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’ INTRODUCTION

Technologies that directly convert sunlight into electricity are
attractive sources of clean, renewable energy. One of the most
promising of these technologies is thin film, polymer-based
organic photovoltaic devices (OPV)1 which can be fabricated
by low-cost, solution processing methods over large areas and on
flexible substrates. Because of recent advances in conjugated
polymer design and device fabrication techniques, the efficiencies
of polymer-based photovoltaic devices are approaching 10%—
the minimum often considered to make the technology commer-
cially relevant on a large scale. These advances in photoconver-
sion efficiency directly result from more complete absorption of
the solar spectrum and a greater control of the active layer
morphology.2 One of the future challenges is to develop new
p-type conjugated polymers that possess (a) sufficient solubility
to enable solution processing, (b) a broad and intense absorption
profile across the solar spectrum, and (c) a large free charge
carrier mobility for facile charge transport.

An appropriate choice of monomers in the backbone of a
semiconducting polymer can push their optical absorbance
toward the near-infrared. One strategy is to incorporate elec-
tron-rich donor units and electron-deficient acceptor segments
in the polymer backbone.3 Through the “push�pull” interaction,
the energy gap of the conjugated polymers decreases thus shifting
the absorption band to lower energy. Another strategy is to
introduce monomer units with quinoidal character into the con-
jugated system, which can reduce the band gap and enhance π�π
stacking.4 Fused thiophene ring systems are well-known to stabilize

this quinoidal structure,5 and alternating polymers containing
fused thiophene units, such as thieno[3,4-b]thiophene6

and dithieno[3,2-b:20,30-d]silole,7 have achieved efficiencies of∼7%.
Recently, oligomers that incorporate a new donor building

block—the dithieno[3,2-b:20,30-d]thiophene (DTT) unit—have
demonstrated high mobility due to the planarity and favorable
sulfur�sulfur interactions for the fused DTT repeat unit.8,9

However, the synthesis of DTT-based monomers is plagued by
low yields resulting from inefficient reactions over a dozen steps.
One such example is reported by He and co-workers, which
utilized a ketone-based ring closure procedure for the synthesis of
DTT.9 This strategy requires double annulation reactions, which
are often low yielding and unreliable. Li et al. used an alternative
method to synthesize DTT based on a single ketone-based ring
closure procedure.10 However, this method requires a greater
number of synthetic steps, which limits its scalability and significantly
lowers the overall yield. As a result, the development of a simple and
efficient method to synthesize the DTT unit is a necessity for further
investigation of this promising electron-rich unit.

In this report, a reliable and scalable synthetic route to the DTT
building block is demonstrated. This synthetic route utilizes a
Stille coupling reaction to efficiently synthesize the bisthienyl
sulfide intermediate and simplifies the overall strategy (four steps
with a yield of 44%). This facilitates the use of DTT as a donor
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ABSTRACT: A facile and scalable synthetic route to a soluble
dithieno[3,2-b:20,30-d]thiophene (DTT) unit has been devel-
oped, which utilizes a Stille coupling reaction to efficiently
synthesize the bisthienyl sulfide intermediate. This simplifies
the overall DTT synthesis to only four steps with a 44% yield
and facilitates its use as a donor unit in low-band-gap polymers.
Solution processable alternating D-π�A-π polymers (DTTBTO
and DTTDPP) have been synthesized with DTT as the donor
unit and either a benzothiodiazole derivative (BTO) or fused
ring 1,4-diketopyrrolo[3,4-c]pyrrole (DPP) serving as the
acceptor unit. The ability to tailor the structure of these donor�acceptor systems permits a detailed understanding of structure/
property relationships for band-gap engineering, absorbance, Voc, and efficiency to be developed and applied to the design of high-
performance organic solar cells.
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unit to construct low-band-gap polymers with two different
acceptors: a benzothiodiazole derivative (BTO)11 and the fused
ring 1,4-diketopyrrolo[3,4-c]pyrrole (DPP).12 A D-π�A-π al-
ternating copolymer strategy was utilized by introducing a
thiophene π-spacer between the donor and acceptor to relieve
steric hindrance and achieve increased conjugation. Through this
strategy, soluble, high molecular weight D-π�A-π alternating
copolymers with broad, near-infrared absorption were prepared
and employed in the fabrication of efficient photovoltaic devices.

’RESULTS AND DISCUSSION

Material Synthesis. Previous synthetic approaches to alkyl-
substituted DTT derivatives9 have employed a double annula-
tion approach (Scheme 1, strategy B) utilizing the diketothio-
phene as an intermediate. This approach suffers from numerous
synthetic steps, poor yields, and an inability to scale to multigram
quantities. To address this challenge, an alternative approach
(strategy A) involves disconnection of the C�C thiophene�
thiophene bond to give the bisthienyl sulfide intermediate, as
shown in Scheme 1. Traditional strategies to form an aryl�aryl
thioether bond involves quenching of aryllithium salts with sulfur
electrophiles such as SCl2 or (PhSO3)2S; however, the yields are
again poor.14 In this report, Stille cross-coupling has been utilized
to synthesize the bisthienyl sulfide intermediate through a novel
route, exploiting the commercially available reagent (Bu3Sn)2S,
which results in quantitative generation of the desired sulfide
linkage.15

As a result, the synthetic approach to DTT starts from
commercially available 3-dodceylthiophene which on treatment
with excess bromine provides the tribromo derivative 1 in 98%
yield. Treatment with 2.0 equiv of n-butyllithium allows selective
debromination to give 3-bromo-4-dodecylthiophene 2 (85%
yield). The key formation of the bisthienyl sulfide intermediate,
3, was accomplished by a double Pd-catalyzed Stille coupling
reaction with (Bu3Sn)2S and results in near-quantitative yield
(98% yield). Finally, Cu-catalyzed C�C coupling reaction of 3
leads to ring closure and formation of the desired DTT building
block. Through this synthetic scheme, DTT was successfully
synthesized in four steps with an overall yield of 44% from
commercial available 3-dodecylthiophene. This represents a
significant improvement over previous strategies9,10 and now
allows multigram (10+ g) quantities of DTT to be routinely
prepared.
The successful development of a facile and scalable route to

DTT-based monomers now permits the exploration of this fused
ring system in the synthesis of conjugated polymers, an area that
has received little attention. From the limited literature, it is
apparent that the main challenge for DTT-based copolymers is a
relatively large energy gap, resulting in inefficient utilization of
the solar spectrum. For example, an alternating D�A copolymer
consisting of DTT and benzothiadiazole (BT) has a narrow
absorption spectrum (absorption onset of 600 nm) that does not
utilize the majority of the solar spectrum.16 In order to broaden

the absorption spectrum, Patil et al. reported D-π-A conjugated
copolymers based on DTT and 2,3-bis((4-octyloxy)phenyl)-5,8-
dithien-2-ylquinoxaline that increased the absorption edge to
700 nm through the introduction of thiophene π-spacer
groups.17 The success of this π-spacer strategy promoted the
use of a similar strategy in the design of DTT monomers. To
extend conjugation length with thiophene units, mild treat-
ment of DTT with 2 equiv of NBS affords the dibromo-
DTT derivatives, 4, which is extended by Stille coupling with
2-(trimethylstannyl)thiophene to yield 5. Finally, treatment of 5
with tert-butyllithium and trimethylstannyl chloride gives the
bis(trimethylstannyl) monomer 6 that can now be used in Stille
coupling polymerizations to obtain low-band-gap copolymers.
A benzothiodiazole derivative (BTO) and the fused ring 1,4-

diketopyrrolo[3,4-c]pyrrole (DPP) were chosen as two different
acceptors to construct low-band-gap polymers. The BTO11 is
obtained in three steps from the starting material, 1,2-dinitro-4,5-
bis(dodecyloxy)benzene (Scheme 3). Reduction of the nitro
groups with tin(II) dichloride gives the substituted o-phenyle-
nediamine as its air-stable hydrochloride salt. Treatment with
thionyl chloride affords 7, followed by reaction with bromine to
yield BTO. The DPP building block was synthesized using the
literature procedure.12

The D-π�A-π copolymers were prepared under microwave
conditions using Pd2(dba)3/P(o-toly)3 as catalyst in anhydrous
chlorobenzene. Both BTO and DPP derivatives were used as
acceptors, and the corresponding DTTBTO and DTTDPP
D-π�A-π copolymers were obtained (Scheme 4). Significantly,
all polymers showed good solubility (greater than 20 mg/mL) in
chlorinated solvents, which is essential for high quality film
formation using solution processing. The molecular weight and

Scheme 1. Possible Strategies for Preparation of the Key
DTT Intermediate

Scheme 2. Synthetic Route to Functional DTT Monomer

Scheme 3. Synthesis of BTO
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polydispersity index (PDI) of the polymers were measured by
GPC and calculated using polystyrene standards with DTTBTO
having a number-average molecular weight, Mn, of 12 000 amu
(PDI = 2.1) and DTTDPP having a significantly higher number-
average molecular weight (Mn = 114 000 amu; PDI = 1.6). The
increase in Mn for DTTDPP is proposed to be a result of the
decreased steric interactions due to the two flanking thiophenes
which have no substituents in the 3- and 4-positions when
compared to DTTBTO, which has a phenyl ring with alkyloxy
substituents in the 5- and 6-positions.
Physical Properties. Thin films (∼55 nm) were prepared by

dissolving the polymers in o-DCB followed by spin-coating. The
absorption spectrum of the resulting thin films is reported in
Figure 1 with the DTTBTO showing a broad absorption from
400 to 700 nm with maximum absorption peaks at 425 and
595 nm from the second and first excited states, respectively. The
absorption onset of DTTBTO is 701 nm, and the optical band
gap (Eg

opt) can be calculated as 1.77 eV. Significantly, substitut-
ing the DPP acceptor for the BTO acceptor to form DTTDPP
resulted in a shift of the absorption edge from 700 to 891 nm and
associated lowering of the optical band gap to 1.39 eV.
Electrochemical Properties. The frontier energy levels of

semiconducting polymers are significant parameters for the
design and modification of the polymeric repeat units in order

to optimize photovoltaic devices. In this way, the energy gap
between the HOMO of the p-type polymer and the LUMO of
the n-type fullerene set an upper bound for the open circuit
voltage (Voc). The LUMO level of the p-type polymer must be
offset, above that of the fullerene, to prevent charge trapping. The
LUMO energy levels for the copolymers described above were
obtained by cyclic voltammetry in o-DCB solution (Figure 2).
The onset reduction potentials of DTTBTO and DTTDPP
occurred at �1.75 and �1.50 V vs Fc/Fc+, respectively, with
the LUMO levels being calculated from the onset of CV reduction

Scheme 4. Synthetic Routes to DTTBTO and DTTDPP Copolymers

Figure 2. Cyclic voltamograms for the donor�acceptor copolymer,
DTTBTO and DTTDPP. ∼1 mg/mL o-DCB; working electrode:
carbon electrode; counter electrode: Pt; reference electrode: Ag; 0.1 M
nBu4NClO4.

Figure 1. Thin film absorption spectra for the DTTBTO andDTTDPP
D-π�A-π copolymers.

Table 1. Summary of Optical and Electrochemical Properties
of Polymers

film λonset

(nm)

Eg
opt a

(eV) Ered
b

LUMOc

(eV)

HOMOd

(eV)

DTTBTO 701 1.77 �1.75 3.35 ( 0.4 5.12 ( 0.4

DTTDPP 891 1.39 �1.50 3.60 ( 0.4 4.99 ( 0.4
a Eg

opt = 1239/ λonset. b Potential determined by cyclic voltammetry in
0.1 M Bu4NClO4�o-DCB vs ferrocene/ferrocene+. c LUMO = Ered +
5.1 (eV). dHOMO = LUMO + Eg

opt.
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peaks using the equation LUMO = �(E[onset,red vs Fc+/Fc] + 5.1)
(eV).18 This gives LUMO levels for DTTBTO and DTTDPP of
3.35 and 3.60 eV, respectively. TheHOMO levels were estimated
by subtracting the value for the optical band gap (determined
from the absorption edge in the thin films) from the LUMO
energy levels; these values have the uncertainty of the exciton
binding energy, which is∼0.4 eV inmany cases, and are likely un-
derestimates.19 The estimated HOMO values still allow relative
trends in Voc to be predicted. For comparison, the LUMO and
estimated HOMO of P3HT are obtained by applying the same
equations to the Ered (�2.29 V) and Eg

opt (1.91 eV) obtained by
Janssen et al.20 The polymers' HOMO levels (DTTDPP∼ 4.99 eV,
DTTBTO∼ 5.12 eV) are∼0.3 and∼0.4 eV deeper than that of
P3HT (4.72 eV),20 respectively. The polymers' LUMO levels
(DTTDPP: 3.60 eV; DTTBTO: 3.35 eV) are∼0.6 and∼0.55 eV
deeper than that of P3HT (2.81 eV),20 respectively, resulting in
increased absorption without a corresponding loss in Voc. A
summary of the optical and electrochemical properties for the
donor�acceptor copolymers is shown in Table 1.
Electrical Performance. Thin Film Transistors. The electrical

performance of these materials was initially examined as p-type
thin film transistors (TFTs). Both as-cast and annealed films of
DTTBTO and DTTDPP where the annealing temperature was
chosen as 150 �C based on the solvent boiling point (details of
device processing and raw current�voltage data are presented in
the Supporting Information) were examined. As-cast films of
DTTBTO were poorly conductive, but after annealing at 150 �C
for 30 min under nitrogen, improved current�voltage character-
istics were observed with average saturation mobilities of
5.1 � 10�4 cm2 V�1 s�1, threshold voltages, VT, of �13.0 V,
and current on�off ratios, Ion/off, of 10

2. In contrast, both the as-
cast and annealed films of DTTDPP showed conventional
current�voltage characteristics. As-cast devices possessed aver-
age saturation mobilities of 2.8 � 10�2 cm2 V�1 s�1, VT

of �1.6 V, and Ion/off of 10
3. Annealed devices showed a slight

increase in average saturationmobility to 3.3�10�2 cm2V�1 s�1,
a negative shift in VT to �4.8 V, and comparable Ion/off of 10

3.
Photovoltaic Properties. Bulk heterojunction solar cells were

fabricated using DTTDPP and DTTBTO as the donors and
PC71BM as the acceptor. Solar cells were fabricated using
DTTDPP:PC71BM in 1:1, 1:2, and 1:3 weight ratios with Ca/Al
electrodes (fabrication details and structure are presented in the
Supporting Information). The best devices that contained no
additives were composed of DTTDPP:PC71BM (1:2), yielding
an efficiency of 1.01% with a Voc of 0.64 V, Jsc of 2.39 mA cm�2,
and FF of 0.67 (Figure 3a (black trace)). Significantly, the
photovoltaic devices consistently had fill factors higher than

other low-band-gap polymers,6,7 suggesting efficient free charge
carrier transport and collection. However, the low photocurrent
for the DTTDPP:PC71BM device leading to lowered efficiency
with the high fill factor suggests that inefficient charge generation
is limiting the short-circuit current. Atomic force microscopy
(AFM) analysis of the BHJs processed from o-DCB revealed
large domains of polymer and fullerene likely leading to inefficient
generation due to the relatively low interfacial area (Figure 4a,c).
High boiling point additives, such as 1,8-diiodoctane (DIO) and
1-chloronaphthalene (CN), were then used to modify the
polymer:fullerene phase separation and increase interfacial
area.6a,21 As expected, the active layer from the 1:1 and 1:2

Figure 3. (a) Solar cell J�V curve for DTTDPP:PC71BM (1:2) without additive (black) and with 9 vol % CN additive (red). (b) EQE (black) and thin
film extinction coefficient (red) for DTTDPP:PC71BM (1:2) solar cell device with 9 vol % CN additive.

Figure 4. AFM topography images of DTTDPP:PC71BM (1:1) com-
posite film (a) spin-coated from o-DCB solution and (b) spin-coated
from o-DCB solution with 9 vol %CN additive. AFM topography images
of DTTDPP:PC71BM (1:2) composite film (c) spin-coated from
o-DCB solution and (d) spin-coated from o-DCB solution with 9 vol %
CN additive.

Table 2. Device Parameters and Performance for DTTDPP:
PC71BM Solar Cells

DTTDPP:PC71BM additive Voc (V) Jsc (mA cm�2) FF PCE (%)

1:1 none 0.64 3.10 0.66 1.30

1:2 none 0.64 2.39 0.67 1.01

1:3 none 0.63 2.38 0.67 1.01

1:2 9% CN 0.61 6.09 0.63 2.35

1:2 3% DIO 0.59 5.28 0.57 1.77
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blends processed with 9 vol % CN additive in o-DCB show finer
morphological features and increased interfacial area (Figure 4b,d),
leading to an increased efficiency of 2.35% with a Voc of 0.61 V,
Jsc of 6.10 mA cm�2, and FF of 0.67 (Figure 3a (red trace)).
Similarly, addition of 3 vol % DIO gave finer nanoscale morphol-
ogy with a corresponding improvement in Jsc to 5.28 mA cm�2

and efficiency to 1.77%.
Despite the use of additives to give nanoscale phase morphol-

ogies and more intimate mixing of polymer and fullerene
domains, the Jsc is still relatively low in these devices. Absorption
spectroscopy shows that the extinction coefficient of DTTDPP:
PC71BM is comparable to that of P3HT:PCBM (about 5 �
104 cm�1),22 but with a wider absorption range. External
quantum efficiency (EQE) measurements suggest that the rela-
tively low Jsc may be due to low charge generation from photons
absorbed in the DTTDPP (Figure 3b). This hypothesis is
supported by the observation that at longer wavelengths (650�
800 nm), where the polymer absorbs more strongly, the EQE is
lower than at shorter wavelengths where the fullerene absor-
bance is stronger. As a result, excitons that are being generated in
the polymer have a lower probability of being converted into free
charge carriers which is in contrast to the behavior seen for
P3HT:PC61BM solar cells, where it has been suggested that less
efficient exciton harvesting takes place in PC61BM compared
to P3HT, due to the smaller exciton diffusion length in the
fullerene phase.23 The behavior observed for the DTTDPP:
PC71BM devices is similar to literature reports for other DPP-based
polymers and has been attributed to amorphological effect based on
solvent-induced ordering.22 The cells studied here have higher fill
factors and suggest that the origin of this behavior may be due to
charge generation rather than charge extraction although further
study will be required to determine the detailed mechanism of loss.
Solar cells were also fabricated using DTTBTO for compar-

ison with the DTTDPP systems. In this case, the optimum active
layer composition was a 1:3 weight ratio of DTTBTO:PC71BM
with cells being processed using 2 vol % of CN as an additive and
LiF/Al as the cathode. This device structure yielded an efficiency
of 2.2% with a Voc of 0.72 V, Jsc of 6.59 mA cm�2, and FF of 0.46
(Figure 5a). The ability of the DTTBTO-based devices to give an
increased Voc when compared to the DTTDPP is in agreement with
the deeper values for the HOMO level measured by CV. However,
the lower FF (resulting from inefficient charge extraction) limited the
overall device performance relative to DTTDPP. Despite the wider
optical gap of DTTBTO than DTTDPP, the short-circuit current
was still higher inDTTBTOdue to ahigher extinction coefficient and
thus exciton generation in the wavelengths that it absorbs.

’SUMMARY

We have developed a simple and scalable route to synthesize
the fused thiophene building block, DTT, which has enabled the
preparation of D-π�A-π low-band-gap copolymers with two
different acceptors (BTO and DPP). The ability to tailor the
structure of these materials permits design rules for these
donor�acceptor systems to be demonstrated. The use of thio-
phene spacers allows DTTDPP to have a broader absorption
spectrum (λmax near 800 nm), while DTTBTO has a deeper
HOMO energy level yielding a higher Voc. The efficient charge
transport and collection in DTTDPP devices suggests that
optimization of the polymer/fullerene phase separation may lead
to further increases in efficiency and to high-performance organic
solar cells.
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