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ABSTRACT: The introduction of quinoidal character to π-
conjugated polymers is one of the effective approaches to reducing
the bandgap. Here we synthesized new π-conjugated polymers
(PBTD4T and PBDTD4T) incorporating thienoquinoids 2,2′-
bithiophene-5,5′-dione (BTD) and benzo[1,2-b:4,5-b′]-
dithiophene-2,6-dione (BDTD) as strong electron-deficient
(acceptor) units. PBTD4T showed a deep LUMO energy level
of −3.77 eV and a small bandgap of 1.28 eV, which are similar to
those of the analog using thieno[3,2-b]thiophene-2,5-dione
(TTD) (PTTD4T). PBDTD4T had a much deeper LUMO
energy level of −4.04 eV and a significantly smaller bandgap of
0.88 eV compared to those of the other two polymers.
Interestingly, PBDTD4T showed high transparency in the visible
region. The very small bandgap of PBDTD4T can be rationalized
by the enhanced contribution of the resonance backbone structure in which the p-benzoquinodimethane skeleton in the BDTD
unit plays a crucial role. PBTD4T and PBDTD4T exhibited ambipolar charge transport with more balanced mobilities between
the hole and the electron than PTTD4T. We believe that the very small bandgap, i.e., the high near-infrared activity, as well as
the well-balanced ambipolar property of the π-conjugated polymers based on these units would be of particular interest in the
fabrication of next-generation organic devices.

■ INTRODUCTION

The area of π-conjugated polymers has undergone rapid
development in the last few decades most likely because if the
potential application of the polymers in organic devices, such as
organic light-emitting diodes (OLEDs),1 organic field-effect
transistors (OFETs),2 organic photovoltaics (OPVs),3 electro-
chromic devices,4 transparent electrodes,5,6 photoconductors,7

and thermoelectrics.8 Small bandgap π-conjugated polymers are
of great interest because of their near-infrared (NIR) activity,
high conductivity, and ambipolar charge transport property.9−12

Early studies on poly(isothianaphthene)13−15 and poly-
(isonaphthothiophene)16,17 (Figure 1) have shown that these
polymers can have very small bandgaps, in which the quinoidal

character in the aromatic conjugated backbone plays an
important role in reducing the bandgap.15 It was revealed
that replacing carbon atoms on the benzene ring with nitrogen
atoms resulting in poly(thieno[3,4-b]pyrazine) and poly-
(thieno[3,4-b]quinoxaline) can even further reduce the
bandgap.17 Notably, several groups have successfully synthe-
sized soluble poly(thieno[3,4-b]pyrazine) derivatives,18−20

which were used as the active material for OPVs.20 Recent
advances in molecular design using donor−acceptor (D−A)
backbones in which electron-rich (donor) and electron-
deficient (acceptor) π-building units are alternately incorpo-
rated21−23 have enabled us to tune the bandgap and the frontier
molecular orbital energy levels as well as to reduce the bandgap.
This has allowed us to create more practical small bandgap
polymers.9,24

The key to the development of small bandgap D−A
polymers is the incorporation of strong acceptor units into
the backbone. This markedly lowers the lowest unoccupied
molecular orbital (LUMO) energy level of the polymers,
thereby reducing the bandgap without raising the highest
occupied molecular orbital (HOMO) energy level. The deep
LUMO and HOMO energy levels are crucial for electron
transport in air and chemical (oxidative) stability in air,
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Figure 1. Chemical and resonance structures of poly-
(isothianaphthene), poly(isonaphthothiophene), poly(thieno[3,4-b]-
pyrazine), and poly(thieno[3,4-b]quinoxaline).
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respectively. With these electronic properties, D−A polymers
possessing strong acceptor units function as ambipolar
materials for OFETs11,25−27 and as both p- and n-type
materials for OPVs.28−31 Typical strong acceptor units include
imide- and amide-containing dyes, such as naphthalenedicar-
boximide,32,33 isoindigo,34,35 diketopyrrolopyrrole,33 and ben-
zodipyrrolidone,26,36,37 and o-quinoidal heterocycles, such as
benzobisthiadiazole22,38 and thiadiazoloquinoxaline11,25,39 (Fig-
ure 2).
Thienoquinoids with electron-withdrawing groups are also

fascinating strong acceptor units because the molecules
themselves possess small bandgaps as well as deep HOMO
and LUMO energy levels thanks to the quinoid structures and
the electron-withdrawing nature of the functional groups.
Indeed, thienoquinoids based on oligothiophenes and
acenedithiophenes with cyano and/or carbonyl groups have
been reported to show immense potential as n-type and/or
ambipolar organic semiconductors.40−46 However, thienoqui-
noids have been rarely used as the building unit for π-
conjugated polymers.
Recently, we have reported the synthesis of a series of D−A

π-conjugated polymers incorporating a thienoquinoid with
carbonyl termini, thieno[3,2-b]thiophene-2,5-dione (TTD), as
the acceptor unit (Figure 3).47,48 The incorporation of the
TTD unit into the polythiophene-based backbones yielded
polymers having quite small optical bandgaps (Eg’s) of
approximately 1.2 eV with deep LUMO energy levels (ELUMO’s)
of approximately −3.8 eV. These polymers also demonstrated
p-channel or ambipolar behavior in OFETs depending on the
device structure, with high hole mobilities of up to 1.4 cm2 V−1

s−1 in p-channel OFETs and well-balanced hole and electron
mobilities under ambient conditions in ambipolar OFETs.
These interesting results have encouraged us to further
investigate thienoquinoids as the building unit for π-conjugated
polymers.

2,2′-Bithiophene-5,5′-dione (BTD) and benzo[1,2-b:4,5-b′]-
dithiophene-2,6-dione (BDTD)49 (Figure 3) are other
examples of thienoquinoids with carbonyl termini, the quinoid
structures of which are extended compared with TTD. BTD is
also regarded as an isomer of S-Pechmann dye, which has been
reported recently.50 To the best of our knowledge, BTD and
BDTD have not yet been investigated as building units for π-
conjugated polymers. Here we synthesized two new π-
conjugated polymers incorporating BTD and BDTD
(PBTD4T and PBDTD4T, Figure 3). We had initially
expected that with the extended structure, the incorporation
of BTD and BDTD units would enhance the quinoidal
character in the polymer backbone, thereby reducing the
bandgap of the polymers compared with that of their TTD-
based counterpart (PTTD4T, Figure 3). In fact, we found that
although PBTD4T exhibited similar electronic properties to
PTTD4T, PBDTD4T had an extremely reduced Eg of 0.88 eV
along with a deep ELUMO of approximately −4.0 eV. This
difference can be explained by taking into account their
resonance structures. We discuss the correlation between the
molecular structures and the electronic structures of the
polymers. In addition, we also show their thin-film structures
and charge transport properties.

■ RESULTS AND DISCUSSION

Molecular Design and Synthesis. The backbones of the
D−A polymers in this study are composed of the
thienoquinoidal acceptor unit and the quaterthiophene donor
unit. The simple quaterthiophene donor unit was chosen to
help us better understand the nature of the acceptor units. The
long branched 4-decylhexadecyl group was employed as the
solubilizing alkyl group. BTD- and BDTD-based monomers
(BTD2T-Br2 and BDTD2T-Br2) were synthesized in a
manner similar to the synthesis of the TTD analog that was
previously reported (Scheme 1).48

Figure 2. Typical strong acceptor units used in small bandgap π-conjugated polymers.

Figure 3. Chemical structures of thienoquinoidal acceptors examined in this study: (a) thieno[3,2-b]thiophene-2,5-dione (TTD), 2,2′-bithiophene-
5,5′-dione (BTD), and benzo[1,2-b:4,5-b′]dithiophene-2,6-dione (BDTD). (b) π-Conjugated polymers incorporating the acceptors, i.e., PTTD4T,
PBTD4T, and PBDTD4T, respectively.
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BTD2T-Br2 was synthesized from 5,5′-dibromo-2,2′-bithio-
phene. Initially, the dibromobithiophene was converted into
4,4′-dibromo-5,5′-bis(triisopropylsilyl)-2,2′-bithiophene (1) via
the halogen dance reaction by using lithium diisopropylamide
(LDA).51 Then, alkylthiophenes were introduced at the β-
positions of 1 via the Migita−Kosugi−Stille cross-coupling
reaction with 2′-trimethylstannyl-4′-(4-decylhexadecyl)-
thiophene (T-Sn), and the silyl groups were subsequently
deprotected using tetrabutylammonium fluoride (TBAF) to
give 2. The α-positions of the bithiophene core of 2 were
selectively lithiated by using lithium tetramethylpiperidide
(LTMP) and then borylated with triisopropyl borate. The
boronic acid groups were immediately oxidized with hydrogen
peroxide to form the BTD moiety (BTD2T). Finally, the α-
positions of the flanking alkylthiophenes of BTD2T were
brominated with N-bromosuccinimide (NBS) to give BTD2T-
Br2. Note that both BTD2T and BTD2T-Br2 were obtained
as a mixture of (E) and (Z) isomers. Interestingly, the
isomerization at the central BTD unit occurred in solution
under light at room temperature, which was confirmed by two-
dimensional thin-layer chromatography using BDT2T (Figure
S1). The polymerization of BTD2T-Br2 was carried out using
the mixture of (E) and (Z) isomers.
BDTD2T-Br2 was synthesized in a similar manner. First, the

alkylthiophene groups were introduced at the β-positions of
2,6-bis(trimethylsi lyl)-3,7-diiodobenzo[1,2-b :4,5-b′]-
dithiophene, and then the silyl groups of the benzodithiophene
core were deprotected to afford 3. The quinoidation of the
benzodithiophene core yielded BDTD2T, which was then
brominated to afford BDTD2T-Br2.
All the monomers produced a peak around 190 ppm in the

13C NMR spectra, which corresponds to the carbonyl carbon,
and peaks around 1650−1700 cm−1 in the IR spectra, which
correspond to CO stretching. These data, in combination
with 1H NMR spectra, offer clear evidence of the presence of
the quinoidal-dione structure in the monomers (Figure S2).
The TTD-based monomer (TTD2T-Br2, see the Supporting

Information for the synthesis), BTD2T-Br2, and BDTD2T-
Br2 were then copolymerized with 5,5′-distannyl-2,2′-bithio-

phene by the Migita−Kosugi−Stille polycondensation in the
presence of tetrakis(triphenylphosphine)palladium(0) to afford
PTTD4T, PBTD4T, and PBDTD4T, respectively (Scheme 2).

The polymers were purified by sequential Soxhlet extraction.
The major products of PTTD4T, PBTD4T, and PBDTD4T
were obtained as chlorobenzene (CB), chloroform, and o-
dichlorobenzene (DCB) fractions, respectively. The number-
average molecular weights (Mn) of the polymers were 48 kDa
for PTTD4T, 37 kDa for PBTD4T, and 58 kDa for
PBDTD4T, as determined by gel permeation chromatography
(GPC) using DCB as the eluent at 140 °C (Table 1). The large
polydispersity indexes of the polymers could be an artifact due
to bimodal peaks observed in the GPC most likely caused by its
strong aggregation (Figure S3). Similar behaviors are often
observed in conjugated polymers that show strong aggrega-
tion.52,53 In the IR spectra, all the polymers exhibited strong

Scheme 1. Synthesis of BTD- and BDTD-Based Monomersa

aLDA: lithium diisopropylamide. TIPSCl: triisopropylsilyl chloride. TBAF: tetrabutylammonium fluoride. LTMP: lithium tetramethylpiperidide.
NBS: N-bromosuccinimide.

Scheme 2. Synthesis of Polymers

Table 1. Polymerization Resultsa

polymer Mn (KDa) Mw (kDa) Mw/Mn DPn
b

PTTD4T 48 1883 39.3 39
PBTD4T 37 126 3.4 30
PBDTD4T 58 182 3.1 45

aDetermined by high-temperature GPC using DCB as the eluent at
140 °C and calibrated with polystyrene standards. bDegree of
polymerization determined on the basis of the number of repeating
monomer units.
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CO stretching absorptions around 1650−1700 cm−1, similar
to the monomers (Figure S2). This indicates that the
quinoidal−dione structure is present in the polymer backbones
and that the polymerization does not affect the chemical
structures of the TTD, BTD, and BDTD units. It should also
be mentioned that PBTD4T was obtained as a mixture of (E)
and (Z) isomers with an (E) to (Z) ratio of approximately
65:35, as estimated by 1H NMR spectroscopy.
Electronic Structures. We investigated the electronic

properties of the polymer thin films by cyclic voltammetry
and UV−vis−NIR absorption spectroscopy. Figure 4 displays

the cyclic voltammograms of the polymer films. All the polymer
films showed reversible one-electron oxidation and two-
electron reduction current responses. HOMO energy levels
(EHOMO’s) and ELUMO’s of the polymers were estimated from
the oxidation and the first reduction onset potentials (Table 2).
The ELUMO of PBTD4T was −3.77 eV, which is similar to that
of PTTD4T (−3.76 eV), whereas that of PBDTD4T was
−4.04 eV, which is significantly deeper than that of PTTD4T.
These ELUMO’s would be sufficient for electron transport in
ambient conditions. Thus, BTD and BDTD are indeed strong
acceptor units. The EHOMO of PBTD4T was −5.20 eV, which is
deeper than that of PTTD4T (−5.09 eV), and that of
PBDTD4T was −5.02 eV, which is slightly shallower than that
of PTTD4T. As a result, PBTD4T and PBDTD4T,
respectively, had a larger and a smaller HOMO−LUMO gap
than PTTD4T, consistent with the optical bandgap (Eg)

determined from the UV−vis−NIR spectra as shown below.
We also evaluated the EHOMO of the polymers by photo-
emission yield spectroscopy (PYS) using polymer thin films
(Table 2 and Figure S5). The EHOMO’s of PTTD4T, PBTD4T,
and PBDTD4T were −5.23, − 5.44, and −5.30 eV,
respectively, which would be sufficiently deep for being stable
against air oxidation.
The variation of EHOMO and ELUMO was contrary to our

expectations based on the electrochemical properties (Figure
S6a and Table S1) and the DFT calculation performed at the
B3LYP/6-31G(d) level (Figures S7 and S8) of the monomers
(TTD2T, BTD2T, and BDTD2T with methyl groups instead
of long branched alkyl groups). In both experiment and theory,
BTD2T was found to have a shallower HOMO energy level
and consequently a smaller HOMO−LUMO gap than TTD2T.
One plausible reason could be the difference in the
conformation of alkylthiophenes. In the optimized geometry
of the trimer determined by DFT calculation, although the
conformation of the carbonyl termini of the thienoquinoidal
unit and the sulfur atom of the adjacent alkylthiophen was in
the anti conformation for BTD2T and BDTD2T, it was syn for
TTD2T (Figures S9 and S10). Furthermore, in the trimer of
TTD2T, the syn conformation was found to have a smaller
HOMO−LUMO gap than in the anti conformation. Thus, the
difference in the dominant conformation at the bond between
the thienoquinoidal unit and alkylthiophene in the polymer
system could explain the smaller Eg of PTTD4T than
PBTD4T.
Figure 5a shows the UV−vis−NIR absorption spectra of the

polymer thin films. PBTD4T showed a strong absorption band
around 800 nm and an absorption maximum (λmax) at 866 nm,
similar to those of PTTD4T. Eg of PBTD4T was 1.28 eV as
estimated from the absorption onset (λedge = 968 nm). This
value was larger than that of PTTD4T (1.19 eV) despite the
fact that the π-electron system of BTD is longer than that of
TTD. Note that even low-molecular-weight PBTD4T (Mn = 13
kDa, from the hexane fraction) had a similar absorption onset
(Figure S12). The effective conjugation along the backbone was
already saturated at this low molecular weight; thus, the low
molecular weight of PBTD4T compared to PTTD4T (Table
1) would not be a reason for the large Eg. As discussed above,
the large Eg of PBTD4T compared to that of PTTD4T could
be due to differences in the structural conformation. In sharp
contrast, PBDTD4T showed a significantly red-shifted
absorption band whose λmax appeared at 1207 nm relative to
those of PTTD4T and PBTD4T. A very small Eg of 0.88 eV
(λedge = 1415 nm), which is comparable to those of recently
reported π-conjugated polymers with very small Eg’s, was
obtained.11,36,37,39,54−58 We note that the strong NIR
absorption of PBDTD4T originates not in the oxidized state

Figure 4. Cyclic voltammograms of polymer films.

Table 2. Physicochemical Properties of Polymer Films

EHOMO (eV)

polymer Ered (V)
a Eox (V)

a ELUMO (eV)b CVb PYSc λmax (nm)d λedge (nm)e Eg (eV)
f

PTTD4T −1.04 0.29 −3.76 −5.09 −5.23 833 1046 1.19
PBTD4T −1.03 0.40 −3.77 −5.20 −5.44 866 968 1.28
PBDTD4T −0.76 0.22 −4.04 −5.02 −5.30 1207 1415 0.88

aReduction potential (Ered) and oxidation potential (Eox) determined from the onset. bLUMO (ELUMO) and HOMO (EHOMO) energy levels
estimated with the following equations: ELUMO = −4.80 − Ered, EHOMO = −4.80 − Eox.

cEHOMO estimated by photoemission yield spectroscopy.
dAbsorption maxima of polymer thin films. eAbsorption edges of polymer thin films. fOptical bandgaps estimated from absorption edges of polymer
thin films.
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but in the neutral state. This was supported by the change in
film absorption by the electrochemical oxidation from its
neutral state. We observed the disappearance of the initial NIR
absorption band around 1200 nm and a further redshift upon
electrochemical oxidation, indicating the formation of a polaron
band (Figure S13).
Interestingly, in PBDTD4T, the absorption in the visible

region (380−750 nm) was significantly weak compared to that
in the NIR region (>750 nm). As a result, the PBDTD4T film
clearly showed higher transparency in visible region than those
of PTTD4T and PBTD4T (Figure 5b). The strong NIR
absorption and the absence of the visible absorption are of
particular importance for application in NIR photodetectors or
transparent electronics.12,59−62

As shown above, Eg of PBDTD4T is much smaller than
those of PTTD4T and PBTD4T, and it is essential to consider
the origin of this phenomenon. The trend of Eg in these
polymers can be qualitatively understood by considering their
resonance forms. Figure 6 illustrates the primary forms of the

polymers (form A) and their resonance forms (form B), in
which form A includes the quaterthiophene moieties with the
aromatic structure and form B includes those with the quinoid
structure. A clear structural difference between PBDTD4T and
PTTD4T/PBTD4T was seen in form B. In form B,
PBDTD4T has an aromatic benzene substructure in the
BDTD unit, whereas PTTD4T and PBTD4T do not have an
aromatic substructure in the thienoquinoidal unit. This
aromatic-like structure in the BDTD unit in the resonance
form can stabilize the polymer structure in form B, thereby
enhancing the contribution of form B. Thus, the quinoidal
character of PBDTD4T should be more enhanced than those
of PTTD4T and PBTD4T. This could be a major origin of the
significantly smaller Eg in PBDTD4T than in PTTD4T and
PBTD4T. It is also important to note that in designing small
bandgap polymers the p-benzoquinodimethane skeleton such
as that in the BDTD unit or a similar structure that can change
into an aromatic-like structure in the resonance form may play
a crucial role.
To support this argument, we investigated the quinoidal

character of the backbone by comparing C−C and CC bond
lengths in the model structures obtained by DFT calculation at
the B3LYP/6-31G(d) level. To reflect better the molecular
structure in the polymer system, we carried out the calculation
by using the model trimers and extracted the bond lengths from
the central repeat units of the trimers. Figures 7a−c show the
chemical structures of the repeat units of PTTD4T, PBTD4T,
and PBDTD4T, respectively, and the plots of C−C bond
length at the respective bond number. To directly compare
quinoid contribution between the polymers, we focused on the
bond length in the quaterthiophene moiety that is common to
these polymers. In PTTD4T and PBTD4T, the inter-ring C−C
bond lengths and C−C bond lengths in the thiophene rings
were approximately 1.438−1.441 Å and 1.407−1.415 Å,
respectively, and the CC bond lengths in the thiophene
rings were 1.384−1.397 Å. In PBDTD4T, the inter-ring C−C
bond lengths and C−C bond lengths in the thiophene rings
were approximately 1.433−1.436 Å and 1.404−1.408 Å,
respectively, and the CC bond lengths in the thiophene
rings were 1.387−1.400 Å. As a result, the C−C bonds and
CC bonds in the quaterthiophene moiety in PBDTD4T
were shorter and longer than those in PTTD4T and PBTD4T,
respectively. These results suggest that the quaterthiophene
moiety in PBDTD4T has enhanced quinoidal character
compared to those in PTTD4T and PBTD4T. Thus, we can
safely rationalize that the very small Eg of PBDTD4T is
ascribed to the enhanced contribution of form B.

Thin-Film Structure. To investigate the microstructures of
the polymer thin films, 2D grazing incidence X-ray diffraction
(2D-GIXD) measurements were carried out. Figure 8 shows
the 2D-GIXD images of the annealed polymer thin films on
silicon wafers and their in-plane and out-of-plane profiles. In
the 2D-GIXD images, the polymer thin films furnished strong
spotlike diffractions along the quasi-qz axes, which correspond
to the lamellar structures, (h00), with the backbone oriented in
the edge-on manner on the substrate. PBDTD4T also showed
a weak lamellar diffraction along the qxy axis, indicating the
existence of some crystallites with the face-on backbone
orientation. The polymer thin films also yielded a strong
diffraction along the qxy axes at qxy = 1.76−1.80, which
corresponds to the π-stacking structure, (010). The π-stacking
distances of the polymers are around 3.5−3.6 Å, which are
narrow for π-conjugated polymers. This indicates that these

Figure 5. (a) UV−vis−NIR absorption spectra of the polymer thin
films. (b) Photographs of the polymer thin films (thickness = ca. 60
nm) on quartz glass substrates. A bare quartz glass substrate is also
shown on the left. The thin films were deposited by spin-coating the o-
dichlorobenzene solution.

Figure 6. Two possible resonance forms of polymers. Red and blue
lines indicate aromatic and quinoidal structures, respectively.
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thienoquinoidal units lead to strong intermolecular interactions
when incorporated in the π-conjugated polymer backbone.
Charge Transport Property. Charge transport property is

one of the most important characteristics of π-conjugated
polymers for application in organic devices. We here evaluated

the charge transport properties of PTTD4T, PBTD4T, and
PBDTD4T by fabricating their OFET devices. Bottom-gate
top-contact OFET devices were fabricated by spin-coating the
polymer solutions. Figure 9 presents the typical output and
transfer curves of the devices. All the devices based on these
polymers showed good saturation behavior in the output curves
as well as V-shaped transfer curves in the saturation regime
under both p- and n-channel operations, which are typical of
ambipolar OFETs. The mobilities indicated very small gate-
voltage dependence (Figure S17).
All the polymers in this study exhibited relatively high hole

and electron mobilities (Table 3). In particular, newly
synthesized PBTD4T and PBDTD4T had more balanced
hole and electron mobilities (μh and μe) than PTTD4T.
PBTD4T showed μh = 0.16 cm2 V−1 s−1 and μe = 0.16 cm2 V−1

s−1, and PBDTD4T showed μh = 0.30 cm2 V−1 s−1 and μe =
0.35 cm2 V−1 s−1, whereas PTTD4T showed μh = 0.34 cm2 V−1

s−1 and μe = 0.16 cm2 V−1 s−1. Thus, the electron-to-hole
mobility ratios (μe/μh) for PTTD4T, PBTD4T, and
PBDTD4T were 0.47, 1.00, and 1.17, respectively. This
meant that extending the π-conjugation of the thienoquinoidal
unit enhanced the n-channel character. This could be explained
by the geometry of the LUMOs that are dominantly located on
the thienoquinoidal units in these polymers. The polymers with
larger thienoquinoids have denser LUMOs along the backbone
(Figures S14 and S15). This would likely result in the more
efficient intermolecular LUMO−LUMO interactions, leading
to the enhanced n-channel character and balanced hole and
electron mobilities.

■ CONCLUSIONS

We have synthesized novel π-conjugated polymers incorporat-
ing thienoquinoidal acceptor units BTD and BDTD, namely,
PBTD4T and PBDTD4T. PBTD4T yielded a deep LUMO
energy level of −3.77 eV and a small bandgap of 1.28 eV, both
of which are similar to those of PTTD4T. Interestingly,
PBDTD4T showed a much deeper LUMO energy level of
−4.04 eV and a much smaller bandgap of 0.88 eV compared to
those of PTTD4T and PBTD4T. Furthermore, PBDTD4T
exhibited quite high transparency in the visible region. The

Figure 7. Chemical structures of polymer repeat units with carbon−carbon bond numbers (upper) and plots of carbon−carbon bond length at the
respective bond number (lower) for PTTD4T (a), PBTD4T (b), and PBDTD4T (c). The bond lengths were extracted from the central repeat unit
of the trimer model optimized by the DFT method at the B3LYP/6-31G(d) level.

Figure 8. (a−c) 2D-GIXD images of annealed polymer thin films: (a)
PTTD4T, (b) PBTD4T, and (c) PBDTD4T. (d−e) Diffraction
profiles extracted from the 2D-GIXD images: (d) in-plane (along the
qxy axis) and (e) out-of-plane (along the quasi-qz axis).
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significantly small bandgap of PBDTD4T can be rationalized
by considering the contribution of the resonance form of the
conjugated backbone. In the resonance form with the
quaterthiophene moiety in the quinoid structure, the p-
benzoquinodimethane skeleton in the BDTD unit turns into
the aromatic-like structure from the quinoid structure in the
primary form. This would stabilize the resonance form in
PBDTD4T relative to those in PTTD4T and PBTD4T, which
enhances the contribution of the resonance form and thus the
overall quinoidal character in PBDTD4T. This hypothesis was
supported by the difference in bond lengths between
PBDTD4T and PTTD4T/PBTD4T using DFT calculation.
In addition, the polymers exhibited air-stable ambipolar charge
transport with relatively high mobilities of the order of 10−1

cm2 V−1 s−1. Notably, both PBTD4T and PBDTD4T showed
higher electron mobilities and thus more balanced p- and n-
channel character than PTTD4T.
These results suggest that TTD, BTD, BDTD, and similar

thienoquinoidal acceptor units are interesting building units for
π-conjugated polymers. Moreover, π-extended quinoids having
strong electron-withdrawing groups that include aromatic
substructures in the resonance structure can be promising
acceptor units for the creation of very small bandgap D−A
polymers. We hope that these results will provide new insights
into the design of new π-conjugated polymers with high NIR
activity and visible transparency as well as high charge carrier
mobilities which would be useful for next-generation organic
optoelectronic devices.
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Table 3. Charge Transport Properties of Polymers Evaluated as OFETs

polymer μh (cm
2 V−1 s−1)a Vth,h (V)

b μe (cm
2 V−1 s−1)c Vth,e (V)

d μe/μh
e
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