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Semiconducting polymers based on electron-deficient
π-building units

Itaru Osaka

The development of new semiconducting polymers is one of the most important issues to address in improving the performance

of organic electronic devices. Donor–acceptor semiconducting polymers, in which the backbone consists of alternating electron-

rich (donor) and electron-deficient (acceptor) heterocyclic π-building units, are emerging materials that promote intermolecular

interactions and offer desirable electronic structures, in turn leading to high charge carrier transport. This review focuses on the

development of donor–acceptor semiconducting polymers using electron-deficient π-building units, such as thiazolo[5,4-d]
thiazole, benzo[1,2-d:4,5-d′]bisthiazole, naphtho[1,2-c:5,6-c′]bis[1,2,5]thiadiazole and thieno[3,2-b]thiophene-2,5-dione. All of
the polymers form crystalline structures in thin films and possess deep highest occupied molecular orbital energy levels;

consequently, the polymers demonstrate high charge carrier mobilities with high air stability. Based on these studies, several key

parameters were identified that must be taken into account when designing high-performance polymers: the symmetry of the

building units, backbone shape and delocalization of the π-electrons along the backbone. Notably, many of the polymers

synthesized in the studies exhibit high photovoltaic performance, indicating that such crystalline polymers are also useful for

solar cell applications. Thus, this review affords an important guideline for the development of high-performance semiconducting

polymers.
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INTRODUCTION

π-Conjugated polymers, often called semiconducting polymers, are an
important class of materials that allow for solution-based fabrication
and thus enable the development of low-cost, light-weight, flexible,
and large-area electronic devices, such as organic field-effect transistors
(OFETs) and organic photovoltaics.1–4 Over the past decades, a
number of semiconducting polymers have been designed and synthe-
sized, and their performance in these devices has been markedly
improved.5–7 In both types of devices, an important property required
for semiconducting polymers is charge carrier mobility. As revealed by
numerous studies of regioregular poly(3-hexylthiophene) (rrP3HT),8,9

improvement of the charge carrier transport through π–π overlaps
between the face-to-face π-stacked polymer chains is crucial for overall
charge transport in polymer films;10,11 hence, a coplanar backbone
with strong intermolecular interaction that can lead to highly ordered
crystalline structures is necessary.
A promising molecular design strategy for producing a coplanar

backbone in semiconducting polymers is the introduction of π-
extended fused heteroaromatic rings.12 The introduction of a
‘donor–acceptor’ (D–A) motif into the backbone, in which electron-
rich (donor) and electron-poor (acceptor) units are copolymerized, is
also a useful design strategy because the D–A motif can facilitate
intermolecular interaction because of dipole–dipole interactions.13

Indeed, most of the high-performance polymers that have been
reported recently are synthesized in accordance with these strategies.

In D–A polymers, it is apparent that the acceptor unit often plays a key
role in determining the electronic structure of the final material. The
polymers are desired to have a narrow bandgap, which qualitatively
represents a π-electron system, and a deep highest occupied molecular
orbital (HOMO) energy level, which ensures oxidative stability.
Therefore, a relatively deep lowest unoccupied molecular orbital
(LUMO) energy level is required, and thus the acceptor unit, which
significantly affects the LUMO level, is a key building unit. It is also
noted that because deep LUMO levels near − 4 eV or below are
required for electron transport in air,14–16 the exploration of strong
acceptors is important for the development of n-channel semicon-
ducting polymers.
This Focus Review will summarize our recent work on the

development of semiconducting polymers with a D–A backbone
system for OFETs, which was conducted through the exploration of
acceptor units including thiazolo[5,4-d]thiazole (TzTz), benzo[1,2-
d:4,5-d′]bisthiazole (BBTz), naphtho[1,2-c:5,6-c′]bis[1,2,5]thiadiazole
(NTz) and thieno[3,2-b]thiophene-2,5-dione (TTD). The electronic
structure, ordering structure in thin films, OFET performance and the
correlation of these properties with the polymers’ structure will be
discussed.

THIAZOLO[5,4-D]THIAZOLE-BASED POLYMERS

TzTz was first introduced into organic semiconductors by Yamashita
and co-workers. The researchers synthesized a series of small
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molecules for both p-channel and n-channel OFETs, which showed
high mobilities.17–19 Figure 1 displays the chemical structures of TzTz-
based polymers reported as semiconducting polymers for OFETs.20–22

We initially introduced TzTz into a polythiophene backbone in a
regiosymmetric fashion, in which the polymer was composed of two
n-dodecylthiophenes and one TzTz (PTzBT-12). However, PTzBT-12
was insoluble in any solvent, most likely due to its rigidity and strong
intermolecular interactions. We then designed PTzQTs with four
alkylthiophenes to impart sufficient solubility.20 Indeed, the polymers
were soluble in chloroform, toluene, and chlorinated benzenes.
PTzQTs are observed to have absorption maxima (λmax) at ~ 580
and 630 nm both in solution and in films, which are red-shifted from
those of rrP3HT (550 nm) owing to the D–A backbone. The bandgap
(Eg) determined from the absorption onset was ~ 1.80 eV. The
HOMO and LUMO energy levels of the polymers determined by
cyclic voltammetry were − 5.1 and − 3.3 eV, respectively.23 The
HOMO energy level was 0.2 eV lower than that of rrP3HT.
The field-effect mobility measured for annealed thin films of PTzQTs

was as high as 0.3 cm2 V− 1 s− 1 (Figure 2a), greater than that of rrP3HT
fabricated under the same conditions (~0.1 cm2 V−1 s−1). The current
on to off ratio (Ion/Ioff) on the order of up to 107 was much higher than
that of rrP3HT (~104). The relatively high mobility in this polymer
system was attributed to the high crystalline nature of the thin film. A
grazing incidence X-ray diffraction (GIXD) study revealed that the
polymers form a well-ordered lamellar structure with an edge-on
orientation and have a short π–π stacking distance of 3.5 Å (Figure 2b).
This distance is 0.2–0.3 Å shorter than that of polythiophene-based
semiconducting polymers, including rrP3HT, or thienothiophene-based
polymers.12 The high crystallinity of PTzQTs is likely achieved not with
the side-chain interdigitation that enhances crystallinity but with
amorphous-like disordered side chains,21 which implies that the
intermolecular interaction through the thiophene–TzTz backbones is
significantly strong.
The environmental stability of the PTzQT devices was significantly

higher than that of the rrP3HT devices because of the deeper HOMO
level of the former. However, the mobility of the PTzQT-14-based
devices still decreased by ~ 20% after being stored in air for 50 days

(Figure 2a). To improve the stability of the TzTz polymer system,
several thiophene–TzTz polymers were designed and synthesized
(PTz3T, PTz4T and PTzBT-14HD).22 With lower alkyl side chain
densities than PTzQTs, these polymers exhibited deeper HOMO levels
of approximately − 5.2 eV. Consequently, the OFET performance of
these polymers remained nearly unchanged even after 50 days storage
in air (Figure 2c for PTzBT-14HD), although the mobility was slightly
reduced (~0.1 cm2 V–1 s–1) compared with that of PTzQT. The lower
mobility in these polymers is likely attributed to the misorientation of
the polymer crystallite, as indicated by the diffraction arcs illustrated
by two-dimensional GIXD (Figure 2d). However, by increasing its
molecular weight, PTzBT-14HD formed a complete edge-on orienta-
tion and exhibited a mobility as high as 0.42 cm2 V–1 s–1.24 In
addition, by further investigating the PTzBT system, the polymers
were observed to show high power conversion efficiencies of up to
7.5% when used in bulk-heterojunction solar cells.24,25

BENZO[1,2-D:4,5-D′]BISTHIAZOLE-BASED POLYMERS

BBTz has been known as a good building unit for electroactive
materials and thermally stable polymer fibers.26–28 In BBTz, benzene is
fused between two thiazoles formally π-extending the thiazolothiazole
system and thus can forge even more efficient π–π interactions than
TzTz.29,30 We thus introduced BBTz into the polythiophene backbone
in a fashion similar to that adopted for PTz3T and PTz4T (PBBTz3T
and PBBTz4T, Figure 3).31 These polymers showed improved
mobilities as high as 0.3 cm2 V− 1 s− 1, even with the misorientation
of the edge-on crystallite. More interestingly, the OFET devices
fabricated using these polymers demonstrated significantly high
stability in high-humidity air; the change in the transfer curve was
very small when the devices were stored under a relative humidity of
~ 75% (Figure 3).

NAPHTHO[1,2-C:5,6-C′]BIS[1,2,5]THIADIAZOLE-BASED
POLYMERS

NTz (Figure 4a upper) is a doubly benzothiadiazole (BTz)-fused
heteroaromatic ring32 and has a strong electron-accepting nature as
well as high rigidity and planarity. Thus, the incorporation of NTz into
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Figure 1 The chemical structure of thiophene-thiazolothiazole copolymers.
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the polythiophene backbone could lead to a deep HOMO energy level
and a small bandgap. It is also expected that intermolecular interac-
tions will be enhanced and that a strong π–π stacking structure will
thereby be promoted, in turn leading to high mobilities. Cao and co-
workers reported on a NTz-based polymer with a benzodithiophene
unit and demonstrated that the polymer showed high photovoltaic
properties with power conversion efficiencies as high as 6% in a bulk-
heterojunction solar cell in combination with [6,6]-phenyl-C71-
butyric acid methyl ester (PC71BM).33 We independently synthesized
an NTz-based polymer (PNTz4T) and a BTz-based polymer (PBTz4T)
with quaterthiophene, featuring a 2-decyltetradecyl long branched
alkyl side chain, as the D unit (Figure 4a).34

The λmax for PNTz4T appeared at 725 nm in a thin film, which was
significantly red-shifted compared with that for PBTz4T (662 nm).
The value of Eg was estimated to be 1.54 eV for PNTz4T and 1.65 eV
for PBTz4T. Whereas the HOMO and LUMO energy levels for
PNTz4T determined by cyclic voltammetry to be − 5.15 and − 3.60 eV,
those for PBTz4T were − 5.07 and − 3.42 eV, respectively, indicating
that NTz is indeed a strong acceptor unit.
The field-effect mobilities of PNTz4T were as high as

0.56 cm2 V− 1 s− 1, with the Ion/Ioff ratios on the order of 107

(Figure 4b). The mobility of PNTz4T was one order of magnitude
higher than that of PBTz4T, typically 0.05 cm2 V–1 s–1, indicating the
high potential of the NTz unit. In the two-dimensional GIXD
pattern of the PNTz4T thin film, diffractions attributable to lamellar

(qz≈0.25 Å− 1) and the π–π stacking structures (qxy≈ 1.7 Å− 1)
appeared on the qz and qxy axes, respectively; these findings indicated
a predominant edge-on orientation on the substrate surface, although
there were some misoriented fractions, most likely as a result of the
introduction of long branched alkyl groups in the side chain. The π–π
stacking distance was 3.5 Å. In contrast, PBTz4T showed large arcing
of the lamellar diffraction, indicating that there is no preferential
orientation. PBTz4T did not show clear π–π stacking diffraction,
indicative of the much lower crystalline nature of PBTz4T in the thin
film. The difference in ordering structure between PNTz4T and
PBTz4T is in good agreement with the fact that the mobility was much
higher for PNTz4T than for PBTz4T. This high crystalline nature of
PNTz4T is also beneficial for the use of the polymer in bulk-
heterojunction solar cells. A solar cell using PNTz4T with [6,6]-
phenyl-C61-butyric acid methyl ester (PC61BM) exhibited a power
conversion efficiency of 6.3%.34

To gain deeper insight into the large difference in ordering structure
between PNTz4T and PBTz4T, we conducted a single-crystal X-ray
analysis of the model compound of these polymers, namely NTz2T
and BTz2T. Whereas NTz2T affords an anti arrangement of the
thiophene rings that sandwich NTz because NTz has C2h symmetry,
BTz2T affords a syn arrangement of the neighboring thiophenes
because BTz has C2v symmetry (Figure 5a). Taking these arrangements
into account, PNTz4T provides a more linear-shaped backbone
compared with PBTz4T, which shows a ‘wavy’ shape (Figure 5b).
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In addition, whereas the alkyl side chains are placed in an anti
arrangement for PNTz4T, they are alternately placed in an anti and a
syn arrangement for PBTz4T. We believe that this relatively linear
backbone shape, together with the rigidity of NTz, and the more

regularly arranged alkyl side chains largely contribute to the highly
ordered packing structure of PNTz4T.
We have also reported on other NTz-based polymers (Figure 6).35–37

An isomeric polymer of PNTz4T, that is, PNTz4Ti, that has a different
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alkyl side-chain placement showed relatively red-shifted absorption
spectra relative to the spectrum of PNTz4T.35 This findings indicates
that this isomer has a somewhat more ordered structure, as supported
by the results of GIXD. Another sample polymer system consists of
naphthodithiophene as the co-unit (PNNTs, Figure 6).36,37 Although
these polymers also showed high field-effect mobility, they operated
rather favorably in solar cells. In particular, PNNT-12HD with

additional alkyl side chains on the naphthodithiophene unit showed
very high efficiencies exceeding 8% in combination with PC71BM.37

THIENO[3,2-B]THIOPHENE-2,5-DIONE-BASED POLYMERS

The quinoid structure has been introduced into π-conjugated polymer
backbones to develop small-bandgap polymers and thus inherently
conductive polymers.38 Quinoid compounds with electron-
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withdrawing substituents such as a cyano group have also been used as
electron acceptors.39–41 In particular, quinoid compounds based on
thiophene-fused rings or oligothiophenes, namely thienoquinoids,
have been used as n-type organic semiconductors, which have
demonstrated high electron mobilities.42–44 TTD is also a class of
electron-withdrawing thienoquinoid with ketone terminal groups.45

With the less bulky ketone group, compared with the dicyanomethy-
lene group, TTD offers a coplanar structure when incorporated into
conjugated molecules.46 Recently, we introduced TTD into a π-
conjugated backbone, forming a structure referred to as PTTD4T.47

By linking with neighboring thiophenes at the β-position of the TTD
unit, the backbone allows for a fully π-conjugated system in which
TTD can be viewed as a trans-butadiene moiety that is bridged to
form thiolactones.

The HOMO and LUMO energy levels of PTTD4Ts determined by
the cyclic voltammetry were − 5.1 and − 3.8 eV, respectively. Interest-
ingly, the λmax of PTTD4T was located at a very long wavelength of
835 nm, and the absorption edge was 1030 nm, which corresponds to
the very small Eg of 1.20 eV. We also observed that the electronic
structure of PTTD4Ts is fairly unique. Whereas the shift of λmax from
TTD2T (the monomer unit), in which TTD is sandwiched by
alkythiophenes, to PTTD4T was 342 nm, in the case of PNTz4T,
the shift of λmax from the monomer compound (NTz2T) to the
corresponding polymer (PNTz4T) was 216 nm, even though the λmax

values of NTz2T and TTD2T were largely the same (Figure 7b). This
marked red-shift in the absorption spectra from the monomer unit to
the polymer indicates that the polymer backbone possesses a quite
effectively developed π-conjugation. The significantly elongated
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effective π-conjugation length is related to the elevation of the HOMO
energy level and HOMO delocalization.
OFET devices with bottom-gate top-contact and top-gate bottom-

contact configurations were tested. In both cases, PTTD4T-DT, with the
longer branched alkyl side chain, exhibited higher mobilities than
PTTD4T-OD did. In the bottom-gate top-contact device, in which the
SiO2 substrate was treated with 1H,1H,2H,2H-perfluorodecyltriethox-
ysilane, the PTTD4Ts showed only p-channel behavior (Figure 7c),
although they possessed a LUMO energy level of approximately
4 eV, which is close to the threshold for ambient n-channel
operation. Although the hole mobilities were moderately high,
~ 0.2–0.3 cm2 V− 1 s− 1, when the films were annealed at 150 °C, the
values significantly improved to 1.38 cm2 V− 1 s− 1, with an average of
0.66 cm2 V− 1 s− 1, when the films were annealed at 300 °C. The
on/off ratios typically ranged from 105–107. Interestingly, on the other
hand, in the top-gate bottom-contact devices PTTD4Ts showed
ambipolar characteristics (Figure 7d), possibly as a result of the
passivation by the gate insulator on top of the polymer layer, preventing
electron trapping by atmospheric moisture. The hole and electron
mobilities were as high as 0.12 and 0.20 cm2 V− 1 s− 1, respectively.
Based on the results of GIXD, the PTTD4Ts in the thin films were

observed to form a highly ordered lamellar structure with an edge-on
orientation and to have a π–π stacking distance of ~ 3.6 Å. This finding
partially rationalizes the high mobility. Furthermore, we assume that
the highly developed backbone π-conjugation, in which the HOMO is
highly delocalized, as described above would facilitate both intramo-
lecular and intermolecular electronic coupling and would thus play an
important role in charge transport.

SUMMARY

In this Focus Review, the development of D–A semiconducting
polymers using particular acceptor units that exhibit high carrier
mobility and stability is discussed. By incorporating increasingly large
and strong electron-deficient π-building units, high carrier mobilities
were achieved. It is also noted that ambipolar behavior was observed
when using new electron-deficient units. In addition to OFET
applications, many of the polymers described in this review can be
used in solar cells, some of which demonstrate high power conversion
efficiencies greater than 8%. Based on the studies correlating the
electronic and thin-film structures of these polymers to device
performance, several key factors in designing high-performance semi-
conducting polymers were identified: symmetry of the building unit,
backbone shape and delocalization of the π-electrons along the back-
bone. Although this review specifically discussed the effect of building
units, it is also important to design the side chains appropriately, which
also play important roles in determining electronic structure, crystal-
linity, and backbone orientation, when in turn critically affect charge
transport properties.48,49 By incorporating all of these aspects into
molecular design, further high-performance semiconducting polymers
should certainly be developed in the near future.
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