors is generally low: Even with the
active semiconducting layer based on the aligned molecular array
of HBC derivatives, the reported mobilities are of the order of 10�3

to 10�2 cm2V�1 s�1 [32].
The structure-property relationship discussed above clearly

demonstrates that the peri-condensed fused aromatics that
facilitate the 1D p-stacking structure in the solid state are not
promising materials for organic semiconductors. Even with the
materials consisting of the cata-condensed structure based on the
BTBT-based core, the shapes of molecules are also an important
parameter that affects not only the molecular electronic structure
but also the packing structure in the solid state. As an example, we
take DNTT and its isomer, dinaphtho[2,1-b:20,10-f]thieno[3,2-b]
thiophene (Fig. 7) [33]. The former molecule with a linear
molecular shape takes a typical herringbone packing structure
similar to pentacene, which is known to give the 2D isotropic
electronic structure. The calculated ts in the solid state for DNTT
are depicted in Fig. 7a, where both the vertical (t1, 71 meV) and
transverse (t2,14 and 91 meV) directions have large intermolecular
HOMO-HOMO overlap. This corroborates the high mobility of
nductors: (a) DNTT, (b) dinaphtho[2,1-b:20 ,10-f]thieno[3,2-b]thiophene, and (c)



Fig. 8. Packing structure, ts, and mobilities of 2,7-dialkyl-BTBTs (Cn-BTBTs).
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DNTT-based OFETs, approximately 3.0 cm2V�1 s�1 [34] and 10 cm2

V�1 s�1, for vapor-deposited and single-crystal FETs [35,36],
respectively. In contrast, its isomer having a kinked molecular
shape takes a p-stacking columnar structure along the crystallo-
graphic a-axis (Fig. 7). The calculated t along the a-axis direction is
relatively large (t1 = 35 meV), whereas t in the transverse direction
is fairly small (t2 = 2 meV), indicating that the system is a 1D
anisotropic system. This structural feature explains the low
mobility of 10�2 cm2V�1 s�1 of thin-film transistors.

These comparisons demonstrate the general tendency that
linear molecules, such as acenes and oligothiophenes, likely have
the herringbone packing structure in the solid state, whereas
largely kinked molecules, namely, coronene and HBC, tend to have
a simple p-stacking structure. This is rather interesting as the 1D
p-extended systems, i.e., linear molecules, afford the herringbone
packing structure to realize a 2D electronic structure in the solid
state, and in contrast, the 2D p-extended systems afford the
p-stacking columnar structure that corresponds to the 1D
electronic structure in the solid state. Note that even with a 1D
linear molecular structure, pentathienoacene (PTA, Fig. 7c) affords
a 1D p-stacking structure with very high anisotropy [28,29]. This
significant difference in the packing structure from that of
pentacene with a linear molecular shape can be explained by
the lack of peri-hydrogen atoms in the PTA molecule. In general, the
herringbone packing motif is believed to be energetically stabilized
by intermolecular CH-p interactions [37] with the face-to-edge
molecular arrangement. Such an attractive effect is not available to
the PTA molecule, and because of this, PTA results in a 1D system
with a relatively low field-effect mobility [28].
Fig. 9. Packing structure and calculated tra
8. Substituents

Substituents can use their electronic nature to alter the
electronic structure of p-conjugated cores, which can be reason-
ably expected due to the inductive and/or resonance effects of the
substituents. For example, strong electron-withdrawing groups,
such as fluorine and cyano groups, lower both HOMO and LUMO
energy levels. In addition to the electronic effects at the molecular
level, substituents can significantly affect the packing structure
and therefore the electronic structure in the solid state of organic
semiconductors. One example is the long alkyl group introduced in
the molecular long axis direction of linearly extended p-systems.
In the case of 2,7-dialkyl-BTBTs (Cn-BTBTs, n = 8, 10, and 12) shown
in Fig. 8 [38,39], the packing structures are isostructural to each
other, and the long alkyl groups and the BTBT cores form a layered
lamella structure in the crystallographic c-axis direction. In the
BTBT layer, the packing motif is classified into the herringbone
structure, similar to pentacene (Fig. 2) and DNTT (Fig. 7). In the
packing structure, sulfur atoms in the BTBT layer contribute to
intermolecular interaction through sulfur-sulfur non-bonded
contacts that are comparable to or shorter than the sum of the
van der Waals distances of sulfur atoms (3.6 Å). In addition,
through the elongation of the alkyl groups, the crystallographic a-
and b-axes as well as the non-bonded S–S contacts become short.
This strongly implies that the long alkyl groups that can strongly
interact with each other strengthen the intermolecular interaction
in the BTBT layer, which is often called the “zipper effect” or the
“fastener effect” of long alkyl groups [40]. Owing to the tightly
packed BTBT layer, derivatives with longer alkyl groups tend to
nsfer integrals of HOMOs of TES-ADT.



Fig. 10. Packing structures and calculated intermolecular transfer integrals of LUMO of three rylene diimide derivatives affording 2D (quasi-2D) structures. (a) N,N0-
dicyclohexyl-naphthalene diimide, (b) 1,6(7)-dicyano-N,N0-(1H,1H-perfluorobutyl)-perylene diimide, and (c) 2,7-dichloro-N,N’-dioctyl-naphthodithiophene diimide.
Substituents on imide nitrogen atoms are omitted for clarity.
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have larger intermolecular orbital overlap in both the stacking
direction (t1, along the a-axis) and the transverse direction (t2, b-
axis direction), corroborating the higher mobility of OFETs with
vapor-deposited thin films due to the elongation of the alkyl
groups [39].

Another interesting effect of substituents has been observed in
the packing structures of 6,13-bis((triisopropylsilyl)ethynyl) pen-
tacene (TIPS-pentacene) [41] and related molecules [42,43], which
were invented by Anthony and coworkers. The bulky trialkylsilyl
substituents at the peri-positions hinder the molecules from taking
the herringbone packing, and instead, the molecules take the
characteristic partial p-stacking structure to avoid the steric
hindrance caused by the trialkylsilyl groups. Depending on the size
of the central acene (or heteroacene) core relative to the
trialkylsilyl substituents, the packing structure changes drastically
[10]. In the case of the pentacene core with small, roughly spherical
trialkylsilyl substituents (the diameter of which is less than half the
core length), the packing structure becomes a 1D slipped-stack
arrangement. On the other hand, in the case of a compound with a
substituent whose diameter is nearly equal to half the core length,
the compound adopts a 2D p-stacking arrangement, often called
the “bricklayer” arrangement. As an example of such a 2D
p-stacking structure, the molecular arrangement of 5,11-bis
((triethylsilyl)ethynyl) anthradithiophene is depicted in Fig. 9
with the calculated transfer integrals. Being different from the
typical 1D p-stacking structure observed in pentathienoacene
(Fig. 7c), two kinds of p-stacking arrays are found, both of which
have relatively large intermolecular orbital overlap of HOMOs. This
2D electronic structure is consistent with the high mobility of its
solution-processed OFETs, i.e., higher than 1 cm2V�1 s�1 [42].

9. 2D Packing structures of rylene diimide derivatives

As discussed above, the construction of 2D electronic structures
in the solid state is the key to developing molecules for high-
mobility organic semiconductors for OFET applications. Two
promising packing motifs are the herringbone structure and the
2D bricklayer structure, the former of which is observed in linear
acenes and thienoacenes, and the latter of which is achieved by
acene/heteroacene molecules with bulky substituents at the peri-
positions. Another 2D packing motif similar to the 2D p-stacking
has been observed in the crystal structures of rylene diimide
derivatives [44–47] which can act as n-channel organic
semiconductors owing to their low-lying LUMO energy levels
(Table 2). Fig. 10 depicts the crystal structures of three relyene
diimide derivatives affording 2D (or quasi-2D) structures. It is
interesting to note that the p-faces of the rylene cores do not
directly overlap. However, the fact that the LUMO of these
compounds resides on the outer C-C bonds and oxygen atoms (see
Fig. 2) likely enables effective intermolecular LUMO overlaps via
the partial overlap of the p-faces. This indicates that an
appropriate combination of the geometry of frontier orbitals
and the packing structure is central to achieving a 2D electronic
structure with a large intermolecular orbital overlap. In this regard,
the balance of the calculated transfer integrals in the two
p-stacking directions depends on the rylene cores and the
substituents on both the imide nitrogen atoms and the rylene
cores, which can qualitatively explain the electron mobility
difference reported for their OFET devices.

10. Summary and outlook

High-mobility organic semiconducting molecules are inspected
with focus on the electronic structure at both molecular and solid-
state levels, and the molecular factors that contribute to molecular
design strategies for high-mobility semiconductors are discussed.
Detailed comparison of the structure-property relationships of
high-performance organic semiconductors with those of related
materials that show rather inferior performance has highlighted
the critical molecular factors that should be considered in the
design of superior organic semiconductors. Among the several
molecular factors discussed, molecular size, manner of p-exten-
sion, and heteroatom can be reasonably correlated to l and/or t. On
the other hand, the shape of molecules and the substituents on
p-conjugated cores, which can be controlled chemically, affect the
packing structure in the solid state, which in turn governs t and the
dimensionality of the electronic structure in the solid state, and
therefore the mobility of OFET devices. At the moment, the
theoretical prediction of crystal structures from a molecular
structure itself is still a hefty challenge [48], and because of this,
synthetic chemists have tried to design organic semiconductors on
the basis of past knowledge and the structural similarities of
certain molecules.

The present approach to elucidate molecular design strategies
is based on the understanding of intermolecular orbital overlaps
and their dimensionality in the crystal. Although the correlation
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between those molecular factors and the packing structures in the
solid state is rather vague, the discussions herein offer an overview
of desirable molecular design strategies, largely p-extended
systems, fused aromatic ring structures, heteroatom incorporation,
linearly p-extended systems, and use of suitable substituents.
Most importantly, the appropriate combination of molecular
orbital distribution and packing structure that can maximize
intermolecular orbital overlap and dimensionality should be taken
into account. Through rational molecular design approaches, we
hope that more superior organic semiconductors will be developed
in the future.
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