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ABSTRACT: Eleven new low bandgap diketopyrrolopyrrole-based copolymers have been prepared by Suzuki
or Stille cross-coupling polycondensation reactions. Comonomers derived from thiophene, carbazoles, fluorene,
dibenzosilole, and dithienylsilole have been investigated. The structural, thermal, optical, and electrochemical
properties of all resulting copolymers have been characterized. These copolymers exhibit broad absorption
extending into the near-infrared regionwith absorptionmaximanear 640-710 nmandoptical band gaps ranging
from 1.2 to 1.6 eV. HOMO energy levels of the copolymers vary between-5.6 and-5.2 eV whereas the LUMO
energy levels are pinned between-3.9 and-3.8 eV. The combination of extending absorption into near-infrared
region, optimal energy levels, and excellent mechanical and thermal properties makes this class of low bandgap
copolymers very promising for photovoltaic applications.

1. Introduction

Low bandgap conjugated polymers are the subject of many
recent studies because of their potential applications in polymer
solar cells.1 In bulk heterojunction (BHJ) devices, when blended
with [6,6]-phenyl-C61 butyric acidmethyl ester (PCBM), an ideal
polymeric donor should exhibit a bandgap between 1.2 and 1.9
eV with a HOMO energy level between -5.8 and -5.2 eV and a
LUMOenergy level between-4.0 and-3.8 eV to ensure efficient
charge separation while maximizing the open circuit voltage.2

Along these lines, some low bandgap diketopyrrolopyrrole
(DPP) based copolymers have been recently synthesized by
alternating electron-rich and electron-deficient units.3,4 For in-
stance, Winnewisser and co-workers4 reported a new low-band-
gap (ca.1.4 eV) polymer (BBTDPP1) containing thiophene
(electron rich unit) and diketopyrrolopyrrole (DPP) (electron
deficient) unit that exhibits excellent ambipolar charge transport
properties (hole and electron mobilities up to 0.1 cm2 V-1 s-1).
Janssen and co-workers5 used a similar low-bandgap polymer
(PBBTDPP2) for polymer solar cells. When the polymer is
processed from a mixture of chloroform and ortho-dichloro-
benzene (ODCB) and blended with [70]PCBM, the power con-
version efficiency (PCE) goes up to 4.0%. Very recently, our
research group reported a promising low bandgap DPP-based
poly(2,7-carbazole) derivative (namely PCBTDPP and indicated
asP1 here), which shows high solubility together with a relatively
highmolecular weight.6 Preliminarymeasurements have revealed
a hole mobility of 0.02 cm2 V-1 s-1 and a PCE of 1.6%.

Taking all of these results into account, we present the
synthesis and detailed characterization of eleven new low band-
gap copolymers derived from DPP units and different copoly-
merizing groups (carbazoles, fluorene, dibenzosilole, thiophene,
and dithienosilole). Their thermal, optical, and electrochemical
properties are also described.

2. Results and Discussion

2.1. Synthetic Strategies and Chemical Characterization.
The synthesis of all comonomers and copolymers is outlined
in Scheme 1. Comonomer 1 was synthesized according to a

previously reported method.6 A typical Stille coupling reac-
tion in tetrahydrofuran (THF) between comonomer 1 and
2-(tributylstannyl)thiophene was performed to afford com-
pound 2 with a high yield; this step was then followed by
a dibromination reaction to provide comonomer 3. Five
different diboronic ester derivatives were prepared from
the corresponding brominated derivatives and successive
treatment with n-butyllithium and 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaboralane, respectively.7 Two distannyl
derivatives were synthesized from the corresponding dibro-
minated derivatives and followed by treatment of n-butyl-
lithium and trimethyltin chloride. The method of direct
lithiation of the nonbrominated precursors was not applied
since the separation ofmono- and bis-substituted stannanes is
very difficult. The new copolymers were synthesized upon
Suzuki or Stille cross-coupling polycondensation as shown in
Scheme 1. Carbazole,8a fluorene,8b dibenzosilole,8c thio-
phene,8d and dithienosilole8c,8e moieties have been selected
as electron rich units while theDPP group has been utilized as
the electron deficient unit. We have decided to put some
thiophene units next to the DPPmoiety tominimize the steric
hindrance and to lower the bandgaps.For the versatile Suzuki
polymerization,9 we have tried different conditions to obtain
high molecular weight polymers.7a,10 Finally, we chose a
mixture of THF/water (3:1) as the solvent, tetrakis(triphenyl-
phosphine)palladium(0) as the catalyst, andK2CO3 as base to
obtain the targeted copolymers.11 Stille cross-coupling poly-
merizations were performed in the presence of tetrakis-
(triphenylphosphine)palladium(0) in toluene to obtain the
desired copolymers.12 Moreover, in order to increase the
stability of the copolymers, end-capping reactions were car-
ried out on all polymers. The polymers were purified by
successive extractions with acetone, methanol, hexanes to
remove catalyst and oligomers; then a chloroform fraction
was collected, precipitated from methanol/water (10:1) and
isolated. These fractions were further purified over Bio-Rad
Bio-Beads S-X1, eluted with chloroform.

The polymerization yields and molecular weights of the
copolymers are summarized in Table 1. The molecular
weights of the copolymers were measured by size exclusion
chromatography (SEC) against monodisperse polystyrene
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standards using chloroform as the eluent. Copolymers
P1-P3 and P7 derived from comonomer 1 and copolymer-
izing units bearing one long and branched alkyl chain or two
alkyl side chains suggests quite high molecular weights (Mn,
11-56 kDa; Mw, 44-280 kDa), probably due to a better
solubility in common solvents. Indeed, free self-standing
films can be easily obtained from solutions of copolymers
P1, P2, and P3. Copolymers P8, P9, P10, and P11 derived
from comonomer 3 and copolymers P4, P5, and P6 from
comonomer 1 and copolymerizing groups bearing no or only
one relatively short side chain exhibit low molecular weights
due to a poor solubility in chloroform or THF. These
properties can be partly related to the degree of substitution

of each polymer; flexible long-branched substituent being
necessary to obtain high molecular weight soluble DPP-
based conjugated polymers. Nevertheless, all these copoly-
mers can be processed by spin coating or by simple casting to
get smooth films.

As examples, 1H NMR spectra of P1 and P2 are reported
in Figure 1. All spectra show peaks between 6.5 and 10 ppm
for the aromatic protons; peaks between 0.7 and 4.70 ppm
being attributed to the protons of the alkyl chains. Peaks
related to the octyl substituted lactam groups of DPP appear
between 0.7 and 2.5 ppm and the peaks of the methylene
group adjacent to the lactamNatomof theDPPunit appears
near 4.0-4.3 ppm. For carbazole-containing copolymers,
peaks of the methylene or methine group adjacent to the
carbazole N atom vary from 4.0 to 4.7 ppm according to the
different carbazole structures. The number of aromatic and
aliphatic protons estimated from integration of the peaks is
consistent with the expected repeating unit of the copoly-
mers.

2.2. Thermal Stability. The thermal stability of the poly-
mers is also an important parameter for optoelectronic
devices. The thermal properties of the copolymers were
investigated by thermogravimetric (TGA) and differential
scanning calorimetric (DSC) analyses and are also repor-
ted in Table 1. TGA analyses indicate that the copolymers

Scheme 1. Synthesis of Comonomers and Copolymers
a

aReagents and conditions: (i) 2-(tributylstannyl)thiophene, THF,
Pd(PPh3)2Cl2, reflux, overnight, 98% yield; (ii) 2.1 equiv of NBS,
CHCl3, dark, room temperature, 10 h, 92% yield; (iii)Pd(PPh3)4,
K2CO3, THF/H2O, 80-85 �C for 72 h, then end-capped; (iv) Pd(PPh3)4,
toluene, 110 �C for 24 h, then end-capped.

Table 1. Polymerization Yields, Molecular Weights,
a
and Thermal

Properties of the Copolymers

polymer yield (%) Mn (kg/mol) Mw/Mn Td
b (�C) Tg

c (�C)

P1 94 47 4.3 430 122
P2 92 56 2.5 430 130
P3 88 41 6.8 441
P4 10 4 1.3 425 134
P5 52 9 1.2 439 170
P6 36 3 1.1 411 179
P7 91 11 3.9 415 164
P8 64 8 1.3 420 191
P9 44 5 1.5 322 114
P10 63 5 1.8 382 72
P11 47 5 1.2 294 125

aDetermined by SEC in CHCl3 based on polystyrene standards.
bTemperature at 5% weight loss under nitrogen. cDetermined by
DSC at a heating rate of 20 K/min under nitrogen.

Figure 1. 1H NMR spectra of the P1 and P2 in CDCl3.



Article Macromolecules, Vol. 42, No. 17, 2009 6363

P1-P8 and P10 possess an excellent thermal stability (up to
380 �C) whereas copolymersP9 andP11 are thermally stable
up to 290 �C. Moreover, most copolymers exhibit a glass
transition temperature (Tg) between 100 and 200 �C except
for copolymerP10which shows aTg at 72 �C and copolymer
P3 which does not show any Tg. This is probably attributed
to the stiff dibenzosilole moiety; similar phenomenon has
been reported for other poly(2,7-dibenzosilole) derivatives.7d

2.3. Optical Properties.UV-vis-NIR absorption spectra
could provide a good deal of information on the electronic
structure of the conjugated polymers. The absorption spec-
tra of the copolymers as thin films are shown in Figure 2 and
the corresponding optical data of the copolymers are sum-
marized in Table 2. All absorption spectra of these copoly-
mers exhibit two peaks: one band in the wavelength range
of ca. 300-480 nm and another band in the wavelength
range of 480-1200 nm.The color of the copolymer solutions
vary from blue, blue-green, and green depending upon the
nature of the comonomer. The absorption maxima (λmax) of
the copolymers in chloroform solutions (see Supporting

Information) are observed between 620 and 700 nm while
those of thin films are located between 640 and 710 nm.
Compared to the solution absorption, the UV-vis-NIR
absorption of the copolymer films gets broaden and shows a
red shift, indicating good intermolecular interactions in the
solid state. The optical band gaps (Eg

opt), estimated from the
absorption edge of the thin film absorption spectra, are
between 1.2 and 1.6 eV. For copolymers derived from 2,7-
carbazoles and comonomer 1, the bandgaps (Eg

opt) are in the
following order:P4 (1.26 eV)<P5 (1.44 eV)<P1 (1.57 eV).P4
containing 2,7-carbazole with linear alkyl chain has a lower
bandgap which is likely due to a better packing of the polymer
chains in the solid state and thus, to stronger interchain
interactions. P1 has a larger optical bandgap probably related
to the presence of the bulky branched side chain, which
partially hinders the molecular organization. However, this
secondary alkyl chain explains the exceptional polymer solu-
bility and film formability. Probably for similar reasons, the
bandgaps (Eg

opt) of copolymers P8, P10, and P11 derived from
comonomer 3 and 2,7-carbazoles are in the following order:
P10 (1.39 eV)<P11 (1.45 eV)<P8 (1.48 eV). For P1, P2, P3,
and P7 derived from 9-heptadecanyl-2,7-carbazole, 9,9-dioc-
tyl-2,7-fluorene, 9,9-dioctyl-2,7-dibenzosilole, 3,3-dioctyl-5,5-
dithienosilole, and comonomer 1, bandgaps (Eg

opt) vary in the
followingorder:P7 (1.24 eV)<P3 (1.31 eV)<P2 (1.42 eV)<P1
(1.57 eV), which indicates that the properties of conjugated
polymers are very sensitive to a slight change of the polymer
structure.Among them,P7possesses the smallest bandgap due
to the electron-rich dithienosilole unit which promotes an
efficient intramolecular charge transfer and leads to an exten-
sive delocalization within the polymer backbone. Finally, the
electron rich thiophene ring contributes to the smallest optical
bandgap (1.20 eV) as observed in P6.

2.4. Electrochemical Properties. Cyclic voltammetry (CV)
is widely employed to estimate the HOMO and LUMO
energy levels of conjugated polymers.13,14 In this regard,
the cyclic voltammograms of polymers are reported in
Figure 3 and the related CV data (Eon

ox /Eon
red, HOMO and

LUMO energy levels, Eg
EC) are summarized in Table 2. All

copolymers exhibit quasi-reversible or reversible p-doping/
dedoping (oxidation/rereduction) processes at positive po-
tentials with onset potentials (Eon

ox) between 0.5 and 0.9 V
vs SCE while n-doping/dedoping (reduction/reoxidation)
processes at negative potential range are always irreversible
with onset potentials (Eon

red) between-0.9 and-0.8V vs SCE.
Similar electrochemical curves were previously reported
for otherDPP-containing polymers.3a,3b TheHOMO energy
levels estimated from theEon

ox range from-5.60 and-5.20 eV
whereas the LUMO energy levels estimated from the Eon

red

remain almost unchanged (-3.90 to -3.80 eV). These data
indicate that the substitution of the electron rich unit and
molecular packing have little effect on the polymer reductive
potential but play some effect on the polymer oxidation
potential. Interestingly, the energy levels estimated from
these electrochemical measurements fit very well with the
required electronic levels (EHOMO level between -5.8 and
-5.2 eV and ELUMO level between -4.0 and -3.8 eV) for
polymeric bulk heterojunction solar cells utilizing PCBM as
the acceptor.13b,15 For the similar copolymers P1-P3 and
P7, the onset oxidation potentials are in the following order:
P2 (0.82 V vs SCE)>P1≈ P3 (ca. 0.74 V)>P7 (0.61 V) with
the corresponding HOMO energy levels estimated from Eon

ox

in the reverse order: P2 (-5.52 eV)<P1 ≈ P3 (-5.44 eV)<
P7 (-5.31 eV). These results suggest that the incorporation
of the more electron rich dithienosilole group into the back-
bone elevates the HOMO energy level and decreases the
bandgap while the presence of the fluorene unit into the

Figure 2. UV-vis-NIRabsorption spectra of copolymer films: (a)P1,
P4, and P5; (b) P2, P3, P6, and P7; (c) P8-P11 spin-coated on a glass
plate from chloroform solutions.
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backbone leads to the highest oxidation potential. All these
polymers (P1-P3 and P7) are air-stable (Eon

ox: 0.57 V vs
SCE).16 For polymers P1, P4, and P5 derived from various
2,7-carbazole groups and comonomer 1, the onset oxidation
potentials vary in the following order: P1 (0.74 V vs SCE)>
P5 (0.61 V)>P4 (0.54 V) which may be related to different
molecular packing. As discussed in section 2.3, it seems that
polymer P4 has a better packing which leads to a more
extensive delocalization of the electrons and to a smaller
bandgap (Eg

EC: 1.37 eV) whereas polymer P1 has a relatively
low-lying HOMO energy level (-5.44 eV). The oxidation
potentials of copolymers derived from comonomer 3 (except
P10) are reduced to some extent compared to the corre-
sponding copolymers derived from comonomer 1. This is
probably related to the presence of additional thiophene
units along the conjugated backbone. Finally, it is worth
noting that the electrochemical and optical bandgaps are in
relatively good agreement (Table 2).

3. Conclusions

Eleven new low bandgap copolymers based on two electron-
deficient DPP units and seven different electron-rich groups
(thiophene, carbazoles, fluorene, dibenzosilole, and dithienyl-
silole) have been designed and synthesized by Pd-catalyzed
Suzuki or Stille coupling reaction. These copolymers were char-
acterized by size-exclusion chromatography, thermal analyses,

UV-vis-NIR absorption spectroscopy, and cyclic voltammetry.
The final polymers exhibit low to relatively high molecular
weights depending upon the nature of the substitution pattern.
Thermal analyses indicate that all copolymers have good thermal
stabilities. The copolymers possess a wide range of bandgaps
(ranging from1.2 to 1.6 eV) through the variationof electron-rich
moieties, DPP units, and side chains. All these results show that
properties such as solubility, bandgap, and HOMO/LUMO
energy levels can be fine-tuned by the nature of the different
comonomers. In particular, the physical properties of copolymers
P1-P3 and P7 (extended absorption, preferred energy levels,
good film formability, etc.) make these new DPP-based copoly-
mers particularly promising for photovoltaic applications. In this
regard, different photovoltaic devices based on these new con-
jugated polymers are currently investigated and will be reported
in due course.
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