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ABSTRACT: Two novel copolymers incorporating N-alkyl-4,7-di(thien-2-yl)-2,1,3-
benzothiadiazole-5,6-dicarboxylic imide (DI) and benzo[1,2-b:4,5-b′]dithiophene
(BDT) units have been designed, synthesized, and characterized. By the incorporation
of the DI unit, both polymers show a bathochromically shifted absorption with a deep
lying highest occupied molecular orbital (HOMO) energy level. The polymer based
on thienyl group substituted BDT exhibits an intense absorption in the longer-
wavelength region, a deeper lying HOMO energy level, and a higher carrier mobility,
all of which contribute to the resulting polymer solar cells with a higher power
conversion efficiency (PCE) of 5.19% and an increased Voc of 0.91 V.

Polymer solar cells (PSCs) have arrested great attention
from both the academic and industrial community because

they can be fabricated as lightweight, large-area, and flexible
devices by low-cost solution processing methods.1 Bulk
heterojunction (BHJ) PSCs, in which a phase-separated blend
of donor materials and acceptor materials is sandwiched
between an anode and a cathode, are promising in realizing
high power conversion efficiency (PCE) devices.2 To date,
PCEs over 9% for a single junction cell have been achieved.3

For a PSC, polymers in the active layer play an important role
in determining the number of harvested photons and the
resulting PCE. Now it is well recognized that the donor−
acceptor (D−A) copolymer strategy is effective in constructing
efficient low band gap polymers because it will not only extend
the absorption bands but also provide deep-lying HOMO
energy levels of the target polymers.3,4 In the past 5 years, a
large number of donor units for D−A copolymers have been
reported, which include fluorene, bithiophene, carbazole,
cyclopentadithiophene, indenofluorene, benzodithiophene
etc.3a,5 However, efficient acceptor units are relatively rare.
Thus, there is an urgent need to research novel acceptor units
for D−A copolymers.
Both benzothiadiazole (BT) and dithiophene-benzothiadia-

zole (DTBT) are excellent acceptor units for highly efficient
low band gap polymers, and PSCs based on these polymers
exhibited PCEs as high as 7.2%.6 Other frequently used
acceptor units are mainly based on a strong electron-deficient
dicarboxylic imide, such as thieno[3,4-c]pyrrole-4,6-dione
(TPD), phthalimide, and 2,2′-bithiophene-3,3′-dicarboxylic
imide (Scheme 1).7 D−A copolymers based on these
dicarboxylic imide-derived acceptor units have been successfully
used for fabricating efficient PSCs with PCEs in the range of

4.2−7.4%.7 Besides, D−A copolymers containing dicarboxylic
imide units (e.g., TPD) usually have deep-lying HOMO energy
levels, which led to large open circuit voltages of the fabricated
devices.7 Therefore, if a dicarboxylic imide is integrated into the
BT group, a stronger acceptor unit can be obtained, which may
have combined advantages from both the BT and the
dicarboxylic imide group. For example, different soluble groups
can be introduced into the dicarboxylic imide building block for
a better solubility of the acceptor unit. Furthermore, its
stronger electron-deficient nature will lead to low band gap
copolymers with a deeper lying HOMO level. As for the donor
units, benzo[1,2-b:4,5-b′]dithiophene (BDT) is one of the best
building blocks for efficient low band gap copolymers.8−10 By
now, BDT-based copolymers have been used to make PSCs
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Scheme 1. Chemical Structures of Dicarboxylic Imide-
Derived Acceptors and Benzothiadiazole-Derived Acceptors
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with a PCE up to 9.2%.3 In this context, an electron-deficient
acceptor (DI in Scheme 1) with a combined chemical structure
of the DTBT and the dicarboxylic imide is synthesized. Two
novel D−A copolymers based on DI and BDT units are
designed, prepared, and used as donor materials for PSCs for
the first time.
The synthesis of the DI-based monomer (M1) is depicted in

Scheme 2. Compound 2 was prepared in 83% yield by reacting

compound 1 with dimethyl acetylenedicarboxylate in xylene at
100 °C. Then the hydrolysis of compound 2 afforded a
dicarboxylic acid derivative 3, which was then converted to
compound 4 in 64% yield in the presence of acetic anhydride.
An alkylation reaction of compound 4 gave the key
intermediate 5, which was brominated by NBS to give the
monomer M1. During the preparation of this manuscript, we
noticed that two different methods had been reported for the
DI synthesis. However, neither of them was synthesized for
constructing donor−acceptor copolymers in organic solar
cells.11 Monomers M2 and M3 were obtained according to
the published procedures.5b Two long alkyl chains were
introduced into the BDT core to improve the solubility of
the target polymers (Scheme 2). Finally, a Stille coupling
reaction between M1 and M2 (or M3) using Pd(PPh3)4 as a
catalyst afforded the target polymer PDI-BDTT (or PDI-
BDTO). Both polymers have good solubility in common
solvents such as chloroform, chlorobenzene, etc. The number-
average molecular weights (Mn) determined by gel permeation
chromatography (GPC) using polystyrene as standard and
THF as eluent were 29 and 44 kDa, with polydispersity indices
(PDIs) of 4.8 and 3.2, for PDI-BDTT and PDI-BDTO,
respectively.
The absorption spectra for the target polymers in dilute

chlorobenzene solution and in thin film are shown in Figure 1.
The absorption maxima and optical band gaps are summarized
in Table 1. Each polymer has one absorption band at the
shorter wavelength region which is due to localized π−π*

transitions and one absorption band at the longer wavelength
region which is due to intramolecular charge transfer. In
solution, PDI-BDTT exhibits a red-shifted absorption max-
imum of 670 nm compared to PDI-BDTO (λmax = 632 nm),
which can be attributed to the extended π-conjugation length
by incorporating the two thienyl groups in PDI-BDTT. Both
polymers in thin film show bathochromic absorption bands in
comparison with their corresponding polymer solutions (692 vs
670 nm for PDI-BDTT and 654 vs 632 nm for PDI-BDTO),
indicating a strong intermolecular stacking for the polymers in
the solid state. The optical band gaps deduced from the
absorption edges of thin film spectra were estimated to be 1.55
and 1.54 eV for PDI-BDTT and PDI-BDTO, respectively.
Cyclic voltammetry measurements were performed to
determine the HOMO and LUMO energy levels of these two
polymers (see Figure S1, Supporting Information), and the
electrochemical data are listed in Table 1. On the basis of the
onset oxidation potentials, the HOMO levels of PDI-BDTT
and PDI-BDTO were estimated to be −5.51 and −5.44 eV,
respectively, and based on the onset reduction potentials, their
LUMO levels were estimated to be −3.76 and −3.74 eV,
respectively. The electrochemical band gaps for PDI-BDTT
and PDI-BDTD were calculated to be 1.75 and 1.70 eV,
respectively. On the basis of the optical and electrochemical
data of the two copolymers, one may find that the introduction
of two substituted thienyl groups leads to a copolymer with a
red-shifted absorption band as well as a deeper-lying HOMO
level, which is beneficial to a higher Voc and Jsc of the fabricated
PSCs.
The photovoltaic properties of both polymers were

investigated with a conventional device configuration using
PEDOT:PSS as an interlayer. The current−voltage character-
istics of the optimized devices are shown in Figure 2, and the
device parameters are summarized in Table 1. The solar cell
based on PDI-BDTT:PC71BM exhibited a Voc of 0.91 V, a Jsc of
11.59 mA/cm2, a fill factor (FF) of 49.2%, and a PCE of 5.19%,
while the PDI-BDTO:PC71BM-based device only showed a Voc
of 0.80 V, a Jsc of 5.53 mA/cm2, a FF of 47.1%, and a PCE of
2.10% under the same device fabrication conditions. Obviously,
the PDI-BDTT:PC71BM-based device outperforms the device
based on PDI-BDTO:PC71BM. Furthermore, the blend ratio
and the additive concentration also affected the device
performance of these two polymers (Table S1−S2, Supporting
Information). Compared to the analogous polymer PBDTTBT

Scheme 2. (i) Dimethyl Acetylenedicarboxylate, Xylene; (ii)
NaOH, EtOH; (iii) Ac2O, Xylene; (iv) 2-Ethyl-1-hexylamine,
AcOH, then Ac2O; (v) NBS, THF; (vi) Pd(PPh3)4, Toluene,
DMF

Figure 1. Absorption spectra of PDI-BDTT and PDI-BDTO in
solution (chlorobenzene, 1 × 10−5 M) and in thin film.

ACS Macro Letters Letter

dx.doi.org/10.1021/mz400185k | ACS Macro Lett. 2013, 2, 605−608606



based on DTBT and thienyl-substituted BDT, PDI-BDTT
possesses red-shifted absorption (i.e., film absorption peak: 692
vs 596 nm). Subsequently, the device based on PDI-BDTT
exhibits a higher Jsc of 11.59 mA/cm2 with a high Voc of 0.91 V,
in comparison with the device based on PBDTTBT (Jsc = 10.70
mA/cm2, Voc of 0.92 V). The results demonstrate that PDI-
BDTT would be a better candidate as a longer-wavelength
absorbing material for efficient tandem solar cells.8b

The external quantum efficiency (EQE) curves of the PSCs
based on PDI-BDTT:PC71BM or PDI-BDTO:PC71BM were
measured under illumination of monochromatic light (Figure
S2, Supporting Information). From the EQE spectra, one may
find that both devices have a broad photon response range from
∼300 to ∼790 nm, which is in agreement with the
corresponding absorption spectrum of the blended thin films
(Figure S3, Supporting Information). However, the EQE values
for the PDI-BDTT-based device are all higher than those for
the PDI-BDTO-based device, which agree with the higher Jsc
observed for the PDI-BDTT-based device. To get more insight
into the better performance for PDI-BDTT-based devices
compared with that for PDI-BDTO-based devices, we
measured the hole mobilities of both polymers (blended with
PC71BM) using a space charge limited current (SCLC) method
(Figure S4, Supporting Information), and the results are listed
in Table 1. It was found that the hole mobility of PDI-BDTT
was 1.78 × 10−5 cm2 V−1 s−1, which is more than 1 order of
magnitude higher than that of PDI-BDTO (6.8 × 10−7 cm2 V−1

s−1). In comparison with PDI-BDTO, the polymer backbone of
PDI-BDTT has two additional thienyl groups flanked on the
BDT unit, which leads to a better intramolecular stacking
induced by the more extended π-conjugation.8a Therefore, a
greatly increased hole mobility was found for PDI-BDTT,
which is the main reason for the increased Jsc value of the PSC
device based on PDI-BDTT. The morphology of the blended

films fabricated under the same conditions as those for the
optimized devices was evaluated by atomic force microscopy
(AFM). As shown in Figure 3, the blended film based on PDI-

BDTT:PC71BM (1:2, w/w) has a smooth surface (roughness =
0.89 nm) and continuous phase separation domains of ∼10−20
nm, indicating its good nanosized morphological property for
the efficient charge separation and transport. Similarly, the
blended film based on PDI-BDTO:PC71BM (1:2, w/w) also
has an obvious phase separation feature.
In conclusion, two D−A copolymers using DI as the acceptor

unit, PDI-BDTT and PDI-BDTO, were developed for PSCs for
the first time. By the incorporation of the DI unit, PDI-BDTT
showed a pronounced bathochromically shifted absorption with
a deep lying HOMO energy level. With a relatively high Voc of
0.91 V, a fairly high Jsc of 11.59 mA/cm2, and a FF of 0.49, the
PSC device based on PDI-BDTT achieved a PCE of 5.19%.
The polymer based on thienyl group substituted BDT exhibited
red-shifted absorption, a deeper HOMO level, a higher
mobility, and improved photovoltaic properties compared to
that with the alkoxy-substituted analogue. With its intense
absorption in the longer-wavelength region, a deep lying
HOMO energy level, and good photovoltaic performance, PDI-
BDTT shows good potential as a long-wavelength absorbing
material in tandem solar cells with a high Voc. Further studies
are currently ongoing to prepare PDI-BDTT with an optimized

Table 1. Summary of Intrinsic Properties and Photovoltaic Characteristics (under AM 1.5G, 100 mW/cm2) for the Polymers

Mn
a λmax (nm) Eg,opt

b HOMOc LUMOc Eg,elec. μhole Jsc Voc FF PCE

polymer (kg/mol) solution film (eV) (eV) (eV) (eV) (cm2 V−1 s−1)d (mA/cm2) (V) (%) (%)

PDI-BDTT 29 670 692 1.55 −5.51 −3.76 1.75 1.78 × 10−5 11.59 0.91 49.2 5.19
PDI-BDTO 44 632 654 1.54 −5.44 −3.74 1.70 6.8 × 10−7 5.53 0.80 47.1 2.10

aThe number-average molecular weights measured by GPC. bFrom the edge of absorption spectra in thin film. cFrom the onset of CV in thin film.
dBy a SCLC method.

Figure 2. J−V characteristics of PSCs based on PDI-BDTT:PC71BM
and PDI-BDTO:PC71BM under AM 1.5G illumination (100 mW
cm−2).

Figure 3. AFM topography images (left, 1 × 1 μm2) and phase images
(right, 1 × 1 μm2) of PDI-BDTT:PC71BM (a) and PDI-
BDTO:PC71BM (b) films.
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molecular weight and to fabricate the corresponding tandem
solar cells.
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