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ABSTRACT: Highly soluble poly[quinacridone-alt-benzothiadiazole] (PQCDTB) has been synthesized through the Suzuki
coupling reaction by introducing planar quinacridone and highly absorbing benzothiadiazole. The PQCDTB dissolved in general
organic solvents, and the M, was 49.8 kg/mol. The optical band gap energy was 1.92 eV, which was similar to the band gap of
benzothiadiazole. The HOMO and LUMO levels of PQCDTB were —5.24 eV and —3.32 eV, respectively. According to the XRD
measurement, PQCDTB showed the formation of ordered lamellar structure as an out-of-plane peak (h00) by the alkyl side
chain of quinacridone and conventional edge-on 7- stacking. This study also evaluated the OPV characteristics by fabricating a
bulk-heterojunction—type polymer solar cell. When PQCDTB and PC,;BM were fabricated in a 1:1 weight ratio, the open-circuit
voltage (Voc), short-circuit current (Jgc), fill factor (FF), and power conversion efficiency (PCE) were 0.79 V, 5.6 mA cm ™2,
55.8% and 2.5%, respectively. In particular, PQCDTB exhibited higher FFs compared with poly[carbazole-alt-benzothiadiazole]

(PCZDTB).

B INTRODUCTION

For the past several decades, semiconducting polymers have
been applied to various sectors, such as organic light emitting
diodes (OLEDs)," ™ organic photovoltaic cells (OPVs)>~ and
organic thin film transistors (OTFTs).'”" Of these applica-
tions, OPVs have become mainstream, thanks to their out-
standing economic feasibility and sustainable development.
Nevertheless, a low power conversion efficiency (PCE) has
been the largest obstacle in OPVs.® To improve the PCE, the
following idealistic conditions are required in conjugated
polymers:'* (1) a low bandgap with a wide absorption area,
(2) a crystalline structure to produce good charge transport
characteristics, (3) a low highest occupied molecular orbital
(HOMO) energy level to produce a high open-circuit voltage
(V,.), and (4) an appropriate lowest unoccupied molecular
orbital (LUMO) energy level for effective electron charge
transfer to fullerene.
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To acquire good charge transport characteristics, it is
necessary to increase the close packing among polymers through
the reduction of energetic disorder by increasing the coplanarity
and the interchain 77— interaction. In the Janssen group, a
copolymer containing terthiophene was reported, which shows
an increase in planarity packing and high mobility characteristics,
and a diketopyrrolopyrrole derivative showed a PCE of 4.7% and
a high hole mobility (0.04 cm® V™! §7').'* In the Jen group, a
hole mobility of 0.029 cm* V™' S™" and a PCE of 6.2% were
reported in a copolymer that contained an indacenodithiophene
(IDT) unit and a phenanthrenequinoxaline unit.'® In the
McCulloch group, in addition, a hole mobility of 0.24 cm® V™!
S~ and a PCE of 2.2% were reported in a polymer containing
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Scheme 1. Scheme of Monomer Synthesis and Polymerization
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benzo[1,2-b:3,4-b":5,6-d' ]trithiophene (BTT) to produce effec- Table 1. Molecular Weight and Thermal Properties of
tive intermolecular packing characteristics."” Polymers
Quinacridone (QC) derivative, which is known as a red-violet 1 fo/mo] - .
pigment, has a high crystallinity and self-assembled character- Lo M, (kg/mol) M, (kg/mol) PDI L (0
istics, so it has drawn significant attention as an OTFT because of PQCDTB 498 96.0 192 323
its high mobility. 1920 However, these QC results were primarily PCZDTB 15.2 26.9 1.77 324

reported for small molecules or oligomers. In the case of
polymers, extremely limited results have been reported.”"** In
the Takimiya group, recently, a polymer composed of QC
derivatives has been reported for use in OTFTs that has a high
hole mobility (0.2 cm? V™! §71).>
In this study, we synthesized a new donor—acceptor type (D—
A type) polymer, poly| quinacridone-alt-octyloxydithienylbenzo-
thggia)z gle]yn(lp(,l%DyT['%), which containzi (leC and };)ctylox- In terms of the degree of polymerization, ‘PQCDTB was greater
dithienylbenzothiadiazole (DTB). As a result, it is most likel Fhan Oth,er OPV' polymers by. 2-3 times b.ecaus.e of the
¥ y y
that a broad absorbance could be obtained as the results of the introduction of long, branched side chains of quinacridone and

. . . benzothiadiazole. As a result, the backbone structure became
effective charge transport and the strong electron-withdrawing
caused by the high coplanarity relatively favorable in terms of the solublhty at polymerization;

polymerization had effectively occurred.’ Table 1 showed the
result of the thermal analysis through TGA. As shown in Table 1,
PQCDTB and PCZDTB had a 5% weight loss at the

table, when the GPC was measured using polystyrene as the
standard, the number-average molecular weights (M,) of
PQCDTB and PCZDTB were 49.8 and 15.2 kg/mol,
respectively. In contrast, the polydispersity indices (PDIs)
showed a very narrow distribution of 1.92 and 1.77, respectively.

M RESULTS AND DISCUSSION

Scheme 1 reveals the chemical structure and synthetic process for temperatures of 323 and 324 °C, respectively, displaying a high
both the monomer and the polymer. As shown in this scheme, thermal stability because of the rigid QC and carbazole structure,
PQCDTB was synthesized through the Suzuki coupling reaction which is applicable for optoelectronic devices and OPVs, both of
using M1 and M3, while poly[carbazole-alt-octyloxydithienyl- which require a high thermal stability (300 °C or above).** We
benzothiadiazole] (PCZDTB) was synthesized using M2 and investigated thermal behavior through DSC analysis (see
M3. The polymerization was carried out at 90 °C for 24 h with Supporting Information), which revealed no obvious thermal
palladium catalyst (0), 2 M potassium carbonate solution, aliquot transitions for PQCDTB in the temperature range from 40 to
336 as a surfactant, and toluene as the solvent. After the 250 °C. Thus, PQCDTB displayed amorphous property.
polymerization was over, it was end-capped with bromothio- Figure 1 showed X-ray diffraction measurements of film to
phene. The synthesized polymer was purified with Soxhlet analyze the ordering structure of the obtained polymers. In the
extraction in the following order: methanol, acetone and out-of-plane of PQCDTB, as shown Figure 1a, a sharp diffraction
chloroform. Then, the polymer was recovered from the peak was observed at 4.0, 8.1, 12.2°, which indicates the
chloroform fraction and precipitated into methanol. As a result, formation of ordered lamellar structure as an out-of-plane peak
the yields of PQCDTB and PCZDTB reached 92% and 72%, (h00) by the alkyl side chain of quinacridone and conventional
respectively. The obtained polymer dissolved in organic solvents, edge-on 7- stacking.”'*** The lamellar d-spacing (d, ) was 21.8 A
such as THF, chloroform, chlorobenzene and o-dichloroben- (4 = 2d[sin 6]). In the (010) in-plane pattern related to 7—x
zene. Through spin-coating, a homogeneous and violet semi- stacking, as shown Figure 1b, a broad diffraction peak was
transparent film was formed. detected at approximately 24.0°. Using the same calculation, the
Table 1 shows the result of the molecular weight and the n—r stacking distance (d,) was 3.7 A. The results are similar to

thermal properties of the obtained PQCDTB. As shown in this thiophene and thiophene-fused aromatic system polymers that
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Figure 1. (a) Out-of-plane, (b) in-plane, and (c) 2D-GIXD image X-ray diffraction pattern of annealed polymer in thin films.

perform well as OPVs."”** In the out-of-plane of PCZDTB, as
shown in Figure 1a, no diffraction peak was observed in the thin
film. As reported before, a broad diffraction peak was observed at
approximately 20.5° in the diffraction of powdery PCZDTB (see
Supporting Information).>® The 7—7 stacking distance (d,) was
4.3 A. The result was similar to the result for 7— stacking (d, =
4.0-44 A) of fluorene-thiophene. The benzene-thiophene
linkage has a twisted structure compared with the thiophene-
thiophene linkage. The structure has an impact on 7—7 stacking
(d;) as well.”” By calculating PCZDTB and PQCDTB using a
density functional theory (DFT) calculation, the tilt angle has
been comparatively analyzed. In terms of tilt angle, PCZDTB was
27-28°, while PQCDTB was 19-21°. Compared with
PCZDTB, formation of a planar backbone and stronger 7—x
stacking were observed in PQCDTB (see Supporting
Information). On the basis of this result, it has been confirmed
that 7—n stacking was more effective in PQCDTB than in
PCZDTB because of coplanarity of the quinacridone unit that
was introduced to the main chain of PQCDTB."

Figure 2 showed the UV—visible spectra of PQCDTB and
PCZDTB. As shown in Figure 2, the maximum absorption peak
of PQCDTB (4,,) was observed at 389 and 539 nm,
respectively, in solution (107° M in chloroform). On the other
hand, the maximum absorption peaks of PCZDTB (4,,,,) were
observed at 386 and 514 nm in solution. The band around 380
nm in the absorption spectra of PQCDTB and PCZDTB can be

1.6 —~— PQCDTB solution
—a— PCZDTB solution

1.4+ —o—PQCDTB film
: —e— PCZDTB film

Normalized intensity

T
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T
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Figure 2. Absorption spectra of PQCDTB and PCZDTB in solution
(107 M) and film (50 nm).

assigned to 7—n* transition whereas the 530—550 band are due
to intramolecular charge transfer (ICT) between donor and
acceptor moieties.'® The absorption spectrum of PQCDTB is
broadened and red-shifted compared to that of PCZDTB. This
can be explained by the much stronger ICT effects in the
PQCDTB than that in PCZDTB. For the film, the maxima
absorption spectra of PQCDTB and PCZDTB were red-shifted
by 9—23 nm compared with the solution. These results are
explailréed by their much more planar conformations in the solid
state.

Figure 3 shows the cyclic voltammogram of PCZDTB and
PQCDTB, which were measured in 0.1 M tetrabutylammonium-
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Figure 3. Cyclic voltammogram of PQCDTB and PCZDTB.

hexafluorophosphate acetonitrile. As reported by Lidzey et al.,
the PCZDTB oxidation (E, ™) and reduction (E,.4 ™) onset
potential were +1.09 and —1.37 V, respectively, and the HOMO
and LUMO levels were —5.44 and —2.98 eV. In the case of
PQCDTB, unlike the PQA2T (poly[quinacridone—bithio-
phene]) reported by Takimiya et al,, a clear oxidation—reduction
peak was observed.' This type of result has been obtained
because PQCDTB was D—A structured, unlike the typical p-type
structure of PQA2T. In PQCDTB, the oxidation (E,, °™***) and
reduction (E,.q °™*) onset potentials were +0.89 and —1.36 V,
respectively. The HOMO and LUMO levels were —5.24 and
—2.99 eV, respectively.

Table 2 summarizes the optical and electrochemical properties
of polymers. As shown in Table 2, the HOMO level of PQCDTB
(—5.24 eV) was higher than that of PCZDTB by 0.2 eV because

dx.doi.org/10.1021/ma301466m | Macromolecules 2012, 45, 7815—-7822
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Table 2. Optical and Electrochemical Properties of Polymers

absorption, 4,,,,, (nm)

polymer solution® film® Enomo(eV)© Eumo(eV)© Eromo(eV)? E,(eV)©
PQCDTB 389, 539 391, 548 =524 -2.99 -3.32 1.92
PCZDTB 386, 514 395, 537 —5.44 —-2.98 —3.46 1.98

“Absorption spectrum in chloroform solution (107 M). bSpm coated thin film (50 nm). Calculated from the oxidation or reduction onset

potentials under the assumption that the absolute energy level of Fc/Fc* was

of UV—vis absorption data of the thin film.
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Figure 4. Band diagram of PQCDTB and PCZDTB (calculated and experiment level).

the HOMO level of the QC derivative was higher than that of
carbazole. The LUMO energy levels were calculated from the
difference between the HOMO energy levels and the optical
bandgap energies. According to the calculations, the LUMO
levels of PQCDTB and PCZDTB were —3.32 and —3.46 eV,
respectively. They slightly differed from the levels calculated
through CV, but they mostly exhibited a similar tendency. Figure
4 shows the band diagram of the energy levels that have been
obtained through DFT calculations and experiments. The
bandgap energies of PQCDTB and PCZDTB determined
through UV—vis spectra were reported as 1.98 and 1.92 eV,
respectively, which were lower than the results of the DFT
calculation by 0.57 and 0.55 V.** Because the HOMO level is
lower than the P3HT HOMO level (—4.9 eV) in both polymers,
a relatively high air stability could be obtained.”® In the case of
PQCDTB, the LUMO level (—3.32 eV) was higher than the
PC,;BM LUMO level (—4.0 eV) by 0.68 eV. However, the
HOMO level (—5.24 V) was lower than the PEDOT:PSS
HOMO level (—5.0 eV) by 0.24 eV. Therefore, if charge
separation occurs after receiving light energy, a hole would
exhibit more effective charge transport than an electron in the
active layer of PQCDTB.'* 26

Figure S and Table 3 show the results of evaluating the
characteristics of an OPV device. The devices are structured as

7818

follows: ITO (170 nm)/PEDOT:PSS (40 nm)/active layer (50
nm)/BaF, (2 nm)/Ba (2 nm)/Al (100 nm). The active layer has
an optimized blending ratio obtained by dissolving polymer and
PCBM in o-dichlorobenzene (ODCB) with a 0.5—-1 wt %
concentration. The photovoltaic performances of the fabricated
OPVs were investigated under AM 1.5G simulated solar light at
100 mW cm™

As shown in Figure Sa and Table 3, the device that blended
PQCDTB and PC4;BM in a 1:1 ratio had an open-circuit voltage
(Voc) of 0.76 V, a short-circuit current (Jsc) of 4.4 mA cm™, afill
factor (FF) of 47.5% and a power conversion efficiency (PCE) of
1.6%. In the device that blended the PQCDTB and PC,,BM in a
1:1 ratio, Vo, Jsc, and FF were 0.79 V, 5.6 mA cm™, and 55.8%,
respectively. In terms of PCE, approximately 56% was improved
with 2.5%, compared with the device in which the PC,;BM was
applied as an acceptor. Because PC, BM is greater than PC4 BM
in terms of photon absorption at 400—500 nm, it was able to
improve the PCE by increasing Joc.? The V,. of PQCDTB was
greater than the widely known poly(3-hexylthiophene), P3HT
(Ve = 0.5—0.6 V). This type of result was obtained because
PQCDTB (—5.53 eV) has a lower HOMO level than P3HT
(4.9 eV).”** The value of FF for PQCDTB (FF = 55.8%)
increased by 39% compared to PCZDTB (FF = 40.1%). The
series resistance at PQCDTB and PC,;BM ratios of 1:1 and 1:2,

dx.doi.org/10.1021/ma301466m | Macromolecules 2012, 45, 7815—-7822
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Figure S. (a) J—V characteristics; (b) EQE spectra of the BHJ solar cells
with the device.

as shown in Table 3, was 31 and 27 Q/cm? respectively. In
contrast, the series resistance at PCZDTB and PC,,BM ratio of
1:1 and 1:4 was 320, 62 Q/cm? respectively. The series
resistance of PQCDTB exhibited low value compared to that of
PCZDTB. The decrease of series resistance could increase FF.
PQCDTB showed high FF than PCZDTB due to decrease of
series resistance by self-organization of quinacridone unit.”
Figure Sb showed the external quantum efficiency (EQE) data
of the fabricated device. When PQCDTB was used as a donor
and PC4;BM and PC, BM were used as acceptors, the device had
38% and 41% EQE at 480 nm, respectively. The photovoltaic
devices with PC,;BM as an acceptor showed higher EQE values
than those with PC4;BM as an acceptor, although they absorbed
photons in the same range of the solar spectra. This was because
PC;,BM has a stronger UV—vis absorption property than does
PCg;BM in the visible region, especially near 500 nm.*® Hence,

the PCE improved with an increase in Jgc. In a device that used
PCZDTB as a donor, an EQE of 48% was observed at 440 nm.
Interestingly, A, was blue-shifted by —30 nm because of the low
m—n stacking and the weak intermolecular interaction of
PCZDTB compared with PQCDTB.

To investigate the morphology of the polymer/PCBM blend
film, atomic force microscopy (AFM) was performed, and the
result is shown in Figure 6. In Figure 6a, microphase separation
occurred between the polymer and PC,;BM, while the polymer
formed a small fibril-type domain at a 1:1 PQCDTB/PC,,BM
ratio. As shown in Figure 6c, the fibril domain or microphase
separation was clearer when measured at a 1 X 1 um? size. It
appears that this type of fibril domain occurred because
PQCDTB formed effective 7— stacking based on outstanding
crystallinity.>’ As shown in Figure 6b, in contrast, when the
PQCDTB/PC,,BM ratio was 1:2, the polymers were assembled,
and a large domain was formed. As a result, a relatively large-size
phase separation took place. As shown in Figure 6d, the large
domain or the large-size phase separation was clearer when
measured ata 1 X 1 um” size. The large-phase separation exhibits
a low photocurrent by reducing the charge separation and
increasing the exciton diffusion length and the recombination of
electric charges.>> Therefore, at a 1:2 polymer/PC,,BM ratio, a
large phase separation occurs between the polymer and the
PC,;BM. As a result, a low photocurrent would occur; this is
comparable to the 1:1 ratio. The same results were confirmed for
the current device using the data in Table 3. Similar results were
observed between PQCDTB and PC4BM as well. When the
PCZDTB:PC71BM ratio was 1:4, a smooth morphology was
detected, and no fibril domain was observed, just like the
PQCDTB, because the self-organization of PCZDTB is lower
than that of PQCDTB.’

B CONCLUSION

In this study, PQCDTB has been successfully synthesized
through the Suzuki coupling reaction by introducing planar
quinacridone unit and a broad-absorption benzothiadiazole unit.
PQCDTB had a high molecular weight and good thermal
stability. Because of the appropriate HOMO and LUMO energy
levels, an effective balance was produced. According to the X-ray
diffraction measurement, a broad diffraction peak was observed
at approximately 24.0°. In terms of the 7z—x stacking distance
(d,), a significantly shorter distance (3.7 A) was observed. These
values were similar to the results of the thiophene and thiophene-
fused aromatic system polymers. When the PQCDTB:PC, BM
ratio was 1:1, the highest efficiency was detected, and Vi, Jsc,
FF, and PCE were 0.79 V, 5.6 mA cm™>, 55.8%, and 2.5%,
respectively. When the PQCDTB:PC71BM ratio was 1:1, the
polymer formed a fibril-type domain and microphase separation
occurred between the polymer and PC,; BM. Because of self-
organization, PQCDTB showed a higher FF compared with
PCZDTB. It is likely that more effective performance levels could

Table 3. Photovoltaic Performance of the BHJ Solar Cells with the Device

active layer (w/w)

polymer (P) acceptor (A) weight ratio (P:A, w/w) Voc (V)
PQCDTB PC,,BM 1:1 (50 nm) 0.79
1:2 (50 nm) 0.77
PCZDTB PC,,BM 1:1 (50 nm) 0.85
1:4 (50 nm) 0.85

Jsc (mA/em®)  FE (%)  PCE(%) R (Q/em’) Ry (Q/em’)
5.6 55.8 2.5 31 1483
S.5 54.6 2.3 27 1115
3.3 282 0.8 320 368
72 40.1 2.5 62 401
7819 dx.doi.org/10.1021/ma301466m | Macromolecules 2012, 45, 7815—-7822
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Figure 6. Topographic AFM images of (a) PQCDTB:PC,;BM 1:1 (3 X 3 um?), (b) PQCDTB:PC,,BM 1:2 (3 X 3 um?), (c) PQCDTB:PC,,BM 1:1 (1

x 1 um?*), and (d) PQCDTB:PC,;BM 1: 2 (1 X 1 um?).

be obtained if the chemical structure and device structure of the
polymer were optimized.

B EXPERIMENTAL SECTION

Instruments and Characterization. Unless otherwise specified, all
the reactions were carried out under nitrogen atmosphere. Solvents were
dried by standard procedures. All column chromatography was
performed with the use of silica gel (230—400 mesh, Merck) as the
stationary phase. 'H NMR spectra were performed in a Bruker ARX 400
spectrometer using solutions in CDCl; and chemical were recorded in
ppm units with TMS as the internal standard. The elemental analyses
were measured with EA1112 using a CE Instrument. Electronic

7820

absorption spectra were measured in chloroform using a HP Agilent
8453 UV—vis spectrophotometer. The cyclic voltammetric waves were
produced using a Zahner IM6eX electrochemical workstation with a 0.1
M acetonitrile (substituted with nitrogen for 20 min) solution
containing tetrabutyl ammonium hexafluorophosphate (Bu,NPF) 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 HOMO levels of the
polymers were determined using the oxidation onset value. Onset
potentials are values obtained from the intersection of the two tangents
drawn at the rising current and the baseline changing current of the CV

dx.doi.org/10.1021/ma301466m | Macromolecules 2012, 45, 7815—-7822
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curves. TGA measurements were performed on NETZSCH TG 209 F3
thermogravimetric analyzer. All GPC analyses were made using THF as
eluant and polystyrene standard as reference. X-ray diffraction (XRD)
patterns were obtained using SmartLab 3 kW (40 kV 30 mA, Cu target,
wavelength: 1.541871 ang), Rigaku, Japan. 2D-GIXRD: CBO-f (point-
like beam optic), PILATUS 100 K—S (2D detector). Topographic
images of the active layers were obtained through atomic force
microscopy (AFM) in tapping mode under ambient conditions using a
XE-100 instrument. Theoretical study was performed by using density
functional theory (DFT), as approximated by the B3LYP functional and
employing the 6-31G* basis set in Gaussian09.

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 tin oxide (ITO)
substrates [Sanyo, Japan (10 Q/y)] were sequentially lithographically
patterned, cleaned with detergent, and ultrasonicated in deionized
water, acetone, and isopropyl alcohol. Then the substrates were dried on
a hot-plate at 120 °C for 10 min and treated with oxygen plasma for 10
min in order to improve the contact angle just before the film coating
process. Poly(3,4-ethylene—dioxythiophene):poly(styrene—sulfonate)
(PEDOT:PSS, Baytron P 4083 Bayer AG) was passed through a 0.45
pm filter before being deposited onto ITO at a thickness of ca. 32 nm by
spin-coating at 4000 rpm in air and then it was dried at 120 °C for 20 min
inside a glovebox. Composite solutions with polymers and PCBM were
prepared using 1,2-dichlorobenzene (DCB). The concentration was
controlled adequately in the 0.5 wt % range, and the solutions were then
filtered through a 0.45 ym PTFE filter and then spin-coated (500—2000
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 of less than 107 Torr. The active area of the
device was 4.0 mm?. Finally, the cell was encapsulated using UV-curing
glue (Nagase, Japan). In this study, all of the devices were fabricated with
the following structure: ITO glass/PEDOT:PSS/polymer:PCBM/
BaF,/ Ba/Al/encapsulation glass.

The illumination intensity was calibrated using a standard a Si
photodiode detector that was equipped with a KG-5filter. The output
photocurrent was adjusted to match the photocurrent of the Sireference
cell in order 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. The current—voltage (I-V) curves of the
photovoltaic 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?). Thicknesses of the thin films were measured using a KLA
Tencor Alpha-step 500 surface profilometer with an accuracy of 1 nm.

Synthesis. All reagents were purchased from Aldrich, Acros, or TCI
companies. All chemicals were used without further purification. The
following compounds were synthesized following modified literature
procedures: 4,7-bis(5-bromothiophen-2-yl)-5,6-bis(octyloxy)-
benzothiadiazole (M3) and poly[carbazole-alt-octyloxydithienylbenzo-
thiadiazole] (PCZDTB).?

N,N’-Di(2-octyldodecyl)quinacridone. Quinacridone (4.0 g, 13.0
mmol) and KOH (19.6 g, 351 mmol) were dissolved in DMF (50 mL).
The mixture was stirred for 30 min, followed by addition of 9-
(bromomethyl)nonadecane (28.6 g, 71.9 mmol). The resulting mixture
was heated to a reflux for 24 h. After cooling, the mixture was poured
into water (50 mL), extracted with ethyl acetate (EA), and then dried
over Na,SO,. The solvent was removed by rotary evaporation, and the
resulting crude product was purified by column chromatography eluting
with dichloromethane yielding the product as red solid. (0.7 g, 7%). 'H
NMR (400 MHz; CDCl;; Me,Si): 8.89 (s, 2H), 8.61 (d, 2H), 7.77 (4,
2H), 7.61 (d, 2H), 7.29 (t, 2H), 4.54 (s, 4H), 2.28 (m, 2H), 1.51-1.11
(m, 64H), 0.87—0.84 (t, 12H). *C NMR (100 MHz; CDCl;; Me,Si):
178.0, 142.9, 136.3, 134.2, 128.1,126.1, 121.2, 120.8, 115.4, 114.4, 49.8,
36.8,31.8(4), 29.5(9),22.6(2), 14.1(2) Anal. Calcd for C4,H,,N,0,: C,
82.51; H,10.62; N, 3.21; O, 3.66. Found: C, 82.06; H, 11.28; N, 2.85; O,
4.16.

2,9-Dibromo-N,N’-di(2-octyldodecyl)quinacridone. The mix-
ture of N,N’-Di(2-octyldodecyl)quinacridone (1.7 g, 1.94 mmol) and
sodium acetate (0.41 g, 5.04 mmol) and acetic acid (80 mL) was heated
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to reflux with stirring. A solution of Br, (1.09 g, 6.8 mmol) in acetic acid
(10 mL) was added dropwise to the mixture, followed by stirring for 1 h.
After the mixture had cooled, the precipitated solid was collected by
filtration and washed with aqueous NaHSO; and water. The crude
product was recrystallized in hexane the product as red solid. (1.12 g,
55%) 'H NMR (400 MHz; CDCly; Me,Si): 8.75 (s, 2H), 8.63 (d, 2H),
7.76 (dd, 2H), 7.45 (d, 2H), 4.45 (s, 4H), 2.19 (m, 2H), 1.53—1.21 (m,
64H), 0.90—0.84 (t, 12H). *C NMR (100 MHz; CDCly; Me,Si): 176.0,
141.3, 136.8, 130.1, 121.9, 117.5, 114.5, 114.0, 49.8, 36.8, 31.8(4),
29.5(9), 22.6(2), 14.1(2) Anal. Calcd for C4Hy,Br,N,O,: C, 69.89; H,
8.80; N, 2.72; O, 3.10. Found: C, 67.20; H, 8.90; N, 2.72; O, 3.53.

2,9-Diboronic Ester-N,N’-di(2-octyldodecyl)quinacridone
(M1). A solution of 2,9-dibromo-N,N’-di(2-octyldodecyl)quinacridone
(1.0 g 0.96 mmol), bis(pinacolato)diboron (0.55 g, 2.20 mmol),
PdClL(dppf) (0.12 g 0.16 mmol) and KOAc (0.54 g 5.57 mmol) in
degassed 1,4-dioxane (10 mL) was stirred at 80 °C overnight. The
reaction was quenched by adding water, and the resulting mixture was
washed with chloroform. The organic layers were washed with brine,
dried over Na,SO,. The solvent was removed by rotary evaporation, and
the crude product was recrystallized in ethyl acetate (EA) the product as
brown solids. (0.74 g, 67%) "H NMR (400 MHz; CDCly; Me,Si): 9.07
(s,2H), 8.87 (d,2H), 8.11 (dd, 2H), 7.56 (d, 2H), 4.52 (s, 4H), 2.24 (m,
2H), 1.43 (s, 24H), (1.38—1.11 m, 64H), 0.90—0.84 (t, 12H). *C NMR
(100 MHz; CDCly; Me,Si): 179.8, 144.6, 139.6, 136.1, 127.4, 120.4,
114.8, 114.0, 83.9, 49.8, 36.8, 31.8(4), 29.5(9), 22.6(2), 14.1(2) Anal.
Calcd for C,,H, 4,B,N,Oq: C, 76.85; H, 10.21; N, 2.49; O, 8.53. Found:
C, 75.71; H, 10.42; N, 2.26; O, 6.74.

Poly[quinacridone-alt-octyloxydithienylbenzothiadiazole]
(PQCDTB). 4,7-Bis(S-bromothiophen-2-yl)-$,6-bis(octyloxy)-
benzothiadiazole (M3) (0.19 g, 0.27 mmol), 2,9-diboronic ester-N,N'-
di(2-octyl-dodecyl)quinacridone (M1) (0.30 g, 0.27 mmol), Pd-
(PPh;),(0) (0.009 g, 0.008 mmol) and aliquat336, were placed in a
Schlenk tube, purged with three nitrogen/vacuum cycles, and under
nitrogen atmosphere added 2 M degassed aqueous K,CO; (10 mL) and
dry toluene(20 mL). The mixture was heated to 90 °C and stirred in the
dark for 24 h. After the polymerization was over, it was end-capped with
bromothiophene. After reaction quenching, the whole mixture was
poured into methanol. The precipitate was filtered off, purified with
Soxhlet extraction in the following order: methanol, acetone and
chloroform. The polymer was recovered from the chloroform fraction
and precipitated into methanol. The final product was obtained after
drying in vacuum as a dark black solid. (0.36 g, 92%) Anal. Calcd for
CooH 30N,0,S5: C, 75.69; H, 9.17; N, 3.92; S, 6.74; O, 4.48. Found: C,
74.61; H, 9.07; N, 3.81; S, 6.03; O, 5.36.

B ASSOCIATED CONTENT
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