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Three kinds of diketopyrrolopyrrole-based donor—acceptor (D-A) type copolymers, poly{9,9-
di(2-ethylhexyl)fluorene-2,7-diyl-alt-3,6-dithien-2-yl-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c|pyrrole-1,
4-dione-5,5"-diyl} (PF-DTDPP), poly{N-(I1-decylundecyl)carbazole-2,7-diyl-alt-3,6-dithien-2-yl-
2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione-5',5""-diyl} (PC-DTDPP), and poly{N-[1-(2-
ethylhexyl)-3-ethylheptanyl]-dithieno[3,2-5:2',3'-d]pyrrole-3,6-dithien-2-yl-2,5-di(2-ethylhexyl)-pyr-
rolo[3,4-c]pyrrole-1,4-dione-5',5"-diyl} (PDTP-DTDPP) were synthesized. By changing the donor
segments, the absorption ranges of DTDPP-containing copolymers can be tuned. PF-DTDPP and
PC-DTDPP showed absorption bands in the range of 500—700 nm, while PDTP-DTDPP showed
broad absorption in the range of 500—1000 nm in the solutions. The power conversion efficiencies
(PCE) of the polymer solar cells (PSCs) based on these copolymers and [6,6]-phenyl Cg; butyric acid
methyl ester (PCBM) were 0.88% (PF-DTDPP), 2.26% (PC-DTDPP), and 1.12% (PDTP-DTDPP),
respectively, under the illumination of AM 1.5 (100 mW/cm?). The monochromatic photocurrent
responses of the PSCs based on PDTP-DTDPP:PCBM blends extend to the near-infrared region
around 1 um, which makes this material a promising candidate for the application in the multilayer or
tandem photovoltaic devices combined with the conventional visible light absorbing materials.
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Introduction

After the first synthesis as a byproduct by Farnum et al.
in 1974," diketopyrrolopyrrole (DPP) derivatives, with
the pyrrolo[3,4-c]pyrrole-1,4-dione unit as the underlying
chromophore system, have been extensively studied.
Some of the derivatives have been commercialized as high
performance pigments used in paints, plastics, and inks
because of their exceptionally high stability against light,
weather, and heat.? To use the DPP chromophore in
the opto-electrical devices, however, it is necessary to
improve the solubility and film forming ability of DPP-
containing materials, since 2,5-dihydro-pyrrolo[3,4-
c]pyrrole-1,4-dione is not soluble in most common
organic solvents because of the concurrent 77— inter-
molecular interactions and a strong hydrogen-bonding
structure in the solid state. After attaching the solubiliz-
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ing groups at the 2,5-positions of the DPP moiety (N
atoms in the lactam), many molecules’ or polymers®
containing  3,6-diphenyl-2,5-dialkyl-pyrrolo[3.,4-c]pyr-
role-1,4-dione (DPDPP) have been synthesized and their
interesting opto-electrical characteristics have been re-
ported.

Very recently, significant progress was made for the
application of DPP-containing materials in the polymer
solar cells (PSCs) and field effect transistor (FET) follow-
ing the useful synthesis of the 3,6-dithien-2-yl-2,5-dialkyl-
pyrrolo[3,4-c]pyrrole-1,4-dione (DTDPP) segment. A
copolymer containing bithiophene and DTDPP units
(BBTDPP1) exhibits excellent ambipolar charge trans-
port properties with high hole (0.1 cm?/(V s)) and electron
mobilities (0.09 cm?/(V s)).” When a similar copolymer
(BBTDPP2) was applied to PSCs, a high power conver-
sion efficiency (PCE) of 4% was achieved.® Many small
molecules were also synthesized and used in the PSCs
resulting in the PCEs of 2.3—3%’ and in the FETs
with the charge mobility above 0.02 cm?/(V s).® Besides
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the thiophene segment, the DTDPP segment was also
copolymerized with carbazole unit. The resulting poly-
mer showed a good hole mobility (0.02 cm?/(V s)) and a
moderate PCE (1.6%).°

To design the polymers with a low band gap for the
application to the PSCs, the concept of donor—acceptor
(D-A) type copolymers is promising because of the vast
possibility in the unit combinations. Many D—A type
copolymers have been used in PSCs to achieve PCEs
above 5% with extensive device engineering efforts.'!
Although DTDPP is a promising building block for the
D—A type copolymer, it is still relatively unexplored
from the viewpoint of the band gap narrowing. This is
in contrast to another donor segment, 4,7-dithien-2-yl-
2,1,3-benzothiadiazole (DTBT), which has been studied
extensively for the design of the low band gap polymers
for the PSC application.'”

In this paper, we report the synthesis of novel copoly-
mers combining 3,6-di(2-bromothien-5-yl)-2,5-di(2-eth-
ylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione with three kinds
of donor segments; fluorene, carbazole, and dithieno-
[3,2-b:2",3'-d]pyrrole. These donor segments have similar
structures but different electron-donating abilities. The
effects of the different donor segments on the absorption
spectra, energy levels, and the photovoltaic performances
of the resulting DTDPP-containing D—A copolymers are
also included.

Results and Discussions

Material Synthesis. To improve the solubility and the
film-forming ability of DPP-containing D—A copoly-
mers, two 2-ethylhexyl groups were introduced at
the 2,5-positions (N atoms in the lactam ring) of the
DPP moiety. 3,6-Dithien-2-yl-2,5-di(2-ethylhexyl)-pyr-
rolo[3,4-c]pyrrole-1,4-dione (monomer 1) was synthe-
sized according to the procedure in the literature.'?
Dibromination of the monomer 2 in CHCl; yielded
3,6-dithien-2-yl-2,5-di(2-ethylhexyl)-pyrrolo[3,4-c]pyr-
role-1,4-dione (monomer 3). For the donor segments,
9,9-di(2-ethylhexyl)fluorene-2,7-diboronic acid bis(1,3-
propanediol) ester was commercially available. 2,7-bis-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)- N-(1-decy-
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lundecyl)carbazole (monomer 8) was synthesized with a
similar method reported in the literature.'®® 2,6-Di-
(trimethyltin)-N-[1-(2'-ethylhexyl)-3-ethylheptanyl]-dithi-
eno[3,2-b:2',3’-d]pyrrole (monomer 9) has been synthe-
sized as we reported before.'"f

The alternative copolymers of PF-DTDPP and PC-
DTDPP were synthesized by Suzuki coupling reaction,
and PDTP-DTDPP was synthesized by Stille coupling
reaction (Schemes 1 and 2). All the polymers have good
solubility in common organic solvents such as chloro-
form, toluene, and chlorobenzene. Molecular weights
and polydispersity indices (PDIs) of the polymers are
determined by gel permeation chromatography (GPC)
analysis with a polystyrene standard calibration. PC-
DTDPP has a high number-averaged molecular weight
(M) of 91.3 kg/mol with a PDI of 1.77. The other two
polymers have relatively lower M, of 15.3 kg/mol with a
PDI of 1.77 for PE-DTDPP and 8.5 kg/mol with a PDI of
1.70 for PDTP-DTDPP. The difference of the molecular
weights may be resulted from the reactivity and steric
hindrance of the donor segments.

Optical Properties. The UV —visible absorption spectra
of the copolymers in CHCI; solutions are shown in
Figure 1. PF-DTDPP and PC-DTDPP show similar
absorption spectra with the absorption maxima at 652
and 658 nm, respectively. In contrast, PDTP-DTDPP
shows the absorption band in the significantly longer
wavelength compared to the other two copolymers with
two absorption peaks at 780 and 847 nm. The absorption
coefficients of PF-DTDPP, PC-DTDPP, and PDTP-
DTDPP in the CHCl; solutions are 9.55 x 107, 9.94 x
10*, and 6.28 x 10* L mol ' em™', respectively, at their
absorption maxima. The absorption spectra of the poly-
mer films are shown in Figure 2, and the detailed optical
data are summarized in Table 1. The absorption max-
imum of PC-DTDPP in film shows a red-shift by 18 nm
compared with that in solution, indicating there is inter-
molecular interaction in the solid state. However, there is
just 2 nm red-shift for PF-DTDPP from the solutions to
the films, likely due to the larger steric hindrance of the
two bulky 2-ethylhexyl side chains than that of 1-decyl-
undecyl side chain. These results suggest that by chan-
ging the donor segments with different electron-donating
ability, the absorption spectra can be tuned, which is very
useful for the design of the photovoltaic materials.

Energy Level Measurements Using the Electrochemical
Method. Electrochemical cyclic voltammetry (CV) is
performed to determine the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbi-
tal (LUMO) energy levels of the conjugated polymers.'?
The CV curves were recorded referenced to an Ag/Ag™
(0.01 M of AgNOj in acetonitrile) electrode, which was
calibrated by a ferrocene—ferrocenium (Fc/Fct) redox
couple (4.8 ¢V below the vacuum level). As shown
in Figure 3, all the copolymers showed a reversible
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Scheme 1. Synthetic Routes for the Monomers
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Figure 1. UV—vis absorption spectra of the copolymers in CHCIl;
solution.
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Figure 2. Normalized UV—vis absorption spectra of the copolymer
films on quartz plates.

oxidation/reduction process. However, the reduction/
reoxidation process was irreversible, which was different
from the behaviors of the polythiophene derivatives.'*
From the value of onset oxidation potential (Egy) and
onset reduction potential (EXY) of the polymers, the
HOMO and the LUMO as well as the bandgaps (E;C)
were calculated and are listed in Table 1. The data show
that the different donor segments have almost no effect on
the LUMO energy level but affect the HOMO energy
level largely. For PDTP-DTDPP, the HOMO energy
level shift upward by 0.3 eV compared with those of the
other two polymers, which results in the decrease of the
band gap. The electrochemical band gaps of PF-DTDPP
and PC-DTDPP are similar with the optical band gaps
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estimated from the UV —vis absorption onset. For PDTP-
DTDPP, the electrochemical band gap is 1.38 ¢V, which is
slightly higher than the optical band gap.

Photovoltaic Properties. The bulk heterojunction PSCs
were fabricated with the device structure of ITO/PEDOT:
PSS/polymer:[6,6]-phenyl Cg4; butyric acid methyl ester
(PCBM)/Al. To accurately evaluate the PCEs of the
photovoltaic devices, it is essential to determine the device
area correctly.'” Here, the effective areas of the PSCs are
defined using a metal photo mask during the irradiation
of the simulated solar light (Scheme 3).

Figure 4 shows the /— 1 curves of the devices with best
photovoltaic performance under the illumination of AM
1.5 (100 mW/cm?). The corresponding open-circuit vol-
tage (Voc), short-circuit current (Isc), fill factor (FF),
and PCE of the devices are summarized in Table 2. The
Voc of photovoltaic devices based on PF-DTDPP and
PC-DTDPP showed similar values above 0.7 V, while the
photovoltaic devices based on PDTP-DTDPP showed a
lower Voc of 0.44 V. This difference of Vo could result
from the upward shift of the HOMO energy levels of
PDTP-DTDPP because the Vo is related to the energy
difference between the LUMO of the acceptor (PCBM)
and the HOMO of the donor (the conjugated polymer).'®

The photovoltaic device based on PC-DTDPP:PCBM
gave a PCE of 2.26%, which has above 40% improve-
ment compared with the PCE (1.6%) of similar polymer
with different side chain.” This result might be attributed
to the higher molecular weight of PC-DTDPP in this
study.

The mixing morphology of the polymer and PCBM
composite film has proven to be extremely important in
determining the photovoltaic properties of PSCs, which
mainly affects the interpenetrated network of the donor
and the acceptor.!” The morphology of the blend films
with polymer and PCBM was observed by atomic force
microscopy (AFM) as shown in Figure 5. PF-DTDPP:
PCBM blend film showed a rough surface and coarse
phase separation (Figure 5A); however, a rather smooth
surface and more intimate mixing for PC-DTDPP:
PCBM (Figure 5B) and PDTP-DTDPP:PCBM were
observed (Figure 5C). The improved miscibility of PC-
DTDPP:PCBM and PDTP-DTDPP:PCBM compared
to PF-DTDPP:PCBM explained, at least in part, the
increased photocurrent because of the short exciton
diffusion lengths generally reported in the conjugated
polymers.

The external quantum efficiency (EQE) of the devices
under the illumination of monochromatic light is shown in
Figure 6. The shape of the EQE curves of the devices is very
similar to the absorption spectra, indicating that all the
absorption of the polymers contributed to the photovoltaic
conversion. The photocurrent response wavelengths of the
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Table 1. Optical and Electrochemical Properties of the Polymers

UV—vis absorption spectra

cyclic voltammetry

solution film p-doping n-doping
polymer Amax (M) Apax (M) Agnee (nm)  EQP' (V) E”/HOMO (V)/(eV)  Eo,™!/LUMO (V)/(eV)  E;“ (eV)
PF-DTDPP 652 654 710 1.75 0.62/—5.42 —1.16/—3.64 1.78
PC-DTDPP 658 676 760 1.63 0.55/—5.35 —1.14/-3.66 1.69
PDTP-DTDPP 780 852 1100 1.13 0.22/-5.02 —1.16/—3.64 1.38
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Figure 3. Cyclic voltammogram of three polymers films on a platinum
plate in an acetonitrile solution of 0.1 mol/L [BuyN]PF¢ (Bu = butyl) ata
scan rate of 50 mV/s.

Scheme 3. Schematic Representation of the Polymer/Fullerene
Bulk-Heterojunction PSCs
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PSCs based on PDTP-DTDPP:PCBM blends extend to
above 1 um. To our knowledge, PDTP-DTDPP has the
highest PCEs (1.12%) in all the low band gap photovoltaic
polymers with the photocurrent response wavelengths
above 1 um.'® In addition, since this response is comple-
mentary with the semiconducting polymers such as P3HT
that is commonly used for high performance PSCs, the use
of PDTP-DTDPP in the multilayer or tandem devices'”
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Cao, Y. Appl. Phys. Lett. 2006, 89, 81106. (c) Wienk, M. M.; Turbiez,
M. G. R; Struijk, M. P.;; Fonrodona, M.; Janssen, R. A. J. Appl. Phys.
Lett. 2006, 88, 153511. (d) Perzon, E.; Zhang, F. L.; Andersson, M.;
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Voltage (V)

Figure 4. [—V curves of the polymer solar cells based on three polymers
under the illumination of AM 1.5, 100 mW/cmz.

Table 2. Device Characteristics of PSCs Based on DPP-Containing
Polymers with PCBM

Voc (V) Isc (mAjem?) FF PCE (%)

active layer (w/w)

PF-DTDPP:PCBM (1:2) 0.74 2.51 0.47 0.88
PC-DTDPP:PCBM (1:2) 0.76 5.35 0.56 2.26
PDTP-DTDPP:PCBM (1:3) 0.44 4.47 0.57 1.12

Figure 5. AFM height images of PE-DTDPP:PCBM (A), PC-DTDPP:
PCBM (B), and PDTP-DTDPP:PCBM (C) composite films, spin-coated
from dichlorobenzene solution.
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Figure 6. EQE of PSCs based on DPP-containing polymers with PCBM.
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with those materials could further improve the efficiency of
the solar light collection.

Conclusion

Three diketopyrrolopyrrole-based donor—acceptor
(D-A) type copolymers, PF-DTDPP, PC-DTDPP, and
PDTP-DTDPP were successfully synthesized. The ab-
sorption spectra and energy level of resulting copolymers
can be tuned easily by changing the donor segments. The
photovoltaic device based on a PC-DTDPP:PCBM bulk
heterojunction gives a higher PCE of 2.26%. The photo-
current response wavelengths of the PSCs based on
PDTP-DTDPP:PCBM blends extend to above 1 um with
amoderate PCE of 1.12%. These results indicate DTDPP
is a kind of effective acceptor segment for the design of
D—A type photovoltaic polymers. Further investigations
on these DTDPP-based copolymers, such as charge
transport properties both in the pristine polymer films
and in the blend films with PCBM, are in progress.

Experimental Section

Synthesis. 9,9-Di(2-ethylhexyl)fluorene-2,7-diboronic acid
bis(1,3-propanediol) ester solution (monomer 5, 0.5 mol/L in
toluene, Aldrich) and other chemicals were purchased from
Alfa, Aldrich, or Wako and used without further purification.
The following compounds were synthesized according to the
procedure in the literature:, 3,6-dithien-2-yl-2,5-dihydro-
pyrrolo[3,4-c]pyrrole-1,4-dione (1),%° 3,6-dithien-2-yl-2,5-di(2-
ethylhexyl)-pyrrolo[3,4-c]pyrrole-1,4-dione (2),'? 2,7-dibromo-
9-H-carbazole (6),>' 2,6-di(trimethyltin)-N-[1-(2’-ethylhexyl)-3-
ethylheptanyl]-dithieno[3,2-b:2’,3"-d]pyrrole (10).'°f

Synthesis of 3,6-Di(2-bromothien-5-yl)-2,5-di(2-ethylhexyl)-
pyrrolo[3,4-c]pyrrole-1,4-dione (3). In a 500 mL double-neck
round-bottom flask, compound 2 (6.3 g, 12 mmol) was dissolved
in 350 mL of CHCls, covered with aluminum foil. N-bromo-
succinimide (4.7 g, 26.4 mmol) was added portionwise, and the
reaction mixture was stirred for 48 h at room temperature. The
reaction mixture was poured into water, and the organic phase
was separated and washed by water. The organic layers were
dried over MgSO,4 and concentrated by rotary evaporation. The
crude compound was purified by column chromatography
(silica gel; eluent: chloroform/hexane 1/1 (v/v)), and the title
compound was isolated as dark-purple solid. Yield: 6.1 g(74%).
"H NMR (CDCls, 400 MHz): 6 (ppm) 8.65 (d, 2H), 7.22 (d, 2H),
3.93 (m, 4H), 1.84 (m, 2H), 1.4—1.2 (br, 16H), 0.85 (m, 12H).

Synthesis of 1-Decyl-1-undecanol (4). In a three-neck flame-
dried 1 L round-bottom flask, ethyl formate (20.1 mL,
250 mmol) was dissolved in 300 mL of THF and cooled to
—78 °C under N, atmosphere. A freshly prepared solution of
decylmagnesium bromide [obtained by adding a solution of
I-bromodecane (133 g, 600 mmol) in dry THF (200 mL) to a
suspension of Mg (15.8 g, 660 mmol) in dry THF (300 mL)] was
then added dropwise, and the reaction mixture was stirred
overnight at room temperature. The reaction was quenched by
the addition of MeOH and then saturated aqueous NH4CI. The
crude compound was extracted three times with diethyl ether.
The combined organic layers were washed with a saturated

(20) (a) Igbal, A.; Jost, M.; Kirchmayr, R.; Pfenninger, J. A.; Rochat,
A.; Wallquist, O. Bull. Soc. Chim. Belg 1988, 97, 615. (b) Yamamoto,
H. International Patent W02004/090046, 2004.

(21) Sonntag, M.; Strohriegl, P. Chem. Mater. 2004, 16, 4736.
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NaHCOj; solution and brine, dried over MgSO,, and concen-
trated by rotary evaporation. After vacuum distillation, the title
compound was isolated as a white solid. Yield: 72.5 g (93%). 'H
NMR (CDCls, 400 MHz): 6 (ppm) 3.59 (s, 1H), 1.5—1.0 (m,
37H), 0.88 (t, 6H).

Synthesis of Toluene-4-sulfonic acid 1-Decylundecyl Ester (5).
p-Toluenesulfonyl chloride (22.88 g, 120 mmol) in CH,Cl,
(80 mL) was added to a stirred solution of 1-decylundecanol
(25 g, 80 mmol), EtsN (27.9 mL, 200 mmol), and Me;N-HCI
(7.65 g, 80 mmol) in CH,ClI, (100 mL) at 0 °C. After stirring for
2 h at room temperature, water was added and the mixture was
extracted three times with CH,Cl,. The combined organic layers
were washed with brine and then dried over MgSO,. The
solvents were removed by rotary evaporation. The crude com-
pound was purified by column chromatography (silica gel;
eluent: chloroform/hexane 1/5 (v/v)), and the title compound
was isolated as viscous, colorless liquid. Yield: 32.0 g (86%). 'H
NMR (CDCl;, 400 MHz): 6 (ppm) 7.79 (d, 2H), 7.32 (d, 2H),
4.54 (m, 1H), 2.40 (s, 3H), 1.57 (m, 4H), 1.3—1.0 (br, 32H), 0.87
(t, 6H).

Synthesis of 2,7-Dibromo-/N-(1-decylundecyl)carbazole (7). In
a double-neck flame-dried 100 mL round-bottom flask, 2,7-
dibromo-9-H-carbazole (1.625 g, 5.0 mmol) and 1.4 g (25.0
mmol) of freshly powdered potassium hydroxide were dissolved
in anhydrous dimethyl sulfoxide (DMSO, 20 mL), and then a
solution of 3.50 g (30.00 mmol) of 5in DMSO (10 mL) and THF
(10 mL) was added dropwise through the addition funnel over
2 h at room temperature. After stirring at room temperature
overnight, the reaction mixture was poured into water and
the aqueous layer was extracted three times with hexane. The
combined organic layers were dried over MgSO,, and the
solvents were removed by rotary evaporation. The crude com-
pound was purified by column chromatography (silica gel;
eluent:, hexane), and the title compound was isolated as a white
solid. Yield: 1.90 g (62%).

"H NMR (CDCls, 400 MHz): 6 (ppm) 7.90 (m, 2H), 7.69 (s,
1H), 7.53 (s, 1H), 7.33 (m, 2H), 4.41 (m, 1H), 2.18 (m, 2H), 1.90
(m, 2H), 1.3—0.9 (br, 32H), 0.86 (t, 6H).

Synthesis of 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)-N-(1-decylundecyl)carbazole (8). n-BuLi (1.92 mL, 3.07
mmol, 1.6 M in hexane) was added via a syringe to a solution
of 2.7-dibromo-N-(1-decylundecyl)carbazole (7) (0.929 g, 1.5
mmol) in anhydrous THF (20 mL) at —78 °C under N, atmo-
sphere. After the reaction was stirred for 1 h at —78 °C,
2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (0.68 mL,
3.30 mmol) was added rapidly via a syringe. After one additional
hour at —78 °C, the resulting mixture was warmed to room
temperature and stirred overnight. The mixture was poured into
water, and the aqueous layer was extracted three times with
diethyl ether. The combined organic layers were dried over
MgSO,, and the solvents were removed by rotary evaporation.
Finally, the crude compound was purified by column chroma-
tography (silica gel; eluent: chloroform/hexane 1/10 (v/v)) and
isolated as a viscous, colorless solid. Yield: 0.77 g (72%). 'H
NMR (CDCl;, 400 MHz): 6 (ppm) 8.12 (m, 2H), 8.02 (s, 1H),
7.88 (s, 1H), 7.66 (m, 2H), 4.69 (m, 1H), 2.32 (m, 2H), 1.94 (m,
2H), 1.3—1.0 (br, 32H), 0.85 (t, 6H).

Synthesis of DTDPP-Containing D-A Copolymers. Poly-
{9,9-di(2-ethylhexyl)fluorene-2,7-diyl-alt-3,6-dithien-2-yl-2,5-di-
(2-ethylhexyl)-pyrrolo|3 4-clpyrrole-1,4-dione-5' 5" -diyl} ~ (PF-
DTDPP). 9,9-Di(2-ethylhexyl)fluorene-2,7-diboronic acid bis-
(1,3-propanediol) ester (0.4 mL, 0.2 mmol) and monomer 6
(136.5 mg, 0.2 mmol) were dissolved in a mixture of THF
(15 mL) and 2 mol/L aqueous solution of Na,CO;5 (8 mL).
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The reaction container was purged with N, for 30 min to remove
O,. Pd(PPh3)4 (3%, 7 mg) was added, and the mixture was
heated under reflux for 48 h. Phenylboric acid (100 mg in I mL
THF) was added, and after 2 h, bromobenzene (1 mL) was
introduced. The mixture was allowed to reflux for 2 h and cooled
to room temperature, and the polymer was precipitated by
slowly adding the mixture into CH3;OH. The precipitates were
collected by filtration and then washed with MeOH and hexane.
The solid was dissolved in CHCl; (150 mL) and passed through
a column packed with alumina, Celite, and silica gel. The
column was eluted with CHCl;. The combined polymer solution
was concentrated and was poured into MeOH. After this, the
precipitates were collected and dried under vacuum overnight.
Yield: 120 mg (66%). "H NMR (CDCls, 400 MHz): 6 (ppm) 9.06
(br, 2H), 7.78—7.40 (m, 8H), 4.14 (br, 4H), 2.10—2.01 (m, 6H),
1.5—0.6 (m, 58H). Anal. Calcd for C5H-sN»O»S,: C, 77.75; H,
8.63; N, 3.07. Found: C, 77.78; H, 8.77; N, 2.93. M,, = 15.3 kg/
mol; polydispersity = 1.94.

Poly{N-(I-decylundecyl)carbazole-2,7-diyl-alt-3,6-dithien-2-yl-
2,5-di(2-ethylhexyl)-pyrrolo[3,4-clpyrrole-1,4-dione-5',5"-diyl}
(PC-DTDPP). A procedure was followed that was similar to the
synthesis of PF-DTDPP starting with monomer 8 (0.26 mmol,
186 mg) and monomer 3 (0.26 mmol, 177 mg). Yield: 190 mg
(75%).

'"H NMR (CDCls, 400 MHz): 6 (ppm) 9.06 (br, 2H), 8.14—
7.40 (m, 8H), 4.65 (br, 1H), 4.17 (br, 4H), 2.35 (br, 2H), 2.03 (br,
4H), 1.5-0.8 (lTl, 66H) Anal. Calcd for C63H37N30282:
C, 77.01; H, 8.93; N, 4.28. Found: C, 76.59; H, 9.09; N, 4.20.
M, = 91.3 kg/mol; polydispersity = 1.77.

Poly{ N-[1-(2-ethylhexyl)-3-ethylheptanyl]-dithieno[ 3,2-b:2' ,3'-d]-
pyrrole-3,6-dithien-2-yl-2,5-di(2-ethylhexyl)-pyrrolo[3,4-clpyr-
role-1,4-dione-5',5"-diyl} (PDTP-DTDPP). Monomer 9 (349
mg, 0.47 mmol), monomer 3 (321 mg, 0.47 mmol), and dry
toluene (20 mL) were added to a 50 mL double-neck round-
bottom flask. The reaction container was purged with N, for
30 min to remove O,. Pd(PPh3)4 (5%, 27 mg) was added and
heated up to 110 °C. The solution was stirred at 110 °C for 48 h.
The dark blue sticky solution was cooled down to room
temperature and poured into MeOH (200 mL), and the pre-
cipitates were collected by filtration and then washed with
MeOH. The solid was dissolved in CHCI; (150 mL) and passed
through a column packed with alumina, Celite, and silica gel.
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The column was eluted with CHCl;. The combined polymer
solution was concentrated and poured into MeOH. After which,
the precipitates were collected and dried. Yield: 310 mg (70%).
"H NMR (CDCl;, 400 MHz): 6 (ppm) 8.96 (br, 2H), 7.5—6.8 (m,
4H), 4.50 (br, 1H), 4.09 (br, 4H), 2.0—0.5 (m, 60H). Anal. Calcd
for CssH75N30,S4: C, 70.39; H, 8.06; N, 4.48. Found: C, 69.59;
H, 8.04; N, 4.22. M, = 8.5 kg/mol; polydispersity = 1.70.

Characterization. '"H NMR (400 MHz) spectra were mea-
sured using a JEOL Alpha FT-NMR spectrometer equipped
with an Oxford superconducting magnet system. Absorption
spectra were measured using a SHIMADZU spectrophoto-
meter MPC-3100. Cyclic voltammograms (CVs) were recorded
on an HSV-100 (Hokuto Denkou) potentiostat. A Pt plate
coated with a thin polymer film was used as the working
electrode. A Pt wire and an Ag/Ag® (0.01 M of AgNO; in
acetonitrile) electrode were used as the counter and the reference
electrodes (calibrated vs Fc/Fc™), respectively. AFM measure-
ment was carried out using a Digital Instrumental Nanoscope 31
operated in the tapping mode.

Fabrication and Characterization of Polymer Solar Cells.
PSCs were constructed in the traditional sandwich structure
through several steps. ITO-coated glass substrates were cleaned
by ultrasonication sequentially in detergent, water, acetone, and
2-propanol. After drying the substrate, PEDOT:PSS (Baytron
P) was spin-coated (4000 rpm for 30 s) on ITO. The film was
dried at 150 °Cunder N, atmosphere for 5 min. After cooling the
substrate, a dichlorobenzene solution of the polymer and
PCBM mixture was spin-coated. After drying the dichloroben-
zene, the substrate was transferred into an evaporation chamber
(ALS technology H-2807 vacuum evaporation system with E-
100 load lock). An Al electrode (~60 nm) was evaporated onto
the substrate under high vacuum (10 *—10> Pa). Postdevice
annealing was carried out at 110 °C for 5 min inside a nitrogen-
filled glovebox. The current—voltage characteristics of the
photovoltaic cells were measured using the Keithley 2400 [-V
measurement system. The measurements were conducted under
the irradiation of AM 1.5 simulated solar light (100 mW cm ™2,
Peccell Technologies PCE-L11). Light intensity was adjusted by
a standard silicon solar cell with an optical filter (Bunkou Keiki
BS520). The external quantum efficiency (EQE) of the devices
was measured on a Hypermonolight System (Bunkoh-Keiki
SM-250F).



