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ABSTRACT: A series of donor-acceptor low-bandgap conjugated
polymers, that is, HThmBT (m = 3, 6, 9, 12, 15), composed of
regioregular 3-hexylthiophene segments and 2,1,3-benzothia-
diazole units, were synthesized through the Stille coupling po-
lymerization to optimize the n-conjugation length of the
polymer and the intramolecular charge transfer (ICT) effect in
the polymer backbone. The polymers had relatively low optical
bandgaps ranging from 1.6 to 1.72 eV. Among these polymers,
HTh6BT exhibited the best device performance with a power
conversion efficiency (PCE) of 1.6%. Moreover, despite being

based on thiophene, HTh6BT exhibited a high-open circuit volt-
age (Voc) of over 0.8 V because of its low high occupied mo-
lecular orbital (HOMO) energy level. These results provided an
effective strategy for designing and synthesizing low-bandgap
conjugated polymers with broad absorption ranges and well-
balanced energy levels. © 2010 Wiley Periodicals, Inc. J Polym
Sci Part A: Polym Chem 48: 4875-4883, 2010

KEYWORDS: charge transport; conjugated polymers; copoly-
merization

INTRODUCTION Semiconducting polymers have been devel-
oped for the past several decades because of their capacity
in organic electronics, such as organic photovoltaics
(OPVs),'™® organic thin film transistors (OTFTs), °"** organic
light emitting diodes (OLEDs),"*'® and so forth. Among
these applications, OPVs have generated considerable scien-
tific and technical interest because of their potential for the
large area fabrication of low-cost integrated circuit elements
for large area and the feasibility of the production using vari-
ous methods, such as spin coating, ink-jet printing, and roll-
to-roll through a solution process.!”~%2

Since the discovery of the ultrafast, photoinduced charge
transfer from a conjugated polymer to fullerene, a variety of
high-performance organic photovoltaic materials have been
demonstrated.”>"2° Nevertheless, regioregular poly(3-hexylth-
iophene) (P3HT) has still been regarded as one of the most
important organic semiconductor materials because of its
good stacking and charge carrier transport properties. Yang
and coworkers?® developed solar cells with an efficiency of
4.4% by varying the annealing time, and Carroll and co-
workers®”8 obtained a PCE of 5.2% through the optimiza-
tion of the acceptor molar ratio and the different annealing
conditions. On account of its good photovoltaic properties,
P3HT has been considered an important donor material in
tandem structured organic photovoltaic devices to improve
the photovoltaic efficiency.”’ Despite a remarkable photovol-
taic efficiency of over 5%, the poor oxidative stability and
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the restricted solar spectrum absorption range of approxi-
mately 650 nm P3HT have been considered insuperable
obstacles for its applicability in photovoltaic devices.>® These
drawbacks are related to the unoptimized energy levels in
combination with a soluble fullerene derivative.3! In particu-
lar, the HOMO level of P3HT restricts the open circuit voltage
and the oxidative stability.

Recently, various polymer materials have been vigorously
investigated to enhance the photovoltaic efficiency and the
oxidative stability by reducing the bandgap and optimizing
the HOMO and lowest unoccupied molecular orbital (LUMO)
energy levels.3?73° The following three methods can be used
to lower the polymer bandgap and arrange the energy lev-
els': introducing an electron withdrawing functional groups?;
increasing the effective n-conjugation length®; and using the
charge transport properties by introducing a donor/acceptor
(DA) conjugated system. Since the HOMO energy level is
decreased with decrease of the LUMO energy level on intro-
ducing an electron withdrawing functional groups, the poly-
mer bandgap cannot be efficiently decreased through the
first method.*® The second method reduces the oxidative sta-
bility of the polymer because the ionization potential (IP),
which corresponds to the HOMO levels in vacuum, depends
upon the effective m-conjugation length.>’~*° In contrast to
the first and second methods, the last method is regarded as
an effective method for synthesizing a low-bandgap polymer
because of effective ICT effects that the high energy level for
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the HOMO of the donor and the low energy level for the
LUMO of the acceptor results in a low-bandgap through the
intrachain charge transfer from the donor to the
acceptor.***? Moreover, if the z-conjugation length of the
polymer is efficiently reduced, the polymer can have oxida-
tive stability and an increased Vjc value.

In this study, the low-bandgap polymers with well-balanced
energy levels were developed by introducing a frequently
used electron-deficient 2,1,3-benzothiadiazole unit into the
poly(3-hexylthiophene) main chain to lower the bandgap
and to control the number of thiophene rings in the oligo-
thiophene segments, which improved the interchain packing,
the solubility, and the effective ICT effects. A thiophene
spacer was introduced into the polymer skeleton to control
the orientation of the alkyl chains and to diminish the steric
hindrance between the 3-hexylthiophene oligomer moiety
and the electron withdrawing moiety. In polymerization, 2,5-
bis(trimethyl stannyl)thiophene and 4,7-dibromo-2,1,3-ben-
zothiadiazole were dissolved in solvent and stirred for 1 h
under mild heating conditions so that the thiophene spacer
neighbored with 2,1,3-benzothiadiazole, before 2-bromo-3-
hexyl-5-trimethylstannylthiophene was added to the mixture.

New DA-type copolymers (HTh3BT to HTh15BT), based on
3-hexylthiophene and 2,1,3-benzothiadiazole, were synthe-
sized through the Stille coupling reaction for the OPVs. Dur-
ing the synthesis, the molar ratio of 3-hexylthiophene was
controlled to optimize the effective n-conjugation length of
the 3-hexylthiophene oligomer. The bulk heterojunction-type
devices were fabricated with 1-(3-methoxycarbonyl)propyl-1-
phenyl-6,6-C-61 (PCs;BM) and 1-(3-methoxycarbonyl)propyl-
1-phenyl-6,6-C-71 (PC;1BM) as the acceptors to investigate
the photovoltaic properties. Despite the use of the thio-
phene-based DA-type copolymers, the devices with the poly-
mers in the active layers displayed a high-open circuit volt-
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age of 0.7-0.84 V. In particular, the device that used the
HTh6BT/PC;:BM blend film as the active layer exhibited a
PCE value of 1.6% (Voc = 0.82 V, Jsc = 5.5 mA/cm?, FF =
0.35).

RESULTS AND DISCUSSION

Synthesis and Characterization

The synthesis process for the monomers and polymers is
shown in Scheme 1. Monomers 1 and 2 were synthesized
through a stannation of a 2,5-dibromothiophene and a bro-
mination of a 2,1,3-benzothiadiazole, respectively. 3-Hexylth-
iophene was brominated with N-bromosuccsinimide (NBS)
and then stannated with trimethyltinchloride to produce 4.
HTh3BT to HTh15BT were synthesized through a Stille cou-
pling reaction using Pd(PPh3),Cl, as the catalyst in N,N'-
dimethylformamide (DMF). Each polymer was well dissolved
in common organic solvents, such as chloroform, THF, tolu-
ene, chlorobenzene (CB), and dichlorobenzene (DCB).

The molecular weight of the polymers was measured using
the gel permeation chromatography (GPC) method, and poly-
styrene was used as the standard with THF as the eluent.
The number average molecular weight (M,) increased with
increasing 3-hexylthiophene ratio in the polymer backbone
because of the increased solubility of the polymers that was
caused by the higher number of alkyl side chains in the poly-
mer skeletons. The thermal properties of these copolymers
were investigated using the thermogravimetric analysis
(TGA) at a heating rate of 10 K/min (Fig. 1). All of the poly-
mers had decomposition temperatures (T;) near 420 °C,
which indicated that these polymers exhibited good thermal
stability, making them applicable for use in polymer solar
cells and other optoelectronic devices. The results of molecu-
lar weight measurements and thermal properties are shown
in Table 1.
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FIGURE 1 TGA curves of polymers.

Optical Properties

Figures 2 and 3 show the UV-vis absorption and the PL
spectrum of HTh3BT to HTh15BT in the chloroform solution
and the thin solid films, respectively. HTh3BT and HTh6BT
exhibited maximum UV-vis absorption peaks (4n.x) at 387/
553 nm and 408/536 nm, respectively, in solution. The Ay
of HTh9BT, HTh12BT, and HTh15BT were observed at 414/
521, 426, and 428 nm, respectively. In Figure 2, the maxi-
mum UV-vis absorption peaks in the range of the long wave-
length were lower than in the range of the short wavelength
with increasing 3-hexylthiophene ratio. The UV-vis absorp-
tion spectra of HTh15BT was similar to P3HT, indicating that
the polymer had similar photon absorption properties to
P3HT at higher molar ratios of 3-hexylthiophene in the poly-
mer backbone. HTh15BT exhibited high photon absorption
properties below 500 nm, whereas the photon absorption
properties in the long wavelength range over 500 nm were
lower than the other polymer. HTh3BT and HTh6BT exhib-
ited high absorption properties in the long wavelength range
above 500 nm compared to HTh15BT. Considering that most
of the photons were in the range from 500 to 900 nm in the
solar spectrum, the photocurrent density and the incident
photon-to-current conversion efficiency (IPCE) of HTh3BT
and HTh6BT were expected to be better than the other poly-
mers. The UV-vis absorption spectrum in the films indicated

TABLE 1 Molecular Weights of Synthesized Polymers

BT:3-

Hexylthiophene  Yield M,/
Polymer Molar Ratio (%) M, M., M,
HTh3BT 1:3 84 5,486 6,909 1.25
HTh6BT 1:6 84 11,684 22,855 1.95
HTh9BT 1:9 87 13,645 22,982 1.48
HTh12BT  1:12 94 20,840 66,488 3.1
HTh15BT  1:15 98 21,174 46,695 2.2

Molecular weights and polydispersity indexes determined by GPC in
THF on the basis of polystyrene calibration.
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FIGURE 2 Comparison of UV-vis absorption spectra of poly-

mers (a) in a solution (in chloroform at a concentration of 1
mg/mL), and (b) in a film.

similar tendencies to the solutions. The optical bandgap was
calculated from the band edge of the UV-vis absorption spec-
trum in the film. The polymers had a relatively low optical
bandgap of 1.6-1.72 eV. Among these polymers, HTh3BT,
which had the lowest molar ratio of 3-hexylthiophene of the
five polymers, exhibited the lowest bandgap. HTh3BT could
effectively develop a molecular orbital overlap between 3-
hexylthiophenes and 2,1,3-benzothiadiazole because of the
ICT effect.' The absorption maxima of HTh6BT was similar
to HTh3BT. However, HTh6BT could be more effective as the
active layer material for the OPVs because it had a larger
absorption area than HTh3BT.

The PL spectra of the polymers are displayed in Figure 3. In
the solution, the five polymers had maximum emission peaks
near 685 nm. However, strong emission property was
appeared with increasing 3-hexylthiophene molar ratio near
570 nm for HTh9BT to HTh15BT. It may come from the
oligo-thiophene’s emission, whereas the longer wavelength
peak is due to the benzothiadiazole’s emission via energy
transfer. The solid-state photoluminescence was observed in

4877



JOURNAL OF POLYMER SCIENCE: PART A: POLYMER CHEMISTRY DOI 10.1002/POLA

600
(a) Dilute solution ’,{
5004 ——HTh3BT ,-',3" \
- - -HThBBT M s
§ ---- HThOBT
8 4004 . . HTh12BT
2 ---=-HTh15BT
[ =
‘E 3004
=2
[=]
3
& 2004
100 —
04 T T Y T T T Y T ¥ T T
300 400 500 600 700 800 800

Wavelength ( nm )

104 (B) Solid film

| ——HTh3BT 5
0g] — = ~HThBT i &
“71 ---- HTheBT i

1 —-—-HTh12BT 1
064 —--—'HTh15BT Iy

0.4+

0.2+

Nomalized Photoluminescence

0.0+

T T T T T T T T T T
400 500 600 700 800 900
Wavelength ( nm )

1.04 (c) PL quenching of solid film
{ ——HTh6BT
084 — — -HTh6BT:PC, BM=1:1
| ---- HTheBT:PC, BM=1:3
—-=-HTh6BT:PC_ BM=1:1
0.6 71

=--="HTh6BT:PC, BM=1:3

0.4

Photoluminescence (a.u.)

024

0.0

600 700 800 900
Wavelength ( nm )

FIGURE 3 Comparison of PL spectra of polymers (a) in a solu-
tion (in chloroform at a concentration of 1 mg/mL), and (b) in a
film, and (c) PL quenching for HTh6BT/PCBM blend films.

the red emission region with a maximum emission near
800 nm.

On the basis of all these optical measurements, HTh6BT was
the best active material for the OPVs. The PL spectra of the
HTh6BT/PCBM blend films were measured prior to the pho-
tovoltaic device fabrication to investigate the quenching ratio
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of the excitons. In Figure 3(c), the generated excitons were
efficiently quenched in the HTh6BT/PC,;BM (1:3, w/w)
blend system. The fast photo-induced charge carriers were
efficiently transferred from the donor to the acceptor in the
system, and therefore, the best photovoltaic properties were
observed at these conditions. The maximum wavelengths of
the absorption peaks and the optical bandgaps of the poly-
mers are summarized in Table 2.

Electrochemical Properties

The electrochemical behavior of the copolymers was investi-
gated using cyclic voltammetry (CV). The supporting electro-
lyte was tetrabutyl ammonium hexafluorophosphate
(BuyNPFg) in acetonitrile (0.1 M), and the scan rate was 50
mV/s. The ITO glass and Pt plates were used as the working
and counter electrodes, respectively, and silver/silver chlo-
ride (Ag in 0.1 M KCI) was used as the reference electrode.
All of other measurements were calibrated using the ferro-
cene value of —4.8 eV as the standard. The HOMO levels of
the polymers were determined using the oxidation onset
value. The LUMO levels were calculated from the differences
between the HOMO energy levels and the optical band-gaps,
which was determined using the UV-vis absorption onset
value in the films.

Figure 4 shows the cyclic voltammograms of the synthesized
polymers. According to these results, the HOMO levels of
synthesized polymers were —5.08 to —5.24 eV, and the
LUMO levels were -3.46 to -3.52 eV. In Table 2, except for
HTh6BT, the HOMO energy levels decreased and the bandgap
increased with increasing molar ratio of 3-hexylthiophene in
the polymer backbone. Since HTh3BT had the strongest ICT
effect between electron donating unit (alkylthiophene) and
electron withdrawing unit (benzothiadiazole) of all these
polymer, it shows high HOMO energy level. The HOMO
energy level decreased with increase of 3-hexylthiophene
ratios in other polymers due to decrease of ICT effect. How-
ever, HTh6BT showed a sharp drop of the HOMO energy
level, it relies on effective interaction between intrachain
molecules as well as decrease of ICT effect. From these
results, HTh6BT, among the five polymers, likely had an
effective m-conjugation length for obtaining a well balanced
energy level and an intermolecular interaction. Considering
the well-balanced energy level and the low bandgap of
HTh6BT, HTh6BT was expected to exhibit the best power
conversion efficiency of the five polymers. The electrochemi-
cal properties of the polymers are summarized in Table 2.

XRD Analysis

In Figure 5, the X-ray diffraction (XRD) measurements were
carried out on the polymer powders to determine the micro-
structure of the synthesized polymers. All of the polymers
exhibited short -7 stacking distances (d, = 3.8-4.0 A). This
d, value corresponded to the distance between the coplanar
n-conjugated main chains and was an important factor in
determining the intermolecular interaction. Since all five
polymers were based on 3-hexylthiophene, the n-n stacking
distances of these polymers were similar to P3HT (d, = 3.8
A). However, very weak n-m stacking peak intensities were
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TABLE 2 Optical, Electrochemical Data, and Energy Levels of HThmBT Series

Absorption Jmax (nm)? PL /max (nm)P

Energy Level® (eV)

Polymer Solution’ Film? Solution® Film9 E4°P* (eV) Eonse™ HOMO LUMO
HTh3BT 387,553 421,609 686 785 1.6 0.75 —5.08 —3.48
HTh6BT 408,536 408,596 688 775 1.65 0.89 ~-5.22 —3.57
HTh9BT 414,521 454 570,686 777 1.67 0.82 -5.15 —-3.48
HTh12BT 426 442 576,687 733 1.72 0.85 -5.18 —3.46
HTh15BT 428 491 576,683 746 1.72 0.91 —5.24 —3.52

? Jmax Was determined from UV-vis data.

b Jmax Was determined from PL data.

¢ Estimated from the onset of UV-vis absorption data of the thin film.
4 Onset oxidation potential.

observed for the polymers, except for HTh6BT. HTh3BT
showed low degree of crystallinity since HTh3BT had not
only short repeating units of 3-hexylthiophene but also
structural irregularity. A degree of crystallinity was supposed
to be increased with increase of 3-hexylthiophene ratios in
other polymers due to characteristics of P3HT moiety that
had high degree of crystallinity. These polymers appeared to
have a weak intermolecular interaction and low crystallinity,
which led to low carrier mobility and low current density
properties in the photovoltaic device. In contrast to the other
four polymers, HTh6BT exhibited a high diffraction intensity
and a short 7-7 stacking distance (d, = 3.9 A). HTh6BT had
higher structural regularity than HTh3BT and other poly-
mers, and it was likely to come from effective intermolecular
and intramoleular interaction. Considering the optical, elec-
trochemical, and structural measurement results, HTh6BT
exhibited better electronic properties than the other poly-
mers in the photovoltaic device.

Photovoltaic Properties
All of the synthesized polymers were applied in the bulk het-
erojunction geometry (BHG) with PCBM. The OPV cells were
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FIGURE 4 Cyclic voltammograms of thin films recorded in 0.1
M Buy4NPFg/acetonitrile at a scan rate of 50 mV/s.
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¢ Calculated from the reduction and oxidation potentials under the assump-
tion that the absolute energy level of Fc/Fc+ was 4.8 eV below a vacuum.

f Diluted in chloroform.

9 Spin-coated from a chloroform.

fabricated with the sandwiched glass/ITO/PEDOT:PSS/poly-
mer-PCBM (1:3, w:w)/BaF;/Ba/Al structure. A blend of the
polymer (7.5 mg/mL of the polymer in CB) and PC,;BM was
dissolved in CB, filtered through a 0.45-um poly(tetrafluoro-
ethylene) (PTFE) filter, and spin coated at 500-1100 rpm for
30 s. The active layers were preannealed at 120 °C for
10 min before the electrode deposition. Each substrate was
patterned using photolithography techniques to produce a
segment with an active area of 9.0 mm?® After all of the
fabricated devices were encapsulated in a glove box, the
[V characteristics were measured under an ambient
atmosphere.

Figure 6 illustrates the I-V properties of the fabricated devi-
ces. PC¢1BM and PC,{BM were introduced as acceptor mate-
rials to confirm the acceptor effect in the polymer/PCBM
blend. HTh3BT-HTh15BT exhibited Vo values of 0.7-0.82 V
and Jsc values of 1.3-3.4 mA/cm? when PCq;BM was used as
the acceptor. On the other hand, when PC;;BM was used, the
Voc values were similar to the Ve values that were meas-
ured when PCy;BM was used as the acceptor, but the Jsc val-
ues of the synthesized polymers obviously increased to

HTW
HThGBT d.oen B4
=y
3 | HThoBT d,=ca. 384
Q
€ MW%
HTh15BT d,=ca 404
. : . : v - T T T T T T
0 5 10 15 20 25 30

268/° (CuKo)

FIGURE 5 X-ray diffraction patterns of powdery HThmBT
series.
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FIGURE 6 |-V characteristics of photovoltaic devices (poly-
mer:PCBM = 1:3) that have (a) HThmBT/PCgBM, and (b)
HThmBT/PC,41BM blend films as active layers.

values from 2.4 to 5.5 mA/cm® As expected, the best per-
formance data were obtained in the device that used the
HTh6BT/PC;,BM blend film as the active layer, correspond-
ing to a Voc of 0.82 V, a J5¢c of 5.5 mA/cmZ, a FF of 0.34, and
a PCE of 1.6%. HTh3BT and HTh6BT exhibited higher PCE
values than HTh9BT to HTh15BT because they exhibited bet-
ter photon absorption properties in the long wavelength
range. Although HTH6BT had a narrow overlapping range in
the solar spectrum with respect to HTh3BT, HTh6BT had a
higher PCE value than HTh3BT because the high structural
regularity led to similar current density values to HTh3BT.
Furthermore, HTh6BT had a high V¢ value of 0.82 V. A vari-
ety of polymers based on alkylthiophene and benzothiadia-
zole were investigated in the previous literature, but they
exhibited low Vo values of ~0.6 V.*3** In comparison to
these polymers, the HThmBT polymer series that was syn-
thesized in this study exhibited high Vyc values of 0.7-0.84
V. Considering that Vo depends on recombination process of
generated excitons and the HOMO energy level of donor
polymer, it is likely that high V¢ values of HThmBT come
from low HOMO energy level of those and improved planar-
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ity of polymer backbone. HThmBT has lower HOMO energy
level than other alkylthiophene- and benzothiadiazole-based
polymers. Moreover, planar backbone structure of regioregu-
lar head to tail type alkylthiophene moieties increases life-
time of excitons, which decrease recombination ratio of
excitons.

In contrast, the low PCE value of HTh9BT originated from
the reduced ICT effect and the structural irregularity. The
ICT effect decreased with increasing 3-hexylthiophene molar
ratio. Moreover, the length of the repeating units of the 3-
hexylthiophene oligomers was not long enough to improve
the structural regularity. HTh12BT and HTh15BT exhibited
better PCE values than HTh9BT because of their higher 3-
hexylthiophene molar ratios compared to HTh9BT. The bet-
ter performance of these devices could have originated

from improvement in the structural regularity, which
resulted in the improvement of the intermolecular
interaction.

The external quantum efficiency (EQE) measurements were
carried out to investigate the origin of the differences in the
current density. The good current density properties of
HTh3BT and HTh6BT were compared to the bad current
density properties of HTh9BT. In Figure 7, the HTh3BT/
PC74BM and HTh6BT/PC;;BM films exhibited EQE values of
23 and 18%, respectively, at 400-450 nm. In contrast to
these two polymers, HTh9BT exhibited an EQE value of 6%
in the same absorption range. Although HTh6BT had a lower
EQE value than HTh3BT, the two polymers had the same
photocurrent density of 5.5 mA/cm?, which likely originated
from the improved intermolecular interaction of HTh6BT
that depended on the structural regularity. Taking all of
these results into account, the current density of the five
polymers influenced the optical properties and the nature of
the intermolecular structure. The photovoltaic properties of
the polymers are summarized in Table 3.

25

——HTh3BT
- - ~HTheBT
-+ HTh9BT

20 4

EQE (%)

300 400 500 600 700 800 900
Wavelength (nm)

FIGURE 7 EQE spectra of photovoltaic devices that have

HTh3BT, HTh6BT (polymers that have a good current density),

and HTh9BT (polymer that has a bad current density) as a
donor materials, respectively, and PC;1BM as an acceptor.

WILEYONLINELIBRARY.COM/JOURNAL/JPOLA



TABLE 3 Photovoltaic Characteristics of Devices that have
HThmBT/PCBM Blend Films as Active Layers

Polymer Jsc? (mA/cm?) Voc? (V) FF@ 0 (%)
HTh3BTP 2.0 0.70 28.5 0.40
HTh6BTP 3.4 0.80 32.0 0.88
HTh9BTP 1.3 0.82 28.8 0.30
HTh12BTP 2.0 0.72 35.2 0.50
HTh15BTP 2.0 0.78 31.9 0.48
HTh3BT® 5.5 0.64 32.0 1.10
HTh6BT® 5.5 0.82 34.6 1.60
HTh9BT® 2.4 0.84 27.7 0.65
HTh12BT® 2.4 0.70 35.2 0.59
HTh15BT® 2.9 0.80 33.8 0.78

@ Under AM 1.5 simulated solar illumination at an irradiation intensity
of 100 mW/cm?.

b Using a PCgBM as a acceptor (polymer:PCg:BM = 1:3, w/w).

¢ Using a PC;,BM as a acceptor (polymer:PC7,BM = 1:3, w/w).

EXPERIMENTAL

Instruments and Characterization

All of the reagents and chemicals were purchased from Aldrich
and used as received unless otherwise specified. The "H-NMR
(400 MHz) spectra were recorded using a Britker AMX400
spectrometer in CDCl3, and the chemical shifts were recorded
in units of ppm with TMS as the internal standard. The elemen-
tal analyses were measured with EA1112 using a CE Instru-
ment. The absorption spectra were recorded using an Agilent
8453 UV-visible spectroscopy system. The PL spectra were
measured using a Hitachi F-4500 spectrophotometer. The solu-
tions that were used for the UV-visible spectroscopy, and pho-
toluminescence (PL) efficiency measurements were dissolved
in chloroform at a concentration of 1 mg/mL. The films were
drop-coated from the chloroform solution onto a quartz sub-
strate. All of the GPC analyses were carried out using THF as
the eluent and a polystyrene standard as the reference. The
TGA measurements were performed using a TA Instrument
2050. The cyclic voltammetric waves were produced using a
Zahner IM6eX electrochemical workstation with a 0.1-M aceto-
nitrile (substituted with nitrogen in 20 min) solution contain-
ing BuyNPF¢ as the electrolyte at a constant scan rate of 50
mV/s. ITO, a Pt wire and silver/silver chloride (Ag in 0.1 M KCI)
were used as the working, counter, and reference electrodes,
respectively. The electrochemical potential was calibrated
against Fc/Fc™. The current-voltage (I-V) curves of the photo-
voltaic devices were measured using a computer-controlled
Keithley 2400 source measurement unit (SMU) that was
equipped with a Peccell solar simulator under an illumination
of AM 1.5G (100 mW /cm?). The X-ray diffraction (D/Max-2200,
Rigaku Denki) patterns were obtained at 40 kV and 30 mA
using Cu K« radiation with a characteristic wavelength of 0.154
nm in a 20 range of 1-50° at a scanning rate of 4°/min.

Fabrication and Characterization of Polymer Solar Cells
All of the bulk-heterojunction PV cells were prepared using
the following device fabrication procedure. The glass/indium
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tin oxide(ITO) substrates [Sanyo, Japan (10 Q/y)] were
sequentially lithographically patterned, cleaned with deter-
gent, and ultrasonicated in deionized water, acetone, and iso-
propyl alcohol. Then the substrates were dried on a hotplate
at 120 °C for 10 min and treated with oxygen plasma for 10
min to improve the contact angle just before the film coating
process. Poly(3,4-ethylene-dioxythiophene):poly(styrene-sul-
fonate) (PEDOT:PSS, Baytron P 4083 Bayer AG) was passed
through a 0.45-um filter before being deposited onto ITO at a
thickness of about 32 nm through spin-coating at 4000 rpm
in air and then dried at 120 °C for 20 min inside a glove box.
A mixture of the polymers/PCBM [1:1 (w/w)/1:3 (w/w)], 7.5
mg/mL in chlorobenzene was stirred over night, filtered
through a 0.45-um PTFE filter, and then spin-coated (500-
1100 rpm, 30 s) on top of the PEDOT:PSS layer. The device
fabrication was completed by depositing thin layers of BaF,
(1 nm), Ba (2 nm), and Al (200 nm) at pressures less than
107° torr. The active area of the device was 9.0 mm?. Finally,
the cell was encapsulated using UV-curing glue (Nagase, Ja-
pan). The illumination intensity was calibrated using a stand-
ard Si photodiode detector that was equipped with a KG-5fil-
ter. The output photocurrent was adjusted to match the
photocurrent of the Si reference cell to obtain a power density
of 100 mW/cm?. After the encapsulation, all of the devices
were operated under an ambient atmosphere at 25 °C.

SYNTHESIS

Synthesis of 2,5-Bis(trimethyl stannyl)thiophene (1)
2,5-Dibromothiophene (2.75 g, 11.36 mmol) was dissolved in
THF (45.4 mL), and the solution was cooled to —50 °C. Then
a 2.5 M solution of n-BulLi in hexane (10 mL, 25 mmol) was
added dropwise for 1 h, and the resulting mixture was
stirred for 30 min at —50 °C. After 30 min, the solution was
cooled again to —78 °C, and a 1.0-M solution of Me3SnCl in
THF (25 mL, 25 mmol) was added for 1 h. After stirring at
—78 °C for 3 h, the solution was allowed to warm up to
room temperature and was stirred 24 h. Then this mixture
was poured into n-hexane, washed with NaHCO3 and water
twice, and the dried over Na,;SO4; The solvents were
removed through rotary evaporation to afford a brown solid.
The crude product was recrystallized with hexane to pro-
duce the light-brown crystals (2.79 g, 60%). 'H-NMR (400
MHz, CDCl5, ppm): 6 0.36 (t, J = 27.4 Hz, 18H), 7.37 (s, 2H)

Synthesis of 4,7-Dibromobenzothiadiazole (2)

2,1,3-Benzothiadiazole (10.00 g, 73.44 mmol) and 150 mL of
HBr were added to a 500-mL two-necked round bottom
flask. A solution containing Br, (35.21 g, 220.32 mmol) in
100 mL of HBr was very slowly added dropwise (the slow
addition was essential). If necessary, an additional 100 mL of
HBr was added to the solution. After the total addition of
Br,, the solution was refluxed for 6 h, and an orange solid
was precipitated. The mixture was allowed to cool to room
temperature, and a sufficiently saturated solution of NaHSO3
was added to completely consume any excess Br,. The mix-
ture was filtered under vacuum and exhaustively washed
with water. The solid was then washed once with cold Et,0
and dried under vacuum for 20 h. The yellow crude product
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was recrystallized with chloroform to afford the desired
product at an 85% yield (17.3 g). *H-NMR (400 MHz, CDCls,
ppm): & 7.73 (s, 2H). “*C-NMR (100 MHz, CDCl;, ppm):
153.34, 132.67, 114.31.

Synthesis of 2-Bromo-3-hexylthiophene (3)

First, 51.7 mL of acetic acid and 51.7 mL of CHCI; were
added to a dry round bottom flask, and the flask was purged
with nitrogen for 10 min. Then 3-hexylthiophene (8.7 g, 51.7
mmol) was added. The mixture was cooled to 5 °C, and NBS
(9.2 g, 51.7 mmol) was added over a period of 1 h while the
temperature was maintained at 5—10 °C. The mixture was
stirred overnight and cooled in an ice bath. Then a dilute
HCl solution (100 mL) was added, and the mixture was
extracted with CHCl3. The CHCI; layer was washed with
water several times until a pH 6 was reached, and then this
layer was dried over anhydrous Na,SO,. The solvent was
removed through rotary evaporation. The residue was chro-
matographed on a silica gel using hexane as the eluent. After
flash chromatography, the yield of the final compound was
92% (11.82 g, colorless liquid). 'H-NMR (400 MHz, CDCl,,
ppm): & 0.88 (t, /] = 6.4 Hz, 3H), 1.34 (m, 6H), 1.57 (t, ] =
7.0 Hz, 3H), 2.53 (t, ] = 7.7 Hz, 2H), 6.78 (d, ] = 5.6 Hz, 1H),
7.18 (d, ] = 5.6 Hz, 1H)

Synthesis of 2-Bromo-3-hexyl-5-
trimethylstannylthiophene (4)

2-Bromo-3-hexylthiophene (12 g, 50 mmol) was dissolved in
THF (41 mL), and the solution was cooled to —78 °C. Then a
2.0-M solution of lithium diisopropylamine in THF (28 mL, 56
mmol) was added dropwise for 1 h. After stirring for 1 h at —78
°C, a 1.0-M solution of Me3SnCl in THF (56 mL, 56 mmol) was
added dropwise, and the mixture was stirred at —50 °C for 2 h.
Then the solution was allowed to warm up to room temperature
and was stirred 24 h. After the reaction was completed, the
reaction mixture was poured into water and extracted with
ether. The organic phase was washed with brine several times
and dried over Na,SO,. The solvents were removed through ro-
tary evaporation to afford a brown liquid. The residue was
reduced-distilled to produce a 76% yield (15.6 g) of the product
as a colorless oil. "H-NMR (400 MHz, CDCls, ppm): 6 0.36 (t, ] =
27.6 Hz, 9H), 0.88 (t, ] = 6.8 Hz, 3H), 1.31 (m, 6H), 1.56 (t, ] =
7.2 Hz, 2H), 2.55 (t, ] = 7.6 Hz, 2H), 6.85 (s, 1H). **C-NMR (400
MHz, DMSO-dg, ppm): —7.56 (m), 14.75, 23.28, 29.73, 29.95,
30.54,32.31,114.12,136.97 (m), 138.62, 143.80.

GENERAL PROCEDURE OF POLYMERIZATION THROUGH
THE STILLE REACTION

Equimolar amounts (0.4 mmol) of 2,5-bis(trimethyl stan-
nyl)thiophene and 4,7-dibromo-2,1,3-benzothiadiazole were
dissolved in DMF (0.125M). After mild heating for 1 h, differ-
ent amounts of 2-bromo-3-hexyl-5-trimethylstannylthiophene
(P1: 1.2 mmol, P2: 2.4 mmol, P3: 3.6 mmol, P4: 4.8 mmol,
and P5: 6.0 mmol) were added. Then 1.25 mol % of
Pd(PPh3),Cl, was added to the mixture. The orange solution
was warmed to 120 °C and allowed to reflux for 48 h under
N,. 2-Bromo thiophene was systematically added to the end-
cap of the polymer chain. After cooling to room temperature,
the polymer was poured into methanol (300 mL) and fil-
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tered. The filtered polymer was further dissolved in CHCl;,
reprecipitated into methanol, and filtered again. The polymer
was further purified through washing with methanol, ace-
tone, and hexane in a Soxhlet apparatus for 24 h. The chloro-
form soluble fraction was recovered and dried under a
reduced pressure at 50 °C.

HTh3BT

Black solid 0.294 g (yield = 84%). "H-NMR (CDCl;, ppm): &
0.925 (s, 9H), 1.26—1.71 (m, 22H), 2.62—2.82 (m, 6H), 7.08 (s,
3H), 7.83—7.98 (d, 4H) Anal. calcd for C40 H43 Nz Ss: C, 67.69; H,
7.03; N, 3.76; S, 21.51. Found: C, 65.42; H, 6.37; N, 4.01; S, 21.71.

HTh6BT

Black solid 0.369 g (yield = 84%). "H-NMR (CDCl;, ppm): 6
0.912 (s, 16H), 1.25—1.71 (m, 48H), 2.58 (s, 2H), 2.80 (d,
9H), 6.98—-7.09 (d, 6H), 7.83—7.98 (d, 4H). Anal. calcd for
Cy0 Hgg N Sg: C, 69.51; H, 7.62; N, 2.25; S, 20.62. Found: C,
68.47; H, 7.39; N, 2.38; S, 20.75.

HTh9BT

Black solid 0.535 g (yield = 87%). "H-NMR (CDCls, ppm): &
0.913 (s, 27H), 1.25—1.71 (m, 70H), 2.59 (s, 2H), 2.80 (d,
15H), 6.98—7.09 (d, 9H), 7.83—7.98 (d, 4H). Anal. calcd for
C100 H130 NZ 511: C, 7029, H, 787, N, 161, S, 20.24. Found:
C, 69.01; H, 7.84; N, 1.71; S, 19.96.

HTh12BT

Black solid 0.745 g (yield = 94%). "H-NMR (CDCl;, ppm): 6
0.914 (s, 38H), 1.25—1.77 (m, 98H), 2.57 (s, 4H), 2.80 (d,
20H), 6.98—7.11 (d, 14H), 7.83—7.98 (d, 4H). Anal. calcd for
Cy30 Hi72 N2 S14: C, 70.72; H, 8.00; N, 1.25; S, 20.02. Found:
C, 70.68; H, 7.97; N, 1.31; S, 20.05.

HTh15BT

Black solid 0.713 g (yield = 98%). *"H-NMR (CDCl;, ppm): &
0.914 (s, 54H), 1.25—1.71 (m, 124H), 2.57 (s, 6H), 2.80 (d,
28H), 6.98—7.14 (d, 18H), 7.84—7.99 (d, 4H). Anal. calcd for
C160 H214 NZ 517: C, 7100, H, 809, N, 102, S, 19.89. Found:
C,70.81; H, 8.12; N, 0.98; S, 19.72.

CONCLUSIONS

In summary, five DA-type copolymers, based on 3-hexylthio-
phene and 2,1,3-benzothiadiazole, were successfully synthe-
sized through the Stille coupling reaction for the OPVs. These
copolymers exhibited low bandgaps of 1.6—1.72 V and high
open circuit voltages of 0.7—0.84 V. HTh6BT exhibited a
well-balanced energy level and a good PCE value of 1.6%
(Voc = 0.82 V, Jsc = 5.5 mA/cm?, FF = 0.35) because of the
absorption properties in the long range of the solar spec-
trum, the low LUMO energy level, and the structural regular-
ity of HTh6BT over the other polymers in photovoltaic de-
vice. In particular, the polymers had high V¢ values despite
being based on thiophene. Additives, such as 1, 8-octanedi-
thiol and 1,8-diiodooctane, on the fabricating active layer
could be used to increase the Jsc and FF values because
HTh6BT exhibited good intrinsic properties.
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