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ABSTRACT: We have used Suzuki coupling to prepare a series of

alternating copolymers featuring coplanar cyclopentadithiophene

and hole-transporting carbazole units. We observed quenching

in the photoluminescence spectra of our polymers after incorpo-

rating pendent electron-deficient perylene diimide (PDI) moieties

on the side chains, indicating more efficient photoinduced elec-

tron transfer. Electrochemical measurements revealed that the

PDI-containing copolymers displayed reasonable and sufficient

offsets of the energy levels of their lowest unoccupied molecular

orbitals for efficient charge dissociation. The performance of

bulk heterojunction photovoltaic cells incorporating the copoly-

mer/[6,6]-phenyl-C61-butyric acid methyl ester blends (1:4, w/w)

was optimized when the active layer had a thickness of 70 nm.

The photocurrents of the devices were enhanced as a result of

the presence of the PDI moieties, thereby leading to improved

power conversion efficiencies. VC 2010 Wiley Periodicals, Inc.
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INTRODUCTION Conjugated polymeric semiconductors pos-
sessing delocalized p-electron systems have potential appli-
cations such organic optoelectronic devices as light-emitting
diodes (LEDs), organic field effect transistors (OFETs), and
photovoltaic cells (PVCs). Many studies of polymer PVCs
have focused on optimizing the configuration of the bulk het-
erojunctions, where the photoactive layers ordinarily consist
of a conjugated polymer as an electron donor and a fullerene
derivative as an electron acceptor.1–5 Bulk heterojunctions
based on regioregular poly(3-hexylthiophene)/[6,6]-phenyl-
C61-butyric acid methyl ester (P3HT/PCBM) composites as
photoactive layers can display impressive power conversion
efficiencies (PCEs) of up to 5%.6–10 Furthermore, conjugated
polymers featuring electron donor and acceptor (D–A) units
in their main and/or side chains are quite attractive because
of their tunable electronic properties, ambipolar charge
transport abilities, and enlarged spectral absorption
ranges.11–19 The photovoltaic characteristics of D–A polymers
are very susceptible to changes in the molecular structure.
Accordingly, the selection of suitable donor and acceptor
units for the polymer is an extremely critical task: their abil-
ities to harvest light and generate, transfer, dissociate, and/
or transport charge must all be taken into consideration.
Previously, we have reported a new class of polymers, based
on intramolecular D–A sidechain-tethered hexyl phenan-
threnyl-imidazole polythiophene, that not only absorb light
effectively but also exhibit enhanced charge transfer abil-

ities—two desirable properties in photovoltaic applica-
tions—and, thus, good PCEs.20–22

Another class of promising PVCs materials-D–A double-cable
polymers has been developed for a long period of time.23–26

Because of the homogeneously distributed properties, they
have featured a capacity to overcome the phase separation
and have enabled the maximum interfacial interaction
between donor and acceptor molecules. Consequently, a re-
markable fluorescence quenching has been observed in these
D–A double-cable polymers because of their fast and efficient
intramolecular electron transfer from donor to acceptor.

Electron-deficient perylene-3,4,9,10-tetracarboxylic diimide
(PDI) and its derivatives are attractive electron-withdrawing
materials because of their excellent electron mobilities,27–30

high electron affinities, large molar absorption coefficients,
and good thermal and photochemical stabilities, enabling
them to be applied to PVCs.31–36 Another potential advantage
of using a PDI moiety is that it undergoes inherent photo-
induced charge transfer and energy transfer processes when
covalently associated with an electron donor.31,37–40 There-
fore, we were inspired to incorporate PDI moieties as an
electron-accepting components in the polymers described
herein.

Poly(2,7-carbazole) derivatives are typical electron-donating
materials that also exhibit good hole-transporting fea-
tures.41–44 Recently, a novel carbazole-containing polymer

Correspondence to: K.-H. Wei (E-mail: khwei@mail.nctu.edu.tw)

Journal of Polymer Science: Part A: Polymer Chemistry, Vol. 48, 1298–1309 (2010) VC 2010 Wiley Periodicals, Inc.

1298 INTERSCIENCE.WILEY.COM/JOURNAL/JPOLA



used as an electron donor in photovoltaic systems has mani-
fested a very high PCE (approaching 6%).45–47 Moreover, a
new class of p-conjugated polymers comprising highly copla-
nar fused cyclopentadithiophene (CPDT) units in the poly-
mer main chain has been developed.48–52 Because its rigidly
enforced planarity effectively extends the length of p-electron
delocalization, the resulting reduced bandgap of the polymer
and the increased strength of the intermolecular p–p interac-
tions between polymer chains are beneficial to carrier trans-
port. Several CPDT-containing polymers have displayed high
hole mobilities48,49 and have potential use in PVCs.50–52

Therefore, the incorporation of carbazole and CPDT units as
electron donors into polymer main chains is an attractive
strategy for photovoltaic applications.

Based on the side chain-tethered D–A (double-cable) con-
cept, we designed an extended conjugated polymer structure,
which featured a backbone of highly coplanar CPDT units
attached to hole-transporting carbazole segments; electron-
withdrawing PDI moieties having a high absorption coeffi-
cient were incorporated as the side chain. We anticipated
that the pendent PDI moieties would harvest photons more
effectively in the visible region of the spectrum and result in
substantial photoinduced electron transfer. In addition, these
copolymers feature reasonable lowest unoccupied molecular
orbital (LUMO) offsets (ca. 0.50 eV), which are sufficient to
drive efficient charge dissociation after exciton formation.53–55

In our molecular design, we introduced a long branched C24
alkyl group at the imide position of the PDI moiety and used
a hexyl bridge to link the carbazole and PDI moieties to
increase the solubility of the monomer M1 and, thereby, pro-
mote its reactivity in polymerization. Moreover, we used
CPDT monomers presenting long alkyl chains so that they
would form alternating copolymers, thereby improving the
solubility and broadening the spectral absorption range of
the PDI-containing polymers. For comparison, we also pre-
pared the corresponding copolymers lacking pendent PDI
moieties. We synthesized these new copolymers using Suzuki
coupling and analyzed them for their optical, electrochemical,
and photovoltaic properties. Disappointingly, the efficiencies
of devices incorporating these copolymers remained low,
although they were enhanced when the electron-withdraw-
ing PDI moieties were incorporated into the side chains.

EXPERIMENTAL

Materials
2,7-Dibromo-9H-carbazole (1),56 2-decyltetradecylamine (5),57

4,4-dioctyl-4H-cyclopenta[2,1-b:3,4-b0]dithiophene (8),58 4,4-
bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b0]dithiophene (9),50

and N-90-heptadecanyl-2,7-dibromocarbazole (M4)45 were
prepared according to reported procedures. PCBM was pur-
chased from Nano-C. All other reagents were used as received
without further purification, unless stated otherwise.

Measurements and Characterization
1H and 13C NMR spectra were recorded using a Varian
UNITY 300 MHz spectrometer. Mass spectra were obtained
using a JEOL JMS-HX 110 spectrometer. Differential scanning
calorimetry (DSC) was performed using a Perkin–Elmer

Pyris 7 unit operated at heating and cooling rates of 10 and
40 �C min�1, respectively; the glass transition temperatures
(Tg) were determined from the second heating scan. Ther-
mogravimetric analysis (TGA) was undertaken using a TA
Instruments Q500; the thermal stabilities of the samples
were determined under a N2 atmosphere by measuring their
weight losses while heating at a rate of 20 �C min�1. Size
exclusion chromatography (SEC) was performed using a
Waters chromatography unit interfaced with a Waters 1515
differential refractometer; polystyrene was the standard and
THF was the eluant. UV–vis and photoluminescence (PL)
spectra of dilute chlorobenzene solutions (1 � 10�5 M) were
measured using an HP 8453 diode-array spectrophotometer
and a Hitachi F4500 luminescence spectrometer, respectively.
Solid films for UV–vis and PL spectroscopic analyses were
obtained by spin-coating chlorobenzene solutions of the
copolymers (5 mg mL�1) onto quartz substrates. Cyclic
voltammetry (CV) was performed using a BAS 100 electro-
chemical analyzer operated at a scan rate of 50 mV s�1; the
solvent was anhydrous acetonitrile containing 0.1 M tetrabu-
tylammonium hexafluorophosphate (TBAPF6) as the support-
ing electrolyte. The potentials were measured against a Ag/
Agþ (0.01 M AgNO3) reference electrode; ferrocene/ferroce-
nium ion (Fc/Fcþ) was used as the internal standard. The
onset potentials were determined from the intersection of
two tangents drawn at the rising and background currents
of the cyclic voltammogram. Topographic images of the co-
polymer/PCBM films (surface area: 5 � 5 lm2) were
obtained through atomic force microscopy (AFM) in the tap-
ping mode under ambient conditions using a Digital Nano-
scope IIIa instrument.

Fabrication and Characterization of Photovoltaic Devices
Indium tin oxide (ITO)–coated glass substrates were cleaned
stepwise in detergent, water, acetone, and isopropyl alcohol
(ultrasonication; 20 min each) and then dried in an oven for
1 h; subsequently, the substrates were treated with UV ozone
for 10 min before use. A thin layer (ca. 30 nm) of poly(ethyl-
ene dioxythiophene):polystyrenesulfonate (PEDOT:PSS, Bay-
tron P VP A1 4083) was spin coated at 5000 rpm onto the
ITO substrates. After baking at 150 �C for 15 min in air, the
substrates were transferred into a N2-filled glovebox. The
copolymers P1–P4 were codissolved with PCBM in chloro-
benzene (weight ratio: 1:2 or 1:4; total concentration: 20 mg
mL�1) and stirred continuously for 12 h at 50 �C. The photo-
active layer was obtained by spin coating the blend solution
onto the ITO/PEDOT:PSS surface at 1500 rpm for 60 s and
then thermally annealing the system at 85 �C for 15 min
before electrode deposition. The thicknesses of the photoac-
tive layers were about 65–80 nm. Finally, an Al layer (100
nm) was thermally evaporated through a shadow mask
under a vacuum of less than 1 � 10�6 torr. The effective
layer area of one cell was 0.04 cm2. The current density–
voltage (J–V) characteristics were measured using a Keithley
236 source-meter. The photocurrent was measured under
simulated AM 1.5 G irradiation at 100 mW cm�2 using a Xe
lamp–based Newport 66902 150W solar simulator. The spec-
trum of the solar simulator was calibrated by a PV
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measurement (PVM-154) monosilicon solar cell (NREL cali-
brated) to minimize spectral mismatch; a silicon photodiode
(Hamamatsu S1133) was used to check the uniformity of the
exposed area.

2,7-Dibromo-9-(6-bromohexyl)-9H-carbazole (2)
1,6-Dibromohexane (2.94 mL, 19.1 mmol) was added to a
mixture of 2,7-dibromo-9H-carbazole (2.00 g, 6.15 mmol),
KOH (0.41 g, 7.31 mmol), and N,N-dimethylformamide (DMF,
40 mL) at 0 �C. The system was stirred at room temperature
for 24 h and then diluted with water (200 mL). The solution
was extracted with EtOAc (3 � 50 mL), and the combined
organic layers dried (MgSO4) and concentrated under
reduced pressure. The crude product was purified through
column chromatography (EtOAc/hexane, 1:10) to afford 2
(2.25 g, 74.9%) as a white solid.

1H NMR (300 MHz, CDCl3): d 1.27–1.53 (m, 4H), 1.79–1.92
(m, 4H), 3.39 (t, J ¼ 6.6 Hz, 2H), 4.21 (t, J ¼ 6.9 Hz, 2H),
7.34 (dd, J ¼ 8.4, 1.2 Hz, 2H), 7.52 (d, J ¼ 1.2 Hz, 2H), 7.89
(d, J ¼ 8.1 Hz, 2H). 13C NMR (75 MHz, CDCl3): d 26.3, 27.8,
28.6, 32.5, 33.6, 43.1, 111.9, 119.7, 121.3, 121.5, 122.6,
141.3. MS (m/z): [M]þ calcd. for C18H18Br3N, 486.9; found,
487.

2,7-Dibromo-9-(6-azidohexyl)-9H-carbazole (3)
Compound 2 (2.10 g, 4.30 mmol) and NaN3 (1.41 g, 21.7
mmol) were dissolved in DMF (30 mL) and heated at 85 �C
overnight. After cooling, the mixture was poured into water
(200 mL) and extracted with EtOAc (3 � 50 mL). The com-
bined organic layers were washed with brine, dried (MgSO4),
and concentrated under reduced pressure. The crude prod-
uct was purified through column chromatography (EtOAc/
hexane, 1:10) to afford 3 (1.75 g, 90.3%) as a viscous oil.
1H NMR (300 MHz, CDCl3): d 1.39–1.60 (m, 6H), 1.81–1.90
(m, 2H), 3.25 (t, J ¼ 6.9 Hz, 2H), 4.19 (t, J ¼ 7.2 Hz, 2H),
7.34 (dd, J ¼ 8.4, 1.2 Hz, 2H), 7.52 (d, J ¼ 1.2 Hz, 2H), 7.89
(d, J ¼ 8.1 Hz, 2H). 13C NMR (75 MHz, CDCl3): d 26.4, 26.7,
28.6, 28.7, 43.0, 51.2, 111.8, 119.7, 121.2, 121.4, 122.5,
141.2. MS (m/z): [M]þ calcd. for C18H18Br2N4, 450; found,
450.

2,7-Dibromo-9-(6-aminohexyl)-9H-carbazole (4)
A solution of 3 (1.5 g, 3.33 mmol) in Et2O (20 mL) was
added dropwise to a suspension of LiAlH4 (0.18 g, 4.75
mmol) in Et2O (20 mL) at 0 �C and then the system was
stirred under N2 for 2 h. The mixture was diluted with Et2O
and then saturated aqueous Na2SO4 was slowly added. After
stirring for 1 h, the mixture was extracted with Et2O (3 �
50 mL). The combined organic layers were washed with
brine, dried (MgSO4), and concentrated under reduced pres-
sure. The crude product was purified through recrystalliza-
tion (EtOH/hexane) to afford 4 (1.21 g, 85.6%) as a yellow
solid.
1H NMR (300 MHz, CDCl3): d 1.36–1.48 (m, 6H), 1.79–1.88
(m, 2H), 2.38 (s, 2H), 2.72 (t, J ¼ 6.9 Hz, 2H), 4.17 (t, J ¼ 7.2
Hz, 2H), 7.33 (dd, J ¼ 8.4, 1.2 Hz, 2H), 7.51 (d, J ¼ 1.2 Hz,
2H), 7.87 (d, J ¼ 8.4 Hz, 2H). 13C NMR (75 MHz, CDCl3): d
26.5, 26.9, 28.6, 33.6, 42.0, 43.1, 111.8, 119.6, 121.2, 121.4,

122.4, 141.2. MS (m/z): [M]þ calcd. for C18H20Br2N2, 424;
found, 424.

N,N0-Di(2-decyltetradecyl)perylene-3,4,9,10-
tetracarboxylic Diimide (6)
A mixture of perylene-3,4,9,10-tetracarboxylic acid anhydride
(1.50 g, 3.82 mmol), Zn(OAc)2 (0.84 g, 4.58 mmol), 2-decyl-
tetradecylamine (4.07 g, 11.5 mmol), and quinoline (20 mL)
was heated at 180 �C overnight under N2. After cooling, the
mixture was poured into MeOH (200 mL), treated with 2 M
HCl (40 mL), and stirred overnight. The resulting precipitate
was filtered off, washed sequentially with water and MeOH,
and then dried under vacuum at 80 �C to afford 6 (3.55 g,
87.3%) as a red solid.
1H NMR (300 MHz, CDCl3): d 0.81–0.87 (m, 12H), 1.20–1.33
(m, 80H), 1.99 (br, 2H), 4.11 (d, J ¼ 6.9 Hz, 2H), 7.40 (d, J ¼
7.8 Hz, 4H), 8.53 (d, J ¼ 7.8 Hz, 4H). 13C NMR (75 MHz,
CDCl3): d 14.1, 22.7, 26.5, 29.3, 29.6, 29.7, 30.1, 31.7, 31.9,
31.9, 36.7, 44.7, 122.6, 123.0, 125.7, 128.9, 130.8, 133.7,
163.2. MS (m/z): [M]þ calcd. for C72H106N2O4, 1062.8; found,
1064.

N-(2-Decyltetradecyl)perylene-3,4,9,10-tetracarboxylic-
3,4-anhydride-9,10-imide (7)
A mixture of 6 (3.0 g, 2.82 mmol), KOH (0.43 g, 7.66 mmol),
and tert-butyl alcohol (80 mL) was stirred at 85 �C for 40
min under N2. Upon cooling, acetic acid (10 mL) and 2 M
HCl (20 mL) were added. The red precipitate was filtered off
and washed sequentially with water, MeOH, and cold acetone
to afford 7 (1.34 g, 65.2%) as a red solid.

1H NMR (300 MHz, CDCl3):
1H NMR (300 MHz, CDCl3): d

0.83–0.85 (m, 6H), 1.20–1.33 (m, 40H), 2.00 (m, 1H), 4.13
(m, 2H), 8.69 (br, 8H). MS (m/z): [M]þ calcd. for C48H57NO5,
727.4; found, 728.

N-(2-Decyltetradecyl)-N0-(2,7-dibromo-9-hexyl-9H-
carbazole)perylene-3,4,9,10-tetracarboxylic Diimide (M1)
A mixture of 4 (0.50 g, 1.18 mmol), 7 (0.78 g, 1.07 mmol),
Zn(OAc)2 (0.26 g, 1.42 mmol), and quinoline (15 mL) was
heated at 180 �C for 4 h under N2. After cooling, the mixture
was poured into MeOH (100 mL), treated with 2 M HCl (20
mL), and stirred overnight. The resulting precipitate was col-
lected by vacuum filtration, washed sequentially with water
and MeOH, and then purified through column chromatogra-
phy (CHCl2) and recrystallization (EA/MeOH) to afford M1
(0.75 g, 62%) as a dark red solid.
1H NMR (300 MHz, CDCl3): d 0.78–0.87 (m, 6H), 1.14–1.47
(m, 44H), 1.75–1.82 (m, 4H), 1.98 (br, 1H), 4.07–4.15 (m,
6H), 7.21 (dd, J ¼ 8.1 Hz, 1.5 Hz, 2H), 7.43 (d, J ¼ 1.5 Hz,
2H), 7.73 (d, J ¼ 8.1 Hz, 2H), 8.22 (dd, J ¼ 8.4, 3.6 Hz, 4H),
8.41 (dd, J ¼ 8.1, 3.3 Hz, 4H). 13C NMR (75 MHz, CDCl3): d
14.1, 22.7, 26.5, 26.7, 26.8, 27.7, 28.6, 29.3, 29.6, 29.7, 30.1,
31.7, 31.9, 36.7, 40.3, 43.2, 44.7, 111.8, 119.6, 121.1, 121.3,
122.4, 122.6, 122.7, 122.9, 123.1, 125.8, 128.9, 128.9, 130.9,
133.8, 140.0, 141.1, 163.0, 163.4. MS (m/z): [M]þ calcd. for
C66H75Br2N3O4, 1133.4; found, 1135. Anal. Calcd. for
C66H75Br2N3O4: C, 69.90; H, 6.67; N, 3.71. Found: C, 69.66;
H, 6.62; N, 3.93.
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2,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-4,4-
dioctyl-4H-cyclopenta[2,1-b:3,4-b0]dithiophene (M2)
n-BuLi (2.5 M, 5.40 mL, 13.5 mmol) was added dropwise to
a stirred solution of 8 (1.80 g, 4.47 mmol) in anhydrous THF
(20 mL) under N2 at –78 �C. The mixture was stirred at this
temperature for 1 h and then warmed to room temperature
over 3 h. After cooling again to –78 �C, 2-isopropoxy-4,4,
-5,5-tetramethyl[1,3,2]dioxaborolane (3.6 mL, 17.6 mmol)
was added and then the mixture was warmed gradually to
room temperature and stirred overnight. Water (100 mL)
was added and the system extracted with Et2O (3 � 50 mL).
The combined organic layers were washed with brine (100
mL), dried (MgSO4), and concentrated under reduced pres-
sure. The crude product was washed with cold methanol
and then recrystallized twice from ethanol to afford M2
(1.98 g, 68%) as a yellow solid.

1H NMR (300 MHz, CDCl3): d 0.80–0.90 (m, 10H), 1.10–1.28
(m, 20H), 1.34 (s, 24H), 1.75–1.80 (m, 4H), 7.40 (s, 2H). 13C
NMR (75 MHz, CDCl3): d 14.1, 22.6, 24.5, 24.8, 29.3, 30.0,
31.8, 37.8, 52.7, 84.0, 131.1, 143.9, 161.5. MS (m/z): [M]þ

calcd. for C37H60B2O4S2, 654.4; found, 654. Anal. Calcd. for
C37H60B2O4S2: C, 67.89; H, 9.24. Found: C, 67.70; H, 9.42.

2,6-Dibromo-4,4-bis(2-ethylhexyl)-4H-cyclopenta
[2,1-b:3,4-b0]dithiophene (M3)
A solution of 9 (1.25 g, 3.10 mmol) and N-bromosuccinimide
(NBS, 1.10 g, 6.20 mmol) in DMF (20 mL) was stirred over-
night under N2 at room temperature. The resulting solution
was poured into water (200 mL) and extracted with CHCl2
(3 � 50 mL). The combined organic layers were washed
with brine, dried (MgSO4), and concentrated under reduced
pressure. The crude product was purified through column
chromatography (hexane) to afford M3 (1.43 g, 82.2%) as a
pale yellow oil.
1H NMR (300 MHz, CDCl3): d 0.57–0.64 (m, 6H), 0.76–0.81
(m, 6H), 0.88–1.05 (m, 18H), 1.74–1.86 (m, 4H), 6.93 (dt, J
¼ 2.7, 0.9 Hz, 2H). 13C NMR (75 MHz, CDCl3): d 10.6, 14.0,
22.7, 27.3, 28.5, 32.0, 35.1, 43.0, 54.9, 110.7, 125.2, 136.6,
155.5. MS (m/z): [M]þ calcd. for C25H36Br2S2, 560.1; found,
560. Anal. Calcd. for C25H36Br2S2: C, 53.57; H, 6.47. Found: C,
53.99; H, 6.56.

General Procedure for Synthesizing the Alternating
Copolymers P1–P4
Aqueous K2CO3 (2M, 1.6 mL) and Aliquat 336 (ca. 20 mg)
were added to a mixture of M1 (100 mg, 88.1 lmol), M2
(115.4 mg, 176.2 lmol), and M3 (49.4 mg, 88.1 lmol) in tol-
uene (3.2 mL). After degassing, tetrakis(triphenylphosphine)-
palladium (5 mol %) was added under N2. The reaction mix-
ture was heated at 100 �C for 36 h and then benzeneboronic
acid (42.9 mg, 0.35 mmol) and bromobenzene (55.3 mg,
0.35 mmol), the end-capping units, were added individually
to the solution, which was then heated under reflux for 6 h
each time. The reaction mixture was cooled to room temper-
ature and the product precipitated in a mixture of methanol
and water (8:2, v/v; 100 mL). The crude polymer was col-
lected, dissolved in THF, and reprecipitated in methanol.
Finally, the polymer was washed with acetone for 72 h in a

Soxhlet apparatus and then dried under vacuum to give P1
(119.0 mg, 62%).
1H NMR (300 MHz, CDCl3): d 0.69–0.85 (m, 38H), 1.05–1.20
(m, 102H), 1.61–1.90 (m, 17H), 4.01–4.33 (m, 6H), 7.03 (br,
6H), 7.30–7.76 (m, 6H), 7.98–8.58 (m, 8H). 13C NMR (75
MHz, CDCl3): d 10.7, 14.1, 22.6, 22.7, 22.9, 24.6, 26.5, 27.5,
28.6, 29.2, 29.3, 29.6, 29.7, 30.1, 31.8, 31.9, 34.1, 35.3, 36.6,
37.8, 40.3, 43.1, 44.7, 54.2, 104.8, 117.2, 117.8, 120.5, 121.9,
122.9, 123.1, 125.5, 126.1, 128.4, 128.5, 129.1, 130.7, 131.2,
131.9, 132.1, 132.2, 133.5, 134.3, 138.2, 138.5, 141.5, 145.7,
158.2, 158.5, 158.8, 162.9, 163.2, 163.6. Anal. Calcd.: C,
77.74; H, 8.56; N, 1.93. Found: C, 75.48; H, 8.23; N, 1.79.

P2
Using an identical polymerization procedure as that
described earlier for P1, a mixture of M1 (49.0 mg, 43.2
lmol), M2 (42.4 mg, 64.8 lmol), and M3 (12.1 mg, 21.6
lmol) in toluene (1.4 mL) was copolymerized to give P2
(40.1 mg, 53%).

1H NMR (300 MHz, CDCl3): d 0.69–0.85 (m, 56H), 1.20 (br,
164H), 1.61–1.89 (m, 26H), 4.01–4.34 (m, 12H), 7.03 (br,
8H), 7.31–7.75 (m, 12H), 7.96–8.61 (m, 16H). Anal. Calcd.: C,
78.42; H, 8.40; N, 2.37. Found: C, 75.94; H, 8.02; N, 2.14.

P3
Using an identical polymerization procedure as that
described earlier for P1, a mixture of M2 (52.1 mg, 79.6
lmol), M3 (22.3 mg, 39.8 lmol), and M4 (22.4 mg, 39.8
lmol) in toluene (1.3 mL) was copolymerized to give P3
(41.5 mg, 65%).

1H NMR (300 MHz, CDCl3): d 0.69–0.85 (m, 30H), 1.06–1.20
(m, 88H), 1.58–1.91 (m, 16H), 2.39 (br, 2H), 4.64 (br, 1H),
7.03 (br, 6H), 7.54–7.61 (m, 4H), 8.05 (br, 2H). Anal. Calcd.:
C, 77.70; H, 9.47; N, 0.87. Found: C, 75.36; H, 8.55; N, 0.87.

P4
Using an identical polymerization procedure as that
described earlier for P1, a mixture of M2 (119.5 mg, 182.5
lmol) and M3 (102.3 mg, 182.5 lmol) in toluene (2.6 mL)
was copolymerized to give P3 (108.2 mg, 74%).

1H NMR (300 MHz, CDCl3): d 0.67–0.87 (m, 18H), 1.05–1.20
(m, 42H), 1.58–1.88 (m, 8H), 7.01 (d, J ¼ 9 Hz, 4H). 13C
NMR (75 MHz, CDCl3): d 10.8, 14.2, 22.7, 23.0, 24.7, 27.6,
28.7, 29.3, 29.4, 30.2, 31.9, 34.2, 35.4, 37.8, 43.2, 54.0, 54.1,
117.0, 117.7, 134.7, 135.1, 137.9, 138.4, 158.0, 158.4. Anal.
Calcd.: C, 74.75; H, 9.28. Found: C, 71.92; H, 8.82.

RESULTS AND DISCUSSION

Synthesis and Characterization of the Copolymers
Schemes 1 and 2 outline our synthetic routes toward the
monomers and copolymers. N-Alkylation of 2,7-dibromo-9H-
carbazole (1) with excess 1,6-dibromohexane and KOH gave
compound 2, which we subjected to azidation to afford the
azide 3, which was then transformed into the primary amine
4 through hydride reduction. Condensation of perylene-
3,4,9,10-tetracarboxylic acid anhydride with 2-decyltetrade-
cylamine using zinc acetate as catalyst gave a good yield of
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the symmetric perylene tetracarboxylic diimide 5, which was
then semihydrolyzed to generate the monoimide monoanhy-
dride 6; subsequent condensation with 4 afforded the mono-
mer M1. NBS-mediated dibromination of dioctylcyclopentadi-
thiophene (8) afforded the monomer M2; the boronated
monomer M3 was prepared through dilithiation of com-
pound 9 with n-BuLi, followed by quenching with 2-isopro-
poxy-4,4,5,5-tetramethyl[1,3,2]dioxaborolane. As indicated in
Scheme 2, the alternating copolymers P1–P4 were obtained
through Suzuki polycondensations using various monomer
M1–M4 mixtures. From the ratio of the integrations of the
peaks of NMR aliphatic protons (ANACH2A for P1–P2 at
4.01–4.34 ppm and ANACHA for P3 at 4.64 ppm) to that of
aromatic protons (thiophene-H at 7.03 ppm), we estimated
the output compositions of monomers M1–M4 present in
the copolymers P1–P3. The final compositions of the synthe-
sized polymers were very close to the feed ratios, and the
output ratios of P1–P3 are summarized in Table 1. P1 and
P2, featured solubilizing PDI moieties in their polymer side
chains, had weight-average molecular weights (Mw), deter-
mined through gel permeation chromatography (GPC) using
polystyrene as standards, of 21.1 and 11.1 kg mol�1, respec-
tively, and polydispersities of 1.65 and 1.60, respectively. The

lower molecular weight of P2 was due to the twofold feed
ratio of monomer M1, which had relatively poor solubility
during the polymerization reaction. For control experiments,
we synthesized the copolymer P3 (Mw: 19.3 kg mol�1; poly-
dispersity: 1.43) through conjugation of the carbazole seg-
ment with CPDT in the polymer backbone. Moreover, we
also prepared the CPDT-only polymer P4 (Mw: 30.8 kg
mol�1; polydispersity: 1.65). The copolymers P1–P4 are gen-
erally soluble in common organic solvents, including toluene,
THF, CHCl3, and chlorobenzene, with P4 exhibiting the best
solubility among the four. The synthesized monomers and
copolymers were characterized using 1H and 13C NMR spec-
troscopy and mass spectrometry. As revealed in Figure 1, all
of the copolymers exhibited outstanding thermal stabilities,
with 5% weight losses temperatures (Td) greater than 400
�C under N2 atmosphere. We investigated the thermal behav-
ior of these copolymers through DSC analysis, which
revealed no obvious thermal transitions for P1–P3 within
the temperature range from 40 �C to 320 �C, except for P4,
which exhibited a distinct glass transition temperature (Tg)
at 184 �C; thus, P1–P4 display amorphous properties, with
the incorporation of relatively stiff carbazole segments and
bulky pendent PDI moieties probably restraining the

SCHEME 1 Synthetic routes of the monomers. Reagents: (i) 1,6-dibromohexane, KOH, DMF; (ii) NaN3, DMF; (iii) LiAlH4, Et2O; (iv)

2-decyl-tetradecylamine, Zn(OAc)2, quinoline; (v) t-BuOH, KOH; (vi) 4, Zn(OAc)2, quinoline; (vii) THF, n-BuLi, 2-isopropoxy-4,4,5,5-

tetramethyl-[1,3,2]dioxaborolane; and (viii) NBS, DMF.
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movement of the polymer chains. Table 1 summarizes the
yields, molecular weights, polydispersities, and thermal prop-
erties of the copolymers.

Photophysical Properties
Figure 2 displays absorption spectra of the monomer M1 and
the copolymers P1–P4, recorded from dilute (1 � 10�5 M)
chlorobenzene solutions and solid films; Table 2 summarizes
the spectral data. The broad absorption bands of P1–P3 in so-
lution in the range 300–700 nm originated from the copoly-
mer backbones, that is, the extremely coplanar CPDT-based
units and the conjugated carbazole–CPDT segments. The spec-
trum of P3 featured a maximum absorption wavelength at
556 nm; P1 and P2 exhibited two distinct absorption peaks
at 491–494 and 527–530 nm as a result of p–p* transitions
in the pendent PDI moieties of the monomer M1, which dis-
plays major absorptions at 490 and 526 nm, consistent with

previous reports.37–39 The maximum absorption wavelength
of P4 was 586 nm, comparable with that of the related homo-
polymer PCPDT.59–61 P1–P3 displayed hypsochromic shifts of
about 30–59 nm, relative to P4, of the corresponding maxi-
mum wavelength absorption, presumably because of the car-
bazole–CPDT units presenting relatively shorter conjugated
length. The broader absorptions of P1 and P2, relative to that
of monomer M1, implied that they featured extended conjuga-
tion lengths as a result of linking the coplanar CPDT-based
units with the monomer M1 units in the polymer backbones.
The absorption spectra of P1–P4 in the solid state were simi-
lar to their corresponding solution spectra, indicating that
these copolymers did not self-assemble or aggregate in their
solid films, consistent with the characteristics of CPDT-based
polymers reported in the literature.61

The optical band gaps (Eopt
g ) of P1–P4, estimated from the

onsets of absorption in their solid films, were in the range of
1.82–1.88 eV. As expected, the optical band gaps of P1–P3
were slightly higher than that of P4, due to the decreasing
content of CPDT-based units. Generally, the amount of
absorbed light depends not only on the absorption wave-
length but also on the intensity of the absorption; hence, we
estimated the molar absorption coefficients (e), calculated
using Beer’s law, of these copolymers at the same concentra-
tions in chlorobenzene. As indicated in Figure 2, P3 displays
a relatively low absorption coefficient (3.2 � 104 at kmax ¼
556 nm) relative to those of P1 (4.9 � 104 at kmax ¼ 530
nm), P2 (5.5 � 104 at kmax ¼ 527 nm), and P4 (5.3 � 104

at kmax ¼ 584 nm). We suspect that the molar absorption
coefficients of P1 and P2 are larger than that of P3 because
of the large degrees of light absorption by the pendent PDI
moieties of the monomer M1 (6.3 � 104 at kmax ¼ 526 nm),
thereby facilitating greater photon harvesting. Figure 3 dis-
plays the PL spectra of the copolymers in dilute (1 � 10�5

M) chlorobenzene and as solid films, recorded with an exci-
tation wavelength of 460 nm. In solution, the PL of P3
increased relative to that of P4, probably as a result of the
introduction of the highly fluorescent carbazole segments in
the polymer backbone; in contrast, the PL of the PDI-con-
taining copolymers P1 and P2 was quenched dramatically
relative to that of P3, even though we positioned hexyl
bridges between the pendent PDI moieties and the polymer
backbone. In the solid films, we observed only slight PL for
P1–P4 at wavelengths in the range 600–800 nm, although
the PL quenching of P1 was more apparent than that of P3.
The presence of PL quenching of the D–A bridge polymers in
both solution and solid film suggests that photoinduced

TABLE 1 Polymerization Results and Thermal Properties of the Copolymers

Polymer Feed Ratio (m:n) Output Ratioa (m:n) Yield (%) Mn (103) Mw (103) PDI DSC (Tg) TGA (Td)

P1 1:1 0.98:1 62 12.8 21.1 1.65 n.d. 416

P2 2:1 1.95:1 53 7.1 11.1 1.60 n.d. 418

P3 1:1 1.04:1 65 13.5 19.3 1.43 n.d. 411

P4 0:n 0:n 74 18.7 30.8 1.65 184 404

a Output ratios (m:n) of the copolymers were estimated from the integrations of the proton NMR spectra.

SCHEME 2 Synthetic routes of the copolymers. Reagents: (i)

2M K2CO3 (aq)/toluene, aliquat 336, Pd(PPh3)4.
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electron transfer—through the polymer donors to the pend-
ent PDI moieties in the excited state—was more efficient in
polymer P1 than others.24,62,63

Electrochemical Properties
We used CV to investigate the redox behavior of the copoly-
mers and, thereby, estimate their highest occupied molecular
orbital (HOMO) and LUMO energy levels. Figure 4 displays
the electrochemical behavior of the copolymers in solid
films; Table 2 summarizes the relevant data. The carbazole-
containing copolymers P1–P3 exhibited reversible oxida-
tions; their onset potentials (ca. 0.14–0.18 V) were slightly
larger than that of P4 (0.12 V) because P1–P3 contain less
easily oxidizable carbazole segments in their polymer back-
bones. The CV traces of P3 and P4 feature irreversible
reductions; we assign the onset potentials, very close at 2.31
and 2.32 V, for reduction of the CPDT units. In contrast, P1
and P2 underwent partially reversible reductions with onset
potentials of 1.13 and 1.10 V, which we attribute for reduc-
tion of the PDI moieties, consistent with the value (1.19 V)
reported previously.32 On the basis of the onset potentials,
we estimated HOMO energy levels of P1–P4 to be 4.94, 4.94,
4.98, and 4.92 eV, respectively, with LUMO energy levels of
3.67, 3.70, 2.48, and 2.49 eV, respectively, according to the
energy level of the ferrocene reference (4.8 eV below vac-
uum level).64 Thus, copolymers P1 and P2 featured lower
LUMO energy levels relative to that of P3, implying that the

incorporation of electron-withdrawing pendent PDI moieties
into the polymer side chains effectively lowered the LUMO
energy levels. The resulting LUMO offsets (LUMO of PCBM is
ca. 4.2 eV)55 were 0.53 and 0.50 eV, respectively; these val-
ues are greater than the lowest value (0.3 eV)53–55 required
to drive efficient charge dissociation.

Photovoltaic Properties
The photovoltaic properties of the copolymers pristine P1
and P2 were studied by adjusting their concentrations.
When both P1 and P2 were spin coated using the concentra-
tion of 15 mg mL�1 in chlorobenzene, the thickness of P1
and P2 films after drying was about 65 and 60 nm, respec-
tively. P1 and P2 exhibited the value of Voc of 0.41 and 0.45

FIGURE 2 UV–vis absorption spectra of the copolymers P1–P4 (a)

in dilute chlorobenzene solutions (1� 10�5M) and (b) as solid films.

TABLE 2 Optical and Redox Properties of the Copolymers

Absorption, kmax (nm)

Eopt
g (eV)b Eox

onset (V) Ered
onset (V) HOMO (eV)c LUMO (eV)cSolution Film e (104)a

P1 494, 530 500, 536 4.9 1.85 0.14 1.13 4.94 3.67

P2 491, 527 495, 527 5.5 1.88 0.14 1.10 4.94 3.70

P3 556 556 3.2 1.83 0.18 2.32 4.98 2.48

P4 586 584 5.3 1.82 0.12 2.31 4.92 2.49

a Absorption coefficients were determined at kmax for chlorobenzene

solutions (1 � 10�5 M).

b Estimated from the onset wavelength absorptions of the solid films.
c Calculated from the corresponding onset potentials.

FIGURE 1 TGA thermograms of the copolymers recorded at a

heating rate of 20 �C min�1 under a N2 atmosphere.
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V, Jsc of 0.113 and 0.099 mA cm�2, fill factor (FF) of 0.267
and 0.255, and PCE of 0.012 and 0.011%, respectively. When
the thicknesses of P1 and P2 were increased to about 88
and 80 nm, respectively, (coated with 20 mg mL�1), the effi-
ciencies of them did not significantly improve, with PCE of
0.011% for P1 and 0.010% for P2.

Furthermore, we investigated the photovoltaic properties of
the copolymers in bulk heterojunction solar cells having the
sandwich structure ITO/PEDOT:PSS/copolymer:PCBM (1:2 or
1:4, w/w)/Al. The photoactive layers were spin coated from
chlorobenzene solutions. Because the performance of PVCs is
strongly dependent on the D–A ratio and the thickness of
the active layer,13,46,52 we constructed a series of devices fea-
turing active layers possessing a variety of polymer-to-PCBM
ratios and thicknesses. Figure 5 presents J–V curves of the
PVCs incorporating 1:2 and 1:4 (w/w) blends of the copoly-
mers and PCBM; Table 3 summarizes their characteristics.

The devices based on P1–P3:PCBM exhibited similar open
circuit voltages (Voc) of 0.50–0.56 V and the P4:PCBM-based
device featured a value of Voc of 0.40–0.42 V; these values
are related to the difference between the HOMO energy level
of the copolymers and the LUMO energy level of PCBM.54

Devices prepared from P1–P3 exhibited larger values of Voc
relative to that prepared from P4 because the former pos-
sess slightly lower lying HOMO energy levels, presumably
because of the carbazole segments in their polymer back-
bones. The short-circuit current densities (Jsc) of the devices
incorporating the P1 and P2 blends were significantly
improved relative to those containing the P3 and P4 blends,
presumably because of the effect of the pendent PDI moi-
eties, with their enhanced photon harvesting, efficient photo-
induced charge transfer/charge dissociation, and electron-
transporting ability. Notably, the value of Jsc decreased upon
increasing the content of PDI moieties in the polymer,
regardless of the blend ratio (1:2 or 1:4), presumably
because of the lower molecular weight, with a relatively
shorter polymer backbone, which perhaps diminished the
degree of charge transport among the polymer chains.46,65,66

The P2 blend exhibited a value of Jsc of 0.855 mA cm�2, Voc
of 0.56 V, a FF of 0.359, and a PCE of 0.172% at the 1:2
blend ratio; the P1 blend displayed superior performance,

FIGURE 4 Cyclic voltammograms of the copolymers as solid

films.

FIGURE 5 J–V characteristics of polymer PVCs incorporating

P1–P4:PCBM films prepared at blend ratios (w/w) of (a) 1:2 and

(b) 1:4.

FIGURE 3 PL spectra of the copolymers in dilute chlorobenzene

solutions (1 � 10�5 M). Inset: PL spectra of copolymers P1 and

P3 as solid films. The PL intensity was normalized after divid-

ing by the corresponding absorbance. All PL spectra, for solu-

tions and films, were recorded with excitation at 460 nm.
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with values of Jsc of 1.159 mA cm�2, Voc of 0.54 V, FF of
0.427, and PCE of 0.267% under the same fabrication condi-
tions. The device performance of P1 blend improved upon
increasing the amount of PCBM. Similar phenomena have
been observed in studies of other amorphous polymer:PCBM
systems.1,2,13,47 For the 1:4 blends, P1 again exhibited the
better performance, with values of Jsc of 1.703 mA cm�2, Voc
of 0.55 V, FF of 0.485, and PCE of 0.454%.

Figure 6 displays the surface morphologies determined from
AFM measurements. Samples of the P1–P4:PCBM (1:4 w/w)
blended films were spin coated from their corresponding
chlorobenzene solutions, identical to the procedure used to
fabricate the active layers of the devices. We observe coarse
phase separation in the images of these polymer blends. The

morphology of the P2 blend is somewhat different from
those of the others, presumably because of its low molecular
weight and relatively poor solubility.14 The P1–P3 blends
feature larger domains than those of the P4 blend, particu-
larly that for P1, which displays island-like domains. The
root-mean-square roughness of the P1–P3 blends was 4.15,
3.91, and 5.82 nm, respectively, significantly greater than
that of P4 (1.84 nm). The greater phase segregation and
rougher surfaces of the P1–P3 blend films presumably arose
because of their poor miscibility with PCBM15,16—a result of
their relatively poor solubility and low molecular weight af-
ter introducing the bulky carbazole segments and pendent
PDI moieties. Even though the blends of P1 and P2 revealed
these imperfections, which may have hampered their charge

TABLE 3 Photovoltaic Properties of Polymer Solar Cells Incorporating P1–P4:PCBM Blends Prepared at 1:2 and 1:4 Weight Ratios

Polymer:PCBM (w/w) Thickness (nm)a Jsc (mA cm�2) Voc (V) FF PCE (%)

P1 1:2 72 1.159 0.54 0.427 0.267

1:4 70 1.703 0.55 0.485 0.454

P2 1:2 68 0.855 0.56 0.359 0.172

1:4 65 0.457 0.55 0.212 0.053

P3 1:2 83 0.032 0.53 0.312 0.005

1:4 78 0.076 0.50 0.334 0.013

P4 1:2 77 0.096 0.42 0.396 0.016

1:4 72 0.083 0.40 0.396 0.013

a The thickness of the active layer was measured from AFM.

FIGURE 6 Topographic AFM images of the copolymer:PCBM (1:4, w/w) blends incorporating (a) P1, (b) P2, (c) P3, and (d) P4.
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dissociation and transport properties, the performances of
the devices based on the PDI-containing polymers were bet-
ter than that of the P4-containg device, that is, the advan-
tages bestowed by the pendent PDI moieties effectively com-
pensated for these disadvantages. Although the selection of
these donors and acceptor was probably a promising
approach to photovoltaic application, the efficiencies of the
designed PDI-containing polymers remained moderate. From
the AFM images, we assume that the coarse phase separation
behavior of the PDI moieties may have significant influence
on the device performance. The strong electron-withdrawing
PDI moieties would probably compete with PCBM when
accepting the photogenerated electrons. Furthermore, the
electrons would be easily trapped by the large/scattered PDI
moieties, thereby leading to inefficient electron transport to
the electrode, and thus low device efficiencies.

Next, we examined the effect that the thickness of the
P1:PCBM blend had on the device performance. Figure 7 dis-
plays the J–V characteristics; Table 4 summarizes the associ-
ated data. We varied the thickness of the active layer in the
range 60–112 nm by adjusting the concentrations (15–35
mg mL�1) of the blended solutions coated at the same spin
rate. The optimized thickness of the active layer was pre-
sented at 70 nm. When we reduced the thickness to 60 nm
or increased it to 112 nm, we did not obtain higher PCEs
because of concomitant decreases in both Jsc and FF. The
thicker active layer (112 nm) resulted in significantly
reduced value of Jsc (0.789 mA cm�2), possibly because of
the unfavorable influence of impeded charge transport or
charge recombination.67,68 In contrast, we attribute the
decreased value of Jsc (1.431 mA cm�2) of the device featur-
ing the thinner active layer to its diminished absorbance of
irradiated light.

CONCLUSIONS

We have prepared a series of new cyclopentadithiophene-
based copolymers through conjugation with transporting car-
bazole segments in the polymer backbones and incorpora-

tion of electron-deficient PDI moieties into the side chains.
The larger molar absorption coefficients and more efficient
photoinduced electron transfer of these copolymers resulted
from the presence of the pendent PDI moieties. Moreover,
the PDI-containing copolymers exhibited reasonable and suf-
ficient LUMO offsets to allow efficient charge dissociation. As
a result, the photocurrents of the devices were enhanced af-
ter incorporation of the PDI moieties; the optimized PCE
occurred when using a 1:4 (w/w) copolymer:PCBM blend
having a thickness of 70 nm.

The authors thank the National Science Council for financial
support through project NSC 98-2120-M-009-006.
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Müllen, K. J Am Chem Soc 2007, 129, 3472–3473.

49 Morana, M.; Wegscheider, M.; Bonanni, A.; Kopidakis, N.;

Shaheen, S.; Scharber, M.; Zhu, Z.; Waller, D.; Gaudiana, R.;

Brabec, C. Adv Funct Mater 2008, 18, 1757–1766.

50 Zhu, Z.; Waller, D.; Gaudiana, R.; Morana, M.; Mühlbacher,
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S.; Teyssié, D.; Grazulevicius, J. V. J Solid State Electrochem

2007, 11, 859–866.

64 Pommerehne, J.; Vestweber, H.; Guss, W.; Mahrt, R. F.;
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