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ABSTRACT: A new series of low-bandgap copolymers based on
electron-accepting thieno[3,4-b]pyrazine (TPZ) and different
electron-donating aza-heteroaromatic units, such as carbazole
(CZ), dithieno[3,2-b:2,3'-d]pyrrole (TPR) and dithieno([3,2-b:2’,3'-
elpyridine (TPY), have been synthesized by Suzuki or Stille
coupling polymerization. The resulting copolymers were charac-
terized by NMR, elemental analysis, gel permeation chromatog-
raphy, thermogravimetric analysis, and differential scanning
calorimetry. UV-vis absorption and cyclic voltammetry measure-
ments show that TPZ-based copolymer with TPR has the best
absorption due to the strongest intramolecular charge transfer
effect and smallest bandgap. The basic electronic structure of
D-A model compounds of these copolymers were also studied
by density functional theory (DFT) calculations. The conclusion
of calculation agreed also well with the experimental results.

INTRODUCTION Polymer solar cells (PSCs) have attracted
more and more attention recently as a promising renewable
clean energy source because of their unique advantages of
low cost, light weight, and flexibility in fabricating large-area
devices." In earlier times, poly(3-hexylthiophene) (P3HT) and
poly(phenylene vinylene) (PPV) have been widely investigated
in PSCs to understand the photovoltaic processes.” Based on
the bulk-heterojunction (BH]) solar cells, power conversion
efficiencies (PCEs) of 4-5% were achieved by blending P3HT
as donor and [6,6]-phenyl-C61-butyric acid methyl ester
(PC¢oBM) as acceptor® However, the PCEs of P3HT and PPV-
based solar cells were limited by their narrow absorption
spectra ranging from 300 to 650 nm due to their large band
gaps (>1.9 eV).* To achieve enhanced absorption, it is neces-
sary to design and prepare low-bandgap (LBG) conjugated
polymers by incorporating electron-rich donor (D) and elec-
tron-deficient acceptor (A) segments in the polymer back-
bones.” Because of the push—pull interaction, efficient photoin-
duced intramolecular charge transfer (ICT) occurs from the
donor to the acceptor units on photoexcitation, giving rise to
a lower energy absorption band.° In addition, the interesting
ICT structures in D-A copolymers can also lead to higher hole
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The polymer solar cells (PSCs) based on these copolymers were
fabricated with a typical structure of ITO/PEDOT:PSS/copoly-
mer:PC;,BM/Ca/Al under the illumination of AM 1.5G, 100 mW
cm~2. The performance results showed that TPZ-based copoly-
mer with TPR donor segments showed highest efficiency of
1.55% due to enhanced short-circuit current density. The present
results indicate that good electronic, optical, and photovoltaic
properties of TPZ-based copolymers can be achieved by just
fine-tuning the structures of aza-heteroaromatic donor segments
for their application in PSCs. © 2011 Wiley Periodicals, Inc.
J Polym Sci Part A: Polym Chem 49: 4458-4467, 2011
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mobility.” Actually, power conversion efficiency (PCE) values
up to 8% were obtained by using LBG conjugated copolymers
in BH]J solar cells as electron donors.®

Among the wide variety of LBG copolymers, benzothiadiazole
(BT),’ quinoxaline (QX),'° pyrazinoquinoxaline,'* pyran-4-yli-
denemalononitrile,"* diketopyrrolopyrrole,’® and thienopyr-
roledione (TP)'* have been investigated in detail as electron-
acceptor segments. When these polymeric materials have
been applied to fabricate PSCs, high PCEs have been
achieved. Thieno[3,4-b]pyrazine (TPZ) is an isomer of BT
and QX which contain an imine nitrogen (C=N), and has
proven to be an attractive acceptor for the development of
LBG conjugated polymers in PSCs.!®> TPZ moiety has the res-
onance structure of quinoid form throughout the polymer
backbone with a six-membered aromatic sextet, which is
helpful to reduce the bandgap of the corresponding conju-
gated polymers.'® On the other hand, the TPZ moiety can
make a more planar polymer backbone between repeating
units due to the lower steric hindrance of the thiophene ring
compared to the benzene ring in BT-based polymers.'® Up to
now, most of TPZ-based LBG polymers were prepared using
thiophene,'” fluorene,'>@ 151618 4n4 carbazole (CZ)' as
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FIGURE 1 Structures of the LBG copolymers, PCZTPZ,

PTPRTPZ, and PTPYTPZ. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

donor. For example, a polymer containing a TPZ and 9,9-dia-
lIkylfluorenes exhibits a PCE of about 29%.15®) However, their
solar cell efficiency is relatively poor. Previous work verified
that the highest occupied molecular orbital (HOMO) level of
these D-A copolymers is predominantly determined by the
donor moiety, and the lowest unoccupied molecular orbital
(LUMO) almost exclusively resides on the acceptor moiety.2°
As TPZ’s growing significance as an n-type building blocks
receives broad interest, it is a challenge to investigate the
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energy levels, optical, and photovoltaic properties of TPZ-
based LBG copolymers consisting different donor units.

To further turn and optimize the electronic, optical, and other
properties, exploration of different aza-heteroaromatic
donors incorporated into TPZ-based polymeric backbone is
highly desirable. In this article, we report the synthesis, prop-
erties, and device applications of three novel TPZ-based D-A
alternating conjugated copolymers using CZ, dithieno|3,2-
b:2’,3’-d]pyrrole (TPR) and dithieno[3,2-b:2’,3’-e]pyridine
(TPY) as donor segments (Fig. 1), which contain nitrogen
atoms leading to strong electron-donating ability. These
copolymers were synthesized by palladium(0)-catalyzed
Suzuki or Stille coupling reaction, as shown in Scheme 1. The
effects of the different donor segments, donor-acceptor
strength, and backbone planarity on the absorption spectra,
electronic and optoelectronic properties of the resulting
copolymers were investigated. This study indicated that these
polymers had promising applications for PSCs.

RESULTS AND DISCUSSION

Synthesis and Characterization

The synthetic route toward the monomers and copolymers is
depicted in Scheme 1. 2,5-Dibromothiophene was nitrated in
the three and four positions using the forcing conditions to
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SCHEME 1 Synthetic route of monomers and conjugated copolymers.
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FIGURE 2 Optical absorption spectra of PCZTPZ, PTPRTPZ, and

PTPYTPZ in CHCI; solution and thin film on quartz plates.

[Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

give 2,5-dibromo-3,4-dinitro-thiophene 1.2* A Stille-type cou-
pling of 1 with tributyl(4-hexylthiophen-2-yl)stannane
afforded the compound 2. Reduction to the diamino deriva-
tive 3 was accomplished using tin(II) chloride in reasonable
yield. Subsequently, the compound 3 was condensed with a
series of 3,4-hexanedione to produce the dithienylthienopyr-
azine 4. Finally, the bromination has been successfully car-
ried out using n-bromosuccinimide (NBS) in anhydrous tet-
rahydrofuran (THF) to afford the monomer TPZ. The
monomer CZ was obtained by further alkylation and boryla-
tion of 2,7-dibromocarbazole, which was synthesized using
starting material of 4,4’-dibromobiphenyl.?? For synthesis of
monomer TPR, the precursor of 8 was prepared by reacting
3,3’-dibromo-2,2’-bithiophene with 1-dodecyl amine in the
presence of Pd,dbas catalyst. After that, compound 8 was
treated with n-butyllithium and then quenched with tributyl-
tin chloride to give monomer TPR.?®> Another monomer TPY
was prepared by reaction of 3-aminothiophene with trideca-
nal under acidic conditions leading to the formation of 4-
dedocylbithieno[3,2-b:2'3’-e]pyridine, which was further
treated with n-butyllithium and then quenched with tributyl-
tin chloride, as first described by Miillen and coworkers.?*

Copolymers were synthesized by a Pd(0)-mediated Suzuki or
Stille coupling polymerization in toluene. The structures of
the copolymers were confirmed with NMR spectroscopy and
elemental analysis. All the polymers are soluble in common
organic solutions, such as toluene, dichloromethane, chloro-
form, chlorobenzene, dichlorobenzene, and THF. The num-
ber-average molecular weights (M,) and polydispersity index
(M,/M,,) of PCZTPZ, PTPRTPZ, and PTPYTPZ were deter-
mined by gel permeation chromatography (GPC) against
polystyrene standards in THF as the eluent. The results
showed that these copolymers have a M, of 15400-21800
with polydispersity indices of 1.91-2.65. The resulting
copolymers also exhibited a good thermal stability with
decomposition onset temperatures (T4q) (about 5% weight
loss) of 348-395 °C as measured by thermogravimetric anal-
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ysis (TGA). The glass transition temperatures (T,) of these
copolymers were investigated by differential scanning calo-
rimetry (DSC) to be 89-110 °C, respectively. The thermal
properties are good enough for fabricating and testing the
PSCs and other optoelectronic devices.

Optical Properties

All electronic absorption properties of the obtained copoly-
mers were measured both in CHCI; solutions and as thin
films on quartz slides. The spectroscopic data are listed in
Table 2. As shown in Figure 2, all three copolymers present
two absorption bands. The band at shorter wavelength in
the range of 350-500 nm originates from n-7n* electronic
transitions of the conjugated polymer backbones with differ-
ent selected donor segments. The band at the longer wave-
length in the range of 500-1000 nm can be attributed to ICT
transitions between the donors and the TPZ acceptor moi-
eties. PCZTPZ, PTPRTPZ, and PTPYTPZ show absorption
spectra with absorption maxima at 415, 586 nm; 451,
678 nm; and 443, 590 nm, respectively. The slight red shift
for PTPRTPZ, compared to PCZTPZ and PTPRTPZ, is likely
due to its stronger electron-donating properties, giving rise
to higher formed ICT. The results also indicate that changing
donating segment of a TPZ-based copolymer would easily
tune its absorption behavior, which is very useful for the
design of the photovoltaic materials with enhanced
absorption.

The optical absorption spectra of thin films of the resulting
TPZ-based copolymers were also shown in Figure 2. The
thin-film absorption spectra with two characteristic bands
centered at 350-500 and 500-1000 nm are generally similar
in shape to those in dilute solutions. The absorption maxi-
mum of PCZTPZ, PTPRTPZ, and PTPYTPZ at 422, 453, and
448 nm are only 7, 2, and 5 nm red-shifts compared to their
counterparts in the solution state. The broad peaks in the
wavelength range of 500-1,000 nm showed larger red-shifts
of about 20 nm. The reason can be explained by the forma-
tion of z-stacked structures in the solid state’®® which
could facilitate charge transportation for photovoltaic appli-
cations. The energy bandgaps calculated from the absorption
band edges of the optical absorption spectra were about
1.63, 1.38, and 1.53 eV for PCZTPZ, PTPRTPZ, and
PTPYTPZ, respectively. The results indicate that the TPR-
TPZ show stronger ICT effect than CZ-TPZ and TPY-TPZ

TABLE 1 Molecular Weights and Thermal Properties of the
Copolymers

Yield  M,® PD® Tab TS
Copolymers (%) (x10°%) (M/ M) (°C) (°C)
PCZTPZ 72 15.4 1.91 363 89
PTPRTPZ 82 20.3 2.30 348 102
PTPYTPZ 76 21.8 2.65 395 110

2 Molecular weights and polydispersity indices were determined by
GPC in THF using polystyrene as standards.

b Onset decomposition temperature measured by TGA under N,.

¢ Glass transition temperature measured by DSC under N,.
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FIGURE 3 Cyclic voltammograms of PCZTPZ, PTPRTPZ, and
PTPYTPZ.

systems, leading to smaller bandgap, which is useful to
increase the short circuit current (Jo) in PSCs3®2%5 As
expected, PTPRTPZ has a smallest bandgap because of the
best electron-donating property of TPR moiety compared to
CZ and TPR. The tunable optical bandgaps and broad
absorption bands across the entire visible wavelength region
of TPZ-based copolymers were achieved by tailoring differ-
ent aza-heteroaromatic donor structures, suggesting their
useful application in PSCs.

Electrochemical Properties

The electrochemical properties of the copolymers were
investigated by cyclic voltammetry (CV). The CV curves were
carried out referenced to a Ag/AgCl electrode. The energy
level of the Ag/AgCl reference electrode was calibrated
against FC/FC' system to be 4.32 eV below the vacuum
level.?® The cell was purged with pure argon prior to each
scan. The scans toward the anodic and cathodic directions
were performed at a scan rate of 50 mV s~ ! at room temper-
ature. The oxidation and reduction of the copolymer thin
films are shown in Figure 3, and all the electrochemical
redox data are summarized in Table 2. These three copoly-
mers have reversible oxidation process. However, PCZTPZ
and PTPYTPZ do not show reversible reduction waves. On
anodic sweep, the onset potentials of the p-doping process
for PCZTPZ, PTPRTPZ, and PTPYTPZ are determined to be
0.94, 0.72, and 0.70 V, which correspond to a HOMO energy
level of 5.26, 5.04, and 5.17 eV, respectively. On sweeping
the polymers cathodically, the onset potentials of the n-dop-
ing process for PCZTPZ, PTPRTPZ, and PTPYTPZ occur at

TABLE 2 Optical and Electrochemical Data of the Copolymers

ARTICLE

about —0.71, —0.70, and —0.70 V. The LUMO energy levels
of the corresponding copolymers are estimated to be —3.61,
—3.62, and —3.62 eV, respectively. The results indicated that
the HOMO values of TPZ-based copolymers could be affected
much by incorporation of different aza-heteroaromatic
donors. But the LUMO values would be affected a little. As
calculated from the HOMO and LUMO values, the bandgaps
(Eg) of the PCZTPZ, PTPRTPZ, and PTPYTPZ were found to
be about 1.65, 1.42, and 1.56 eV. These values are close to
those obtained by the optical method described above.
The electrochemical data of the copolymers are summarized
in Table 2.

Theoretical Calculations

To gain deeper insight into the effect of aza-heteroaromatic
donors and nature of the excited states of these TPZ-based
copolymers, we performed density functional theory (DFT)
calculations at the B3LYP/6-31G* level on D-A model com-
pounds (CZ-TPZ, TPR-TPZ, and TPY-TPZ) and optimized
their geometrical structures followed by calculation of the
lowest vertical excitations using the Gaussian 09 program
suite.”” DFT/B3LYP/6-31G* method was used here, because
it has been found to be an accurate method for calculating
the optimal geometry and electronic structures in many mo-
lecular systems. The alkyl groups were replaced by methyl
groups to simplify the calculations because the length of
alkyl chains does not significantly affect the equilibrium
geometry and the electronic properties.

The optimized geometry molecular structures and frontier
energy levels (HOMO and LUMO) of the model compounds
are shown in Figure 4. Ab initio calculations on the model
compounds for the resulting copolymers show that they are
almost planar molecules, which enable the electrons to be
delocalized within the molecule systems by conjugation to
get higher carrier mobility.?® As shown in Figure 4, the
results indicate that the electron density of LUMO is mainly
localized on the TPZ unit. However, the electron density of
HOMO of CZ-TPZ and TPY-TPZ are partially distributed over
the entire conjugated molecule, which implys the weaker ICT
formed in these D-A system. The HOMO values were calcu-
lated to be —4.65, —4.47, and —4.79 eV, and the LUMO val-
ues to be —2.33, —2.40, and —2.54 eV for CZ-TPZ, TPR-TPZ,
and TPY-TPZ, respectively. Thus, the bandgaps are deter-
mined to be about 2.32, 2.07, and —2.25 eV. Obviously,
the HOMO energy levels and bandgaps were affected largely
by different aza-heteroaromatic donors, however, the
LUMO energy levels were affected a little. The results are in

Copolymers Abs. (nm) 2EHCI3 Abs. (nm) Afilm ES? (eV) E2X o (V)/HOMO (eV) E2X o (V)/LUMO (eV) E° (eV)
PCZTPZ 415, 586 422, 606 1.63 0.94/-5.26 —0.71/-3.61 1.65
PTPRTPZ 451, 678 453, 696 1.38 0.72/-5.04 —0.70/-3.62 1.42
PTPYTPZ 443, 590 448, 610 1.53 0.85/—5.17 —0.70/-3.62 1.56

@ Optical band gap was estimated from the wavelength of the optical
absorption edge of the copolymer film.
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® Electrochemical band gap was calculated from the LUMO and HOMO
energy levels.
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FIGURE 4 Optimized geometry, molecular orbital surfaces of the HOMO and LUMO of the model compounds, obtained at the DFT/
B3LYP/6-31G*. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

good agreement with those obtained by CV and UV-vis
measurements.

Photovoltaic Properties

To investigation of the photovoltaic properties of these TPZ-
based copolymers, PSCs were fabricated with the structure
of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene)
(PEDOT):poly(styrenesulfonate) (PSS) (40 nm)/active layer
(90 nm)/Ca (10 nm)/Al(140 nm) according to the method
described in our previous work.!*@11(12(@) Here, [TO glass
was used as an anode, Ca/Al as a cathode, and the blend
film of the copolymer and [6,6]-phenyl-C;;-butyric acid-
methyl ester (PC;;BM) between them as an active layer. The
ITO glass was precleaned and modified by a thin layer of
PEDOT:PSS (Bayer), which was spin-cast from a PEDOT:PSS
aqueous solution onto the ITO substrate. The active layer
was prepared by the spin coating of a blend solution of the
copolymer and PC;;BM in chlorobenzene on the ITO/
PEDOT:PSS electrode. Then, a metal cathode, which was
made of Ca (10 nm) and Al (140 nm), was deposited onto
the polymer layer by vacuum evaporation under 9 x 1077
torr. The devices were illuminated through the transparent
ITO anode. The devices were optimized by changing some
conditions, such as the ratio of the copolymer and PC,;BM
from 1:1 to 1:4, the thickness of active layer, and the thermal
annealing temperature. For this work, using Ca/Al as the
cathode and no annealing the blend films afforded the best
device performance. Better fabrication conditions were
obtained by spin-coating from a 10 mg mL™" chlorobenzene
solution of copolymer/PC,1BM ratio of 1:3 (w/w). Using
lower weight ratios of PC;;BM in blended copolymer:PC;;BM
(1:1 and 1:2, w/w) resulted in low Js. values because of the

JOURNAL OF POLYMER SCIENCE PART A: POLYMER CHEMISTRY 2011, 49, 4458-4467

inefficient charge separation and electron transporting prop-
erties giving rise to lower PCEs.*’ However, the copoly-
mer:PC,;BM (1:4, w/w) blends with higher PC;;BM contents
showed reductions of lower PCE values due to the poor
interfacial contacts between the copolymers and PC,;BM
leading to the suppression of charge separation/transporta-
tion within the active layer*® In addition, hole-only devices
with the structure of ITO/PEDOT:PSS/copolymer:PC,;BM/Au
were fabricated to evaluate the hole mobility in the blended
films (copolymer:PC;,;BM = 1:3, w/w). The hole mobility
was measured using the space charge limited current
method reported previously.? The dark current is given by J

—PCZTPZ
———PTPRTPZ
—PTPYTPZ

Current density (mAf'cm:)

-0.2 0.0 0.2 0.4 0.6 0.8
Voltage (V)

FIGURE 5 Current-voltage curves of the polymer solar cells
based on PCZTPZ, PTPRTPZ, and PTPYTPZ under the illumina-
tion of AM 1.5, 100 mW cm~2. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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FIGURE 6 AFM topographic images of the blend films (copolymer:PC,,BM = 1:3, w/w). (a) PCZTPZ, (b) PTPRTPZ, and (c) PTPYTPZ.

Image size: 5 x 5 um?.

= 9¢oe,uV?/8L3, where gge, is the permittivity of the copoly-
mer, u is the hole mobility, and L is the sample thickness.
The measured hole mobility of PCZTPZ:PC,,BM,
PTPRTPZ:PC,;BM, and PTPYTPZ:PC;;BM was 2.5 x 107°
em?V's 83 x10°cm? Vs ) and 59 x 10°° cm?
V=1 571, respectively. These mobilities are not so high which
can be attributed to the almost amorphous morphology of
the copolymer blends. The mobility exhibited by PTPRTPZ
is higher than those measured in PCZTPZ and PTPYTPZ.
The result suggests that PTPRTPZ would be obtained larger
Jsc and improved device performance in PSCs.>?

Figure 5 shows current-voltage curves of the devices. The cor-
responding open-circuit voltages (V,.), short-circuit current
densities (Jsc), fill factors (FF), and PCE values of these devices
under the illumination of AM1.5 (100 mW cm™?) are measured
to be 0.62 V, 3.85 mA cm 2, 0.36, and 0.86% for copolymer
PCZTPZ, 0.51 V, 7.16 mA cm™2, 0.42, and 1.55% for copolymer
PTPRTPZ, 0.54 V, 5.73 mA cm ™2, 0.38, and 1.18% for copoly-
mer PTPYTPZ, respectively. Obviously, PTPRTPZ-based device
has the highest J;. due to its smallest bandgap of 1.38 eV com-
pared to PCZTPZ and PTPYTPZ, allowing the highest PCE
value. However, the device using PCZTPZ shows highest V.
The reason can be attributed to the CZ donor with two phenyl
group, which described in our previous work."® The surface
morphology of the active layer in the PSCs plays an important
role in determining the device performance.®® Figure 6 shows
the AFM topographies of copolymer blends (copoly-
mers:PC,;BM = 1:3, w/w) where the images were obtained in
a surface area of 5 x 5 um? by the tapping mode. The studied
surfaces were seemed quite smooth. The root mean squares
(rms) roughness of the blend films of PCZTPZ, PTPRTPZ, and
PTPYTPZ are 2.86, 1.92, and 2.13, respectively, which indicates
no significant aggregation. Anyway, considering low FF of these
devices, there is a big room for future improvement in perform-
ance of PSCs based on the resulting copolymer/PC;;BM. The
present results indicate that the TPZ-based copolymer with dif-
ferent aza-heteroaromatic donors is promising efficient photo-
voltaic materials. Furthermore, suitable electronic, optical, and
photovoltaic properties can be easily achieved by just fine-tun-
ing the structures of aza-heteroaromatic donors.

CONCLUSIONS

A novel series of LBG copolymers based on electron-accept-
ing TPZ and different electron-donating aza-heteroaromatic
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units, such as CZ, TPR, and TPY, have been synthesized by
Suzuki or Stille coupling polymerization. Their optical and
electrical properties can be facilely fine-modulated by adjust-
ing the structures of aza-heteroaromatic donors. UV-vis
absorption and cyclic voltammetry measurements show that
PTPRTPZ has best light harvest and smallest bandgap
among the three copolymers due to the strongest ICT effect.
The basic electronic structure of D-A model compounds of
these copolymers were also studied by DFT calculations at
the B3LYP/6-31G* level. The PSCs based on these copoly-
mers were fabricated with a typical structure of ITO/
PEDOT:PSS/copolymer:PC;;BM/Ca/Al under the illumination
of AM 1.5G, 100 mW cm 2. The results showed that TPZ-
based copolymer with TPR donor segments had highest effi-
ciency of 1.55% due to its smallest bandgap. The present
results indicate that suitable electronic, optical, and photo-
voltaic properties of TPZ-based copolymers can be achieved
by just fine-tuning the structures of aza-heteroaromatic
donors for application in polymer solar cells.

EXPERIMENTAL

Materials and Instruments

NMR spectra were obtained on a Bruker Avance-400 spec-
trometer with d-chloroform as the solvent and tetramethylsi-
lane as the internal standard. The average and weight molec-
ular weight of the copolymers were determined using
Waters1515 GPC analysis with THF as eluent and polysty-
rene as standard. Cyclic voltammetry measurements were
made on a CHI660C potentiostat/galvanostat electrochemical
workstation at a scan rate of 50 mV s !, with a platinum
wire counter electrode and a Ag/AgCl reference electrode in
an anhydrous and nitrogen-saturated 0.1 mol L™' acetoni-
trile (CH3CN) solution of tetrabutylammonium perchlorate
(BuyNClO4). The copolymers were coated on the platinum
plate working electrodes from dilute chloroform solutions.
UV-vis spectra were obtained on a Carry 300 spectropho-
tometer. TGA and DSC measurements were conducted on a
TA Instrument Model SDT Q600 simultaneous TGA/DSC ana-
lyzer at a heating rate of 10 °C min~" and under a N, flow
rate of 90 mL min~". Polymer photovoltaic cells were fabri-
cated with ITO glass as an anode, Ca/Al as a cathode, and
the blend film of the copolymer and [6,6]-phenyl-C,;-butyric
acid methyl ester (PC;;BM) as a photosensitive layer. The
photosensitive layer was prepared by spin-coating a blend
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solution of the copolymer and PC,;BM in chlorobenzene on
the ITO/PEDOT:PSS electrode. The current-voltage (I-V)
characterization of the devices was carried out on a com-
puter-controlled Keithley 236 Source Measurement system.
A solar simulator was used as the light source, and the light
intensity was monitored by a standard Si solar cell. The
thickness of films was measured using a Dektak 6 M surface
profilometer.

All reagents were purchased from Aladdin, Alfa Aesar,
and Aldrich Chemical, unless stated otherwise. Commercial
chemicals were used without further purification. 2,5-
Dibromo-3,4-dinitrothiophene (1),21 4,4'-dibromo-2-nitrobi-
phenyl (5)°% 2,7-dibromocarbazole (6),*> N-dodecyl
dithieno[3,2-b:2/,3"-d]pyrrole (8),%® 2,6-di(tributyltin)-N-do-
decyl dithieno[3,2-b:2/,3/-d]pyrrole (TPR)*® were prepared
according to the previous literature reports.

2,5-Bis(3-hexylthiophene-5-yl)-3,4-dinitrothiophene (2)

To the solution of 2,5-dibromo-3,4-dinitrothiophene (2)
(4.05 g, 15.0 mmol) and tributyl(4-hexylthiophen-2-yl)stan-
nane (16.51 g, 36.1 mmol) in 100 mL of THF, Pd(PPh3),Cl,
(0.22 g, 0.32 mmol) was added. The mixture was refluxed
overnight. After the reaction, THF was removed under
reduced pressure, and the residue was extracted by CH,Cl,.
The organic phase was separated and dried over MgSO,.
After purification by column chromatography using
CHClz:hexane = 1:2 as the eluent, the compound 2 was
afforded as an orange powder with a yield of 72%.

'H NMR (400 MHz, CDCls, /ppm): 7.38 (s, 2H), 7.20 (s, 2H),
2.66-2.61 (t, 4H), 1.67-1.61 (m, 4H), 1.36-1.29 (m, 12H),
0.94-0.87 (t, 6H). '3C NMR (100 MHz, CDCl3, J/ppm):
144.97, 134.01, 132.29, 127.79, 126.05, 31.60, 30.32, 30.29,
28.89, 22.58, 14.08.

2,5-Bis(3-hexylthiophene-5-yl)-3,4-diminothiophene (3)
2,5-Bis(3-hexylthiophene-5-yl)-3,4-dinitrothiophene (2) (4.59
g, 9.05 mmol) and SnCl;, (51.19 g, 270 mmol) were mixed in
ethanol (90 mL), concentrated HCl (60 mL). The reaction
mixture was stirred at 30 °C for 18 h. Then solvents were
evaporated in vacuum, and the resultant mixture was trans-
ferred into a continuous extraction apparatus and basified
with 25% KOH (100 mL) followed by pH adjustment to
about 8 with solid NaHCO3. The solution was extracted with
toluene for three times and dried over MgSO4. The com-
pound 3 was obtained by evaporated off the solvent as a
grey solid with a yield of 90%.

'H NMR (400 MHz, CDCls, §/ppm): 6.94 (s, 2H), 6.87 (s, 2H),
3.72 (s, 4H), 2.64-2.60 (t, 4H), 1.68-1.60 (m, 4H), 1.38-1.25
(m, 12H), 0.92-0.86 (t, 6H). **C NMR (100 MHz, CDCls, &/
ppm): 144.03, 135.61, 133.36, 125.15, 124.96, 118.47,
110.38, 31.69, 30.54, 30.37, 29.36, 29.03, 22.62, 14.11.

5,7-Bis(4-hexylthiophen-2-yl)-2,3-diethylthieno[3,4-b]
pyrazine (4)

To a solution of 5,7-bis(4-hexylthiophen-2-yl)-2,3-diethylth-
ieno[3,4-b]pyrazine (4) (2.09 g 4.69 mmol) in ethanol
(50 mL) and water (6 mL), 3,4-hexanedione (0.54 g,
4.69 mmol) was added. The mixture was refluxed for 40 h
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and then poured into water. The solution was extracted with
CH,Cl,. The organic phase was separated and dried over
MgS0O,, and then purified by column chromatography using
CHCl3:hexane = 1:2 as the eluent to afford 4 as a purple
powder with a yield of 65%.

'H NMR (400 MHz, CDCls, §/ppm): 7.44(s,2H), 6.93(s,2H),
2.97-2.90 (t, 4H), 2.67-2.61(t, 4H),1.69-1.63(m, 4H), 1.52-
1.27 (m,12H), 0.93-0.87(m,12H). '*C NMR (100 MHz, CDCl;,
§/ppm): 156.63, 143.32, 137.60, 134.63, 125.30, 123.68,
121.01, 31.72, 30.44, 29.01, 28.17, 22.63, 14.13, 10.82.

5,7-Bis(4-hexyl-5-bromothiophen-2-yl)-2,3-
diethylthieno[3,4-b]pyrazine

To a solution of 5,7-bis(4-hexylthiophen-2-yl)-2,3-diethylth-
ieno|[3,4-b]pyrazine (4) (0.58 g, 1.1 mmol) in 20 mL THF, N-
bromosuccinimide (0.39 g, 2.17 mmol) was added in one
portion. The mixture was stirred in absence of light at 0 °C
for 5 h and was allowed to reach room temperature for
24 h. Then water (5 mL) was added followed by extraction
with CH,Cl,. The organic phase was washed with 0.5 M
NaOH, water, respectively, and dried with Na,SO,4. The crude
product was obtained after the solvent was removed under
reduced pressure. The pure TPZ was afforded as a purple
solid by column chromatography using CHClz:hexane = 1:2
as the eluent with a yield of 80 %.

'H NMR (400 MHz, CDCls, d/ppm): 7.17 (s, 2H), 2.94-2.87
(t, 4H), 2.61-2.55 (t, 4H), 1.64-1.55 (m, 4H), 1.50-1.27 (m,
12H), 0.94-0.86 (m, 12H). *C NMR (100 MHz, CDCls &/
ppm): 157.16, 141.75, 137.59, 134.28, 123.90, 123.07,
111.06, 31.66, 29.66, 29.47, 2893, 28.19, 22.61, 14.12,
10.86.

2,7-Dibromo-N-dodecylcarbazole (7)

To a dried three-necked flask was charged with 2,7-dibromo-
carbazole (6) (10 g 31 mmol), NaH (1.03 g 43 mmol),
1-bromododecane (9.97 g, 40 mmol), and 100 mL anhydrous
N,N-dimethylformamide. The resulting mixture was stirred at
room temperature for 24 h under N, atmosphere. The reac-
tion solution was quenched with 5 mL of distilled water and
extracted with CHCl3. The combined organic layers were
washed with water and dried over anhydrous MgSO,. After
removal of solvent under reduced pressure, the residue was
subjected to purification by column chromatography using
ethyl acetate:hexane = 1:9 as the eluent to afford 7 as a
colorless oil with a yield of 76%.

'H NMR (400 MHz, CDCls, 6/ppm): 7.85 (d, 2H), 7.51 (d,
2H), 7.34-7.31 (dd, 2H), 4.15 (t, 2H), 1.82 (q, 2H), 1.34-1.22
(m, 18H), 0.91-0.84 (t, 3H). *C NMR (100 MHz, CDCls, &/
ppm): 141.98, 123.21, 12297, 12198, 121.74, 120.51,
120.27, 112.73, 43.94, 43.70, 32.26, 31.99, 30.04, 29.80,
29.08, 28.84, 27.37, 23.22, 22.74, 14.43.

2,7-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-
N-dodecylcarbazole (CZ)

To a dried three-necked flask, 2,7-dibromo-N-dodecylcarba-
zole (7) (6.03 g 12.22 mmol) and freshly distilled THF
(350 mL) were added. The resulting solution was cooled at
—78 °C and 14.66 mL n-butyllithium (36.66 mmol, 2.5 M in
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hexane) was added over 15 min under nitrogen atmosphere.
The mixture was stirred at —78 °C for 1.5 h, warmed to 0 °C
for 15 min, and cooled again at —78 °C for 15 min. 2-Isopro-
poxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (23.20 g,
124.69 mmol) was added rapidly to the solution, and the
resulting mixture was warmed to room temperature and
stirred for 24 h. The mixture was poured into 1000 mL of
water and extracted with CHCl;. The combined organic
layers were washed with brine and dried over anhydrous
MgSO,. The solvent was removed by rotary evaporation, and
the residue was purification by column chromatography
using CHCl3:hexane = 2.5:1 as the eluent to afford CZ as a
colorless oil with a yield of 72%.

'H NMR (400 MHz, CDCls, 6/ppm): 8.10 (d, 2H), 7.86 (s,
2H), 7.67 (d, 2H), 4.37 (t, 2H), 1.90-1.83 (m, 2H), 1.42-1.35
(m, 24H), 1.29-1.21 (m, 20H), 0.89 (t, 3H). *C NMR (100
MHz, CDCl; d/ppm): 140.43, 125.05, 124.83, 120.02, 115.25,
83.79, 42.90, 31.92, 29.64, 29.56, 29.44, 29.35, 29.21, 27.15,
24.93, 22.69, 14.13.

4-Dodecylbithieno-[3,2-b:2',3'-e]pyridine (9)

A solution of tridecanal (1.02 g, 5.16 mmol) and trifluoroace-
tic acid (0.10 g, 0.88 mmol) in 50 mL anhydrous CH,Cl, was
added dropwise to a solution of 3-aminothiophene (0.93 g,
9.38 mmol) in 50 mL anhydrous CH,Cl, at —5 °C. The reac-
tion mixture was stirred at room temperature for 2 h.
Trifluoroacetic acid (1.07 g, 9.38 mmol) was added, and the
reaction mixture was refluxed for 8 h. The mixture was
cooled and added 150 mL of diethyl ether and 30 mL of
water. The aqueous layer was subsequently basified with
0.5 mol L™ aqueous sodium hydroxide solution. The mixture
was extracted by diethyl ether and the combined organic
extracts were dried over NaSO,4. The solvent was removed
by rotary evaporation, and the residue was purification by
column chromatography using CH;Cl, as the eluent to afford
9 as yellow oil with a yield of 71%.

'H NMR (400 MHz, CDCl;, &/ppm): 7.82 (d, 2H ), 7.66
(d, 2H), 3.21(t, 2H), 1.95 (m, 2H), 1.51-1.37 (m, 6H), 0.95
(t, 3H). *C NMR (100 MHz, CDCl; &/ppm): 156.62, 140.84,
131.21, 129.93, 125.45, 34.66, 31.74, 29.52, 28.66, 27.34,
24.85, 22.82, 14.21.

2,6-di(tributyltin)-4-dodecylbithieno[3,2-b:2,3'-
e]pyridine(TPY)

A 2.5 M solution of butyllithium in hexanes (20 mL, 48.13
mmol) was added to a solution of 4-dodecylbithieno-[3,2-
b:2'3’-e]pyridine (9) (5.5 g 20 mmol) in 140 mL of anhy-
drous THF at —78 °C. The solution was stirred at —78 °C for
1 h and then at 0 °C for 5 h. The solution was cooled back
down to —78 °C again, and a solution of tributyltin chloride
(20 g, 60 mmol) was added dropwise. The reaction was
stirred for 24 h at room temperature. The reaction mixture
was poured into 50 mL ice water and extracted with diethyl
ether. The combined extracts were washed with 3% aqueous
ammonia solution and water, respectively, and then dried
over sodium sulfate. The solvent was removed by rotary
evaporation, and the residue was purification by column
chromatography using CH,Cl,:hexane = 1:4 (containing 1%
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triethylamine) as the eluent to afford TPY as pale yellow oil
with a yield of 10%.

'H NMR (400 MHz, CDCl, /ppm): 7.63(s, 2H), 3.17(t, 2H),
1.91(t, 2H), 1.65-1.59(m, 12H), 1.40-1.33(m, 20H), 1.23-
1.19(m, 10H), 0.93-0.88(m, 21H). '3C NMR (CDCl5, 100 MHz,
§/ppm): 157.2, 144.9, 138.1, 133.5, 132.8, 34.6, 31.6, 29.5,
29.0, 28.0, 27.3, 22.5, 14.0, 13.6, 10.9.

Poly{[N-dodecylcarbazole-2,7-diyl]-alt-[5,7-Bis(4-hexyl-
thiophen-2-yl)-2,3-diethyl thieno[3,4-b]pyrazine-5,5'-diyl][}
(PCZTPZ)

To a three-necked flask, monomer CZ (0.5874 g, 1.00 mmol),
monomer TPZ (0.6826 g, 1.00 mmol), and 10 mL of anhy-
drous toluene were added. Pd(PPh3), (2% mmol, 0.023 g)
was added into the mixture under N, atmosphere. 2 M aque-
ous potassium carbonate (8 mL, 16 mmol) that has been
degassed for 30 min was transferred to the mixture. The
reaction mixture was stirred and heated under N, at 90 °C
for 72 h. At the end of polymerization, the terminal boronic
ester and bromine groups were end-capped by sequentially
adding excess 2-bromothiophene and 2-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-thiophene and refluxing another
12 h, respectively. The reaction mixture was cooled to about
50 °C and slowly added to a vigorously stirred mixture of
500 mL methanol and 50 mL of 1 M aqueous HCl. The pre-
cipitate was collected by filtration from methanol. The poly-
mers PCZTPZ were further purified as dark red solid with a
yield of 72% by Soxhlet extraction in acetone for 2 days to
remove oligomers and catalyst residues.

'H NMR (400 MHz, CDCl;, 6/ppm): 8.14-7.25(m, 8H),
4.34(br, 2H), 3.14(br, 4H), 2.85(br, 4H), 1.94-1.21(m, 42H),
0.98-0.88(m, 9H). Anal. Calcd for (Cs4HgoN3S3)n: C 75.74, H
8.12, N 491, S 11.23; found: C 74.98, H 8.05, N 4.97, S
11.29. M, = 15.4 kDa; M,, = 29.4 kDa; PDI = 1.91.

Poly{[N-dodecyl-dithieno(3,2-b:2',3'-d)pyrrole-2,6-diyl]-
alt-[5,7-Bis(4-hexyl-thiophen-2-yl)-2,3-diethylthieno
[3,4-b]pyrazine-5,5'-diyl]} (PTPRTPZ)

Monomer TPZ (0.3413 g, 0.5 mmol) and monomer TPR
(0.4342 g, 0.5 mmol) were dissolved in 15 mL of toluene.
The solution was flushed with argon for 10 min, and then
Pd,dbaz (9.2 mg, 2 mol %) and P(o-tolyl); (16.36 mg, 8%)
were added into the flask. The flask was purged three times
with successive vacuum and argon filling cycles. The poly-
merization reaction was heated to 110 °C, and the mixture
was stirred for 48 h under argon atmosphere. 2-Tributyl-
stannyl thiophene (20 uL) was added to the reaction, and
then after 2 h, 2-bromothiophene (6.3 ul) was added. The
mixture was stirred overnight to complete the end-capping
reaction. The mixture was cooled to room temperature and
poured slowly in 350 mL of methanol. The precipitate was
filtered and washed with methanol and hexanes in a soxhlet
apparatus to remove the oligomers and catalyst residue.
Finally, the polymer was extracted with chloroform. The
organic solution was condensed by evaporation and precipi-
tated into methanol. The polymer was collected as a dark
purple solid with a yield of 82%.
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'H NMR (400 MHz, CDCl, §/ppm): 8.21-7.49(m, 4H), 4.12
(br, 2H), 3.18(br, 4H), 2.91(br, 4H), 2.01-1.22(m, 42H), 0.82-
0.79(m, 9H). Anal. Calcd for (CsoHesN3Ss)n: C 69.16, H 7.54,
N 4.84, S 18.46; found: C 68.59, H 7.42, N 4.92, S 18.51. M,
= 20.3 kDa; M,, = 46.7 kDa; PDI = 2.30.

Poly{[4-dodecylbithieno[3,2-b:2',3'-e]pyridine-2,6-diyl]-
alt-[5,7-Bis(4-hexylthiophen-2-yl)-2,3-diethyl thieno[
3,4-b]pyrazine-5,5'-diyl]} (PTPYTPZ)

PTPYTPZ was synthesized as a dark purple solid with a yield
of 76% according to the method of PTPRTPZ described
above.

'H NMR (400 MHz, CDCl;, §/ppm): 8.16-7.41(m, 4H),
3.18(br, 4H), 3.09 (br, 2H), 2.87(br, 4H), 1.98-1.19(m, 42H),
0.83-0.78(m, 9H). Anal. Calcd for (Cs;HgsN3Ss)n: C 69.58, H
7.44, N 4.77, S 18.21; found: C 69.14, H 7.36, N 4.83, S
18.27. M,, = 21.8 kDa; M,, = 57.8 kDa; PDI = 2.65.
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