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Four anthracene-based D-m-A polymers, poly[anthracene-alt-4,7-bis(thiophen-2-yl)-5,6-bis(octylox-
y)benzo|c][1,2,5]thiadiazole] (P1, P3) and Poly[anthracene-alt-4,7-bis(thiophen-2-yl)-5,6-bis(octylox-
y)benzo|c][1,2,5]oxadiazole] (P2, P4), were successfully polymerized through Suzuki coupling reaction.
The polymers include benzooxaediazole (BO), PAnoBO, and PAnoBO-EH exhibited the deep HOMO level

(—5.39 eV or lower) because BO has a lower lying oxidation potential than Benzothiadiazole (BT). BO
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acceptor enhanced the electron withdrawing property of the polymers, inducing long-wavelength
absorption and 0.05-0.1 eV reduction in the band-gap. For solar cells using a PAnoBO:PC5;BM (1:4, w/w),
the resulting J., Voc, FF, and PCE were 3.1 mA/cm?, 0.74 V, 48.8%, and 1.2%, respectively.

© 2015 The Korean Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights

reserved.

Introduction

For several decades, polymer solar cells (PSCs) with a bulk
heterojunction (BH]) structure have received considerable atten-
tion. They have several advantages over traditional PV cells such as
their low cost, low weight, applied over large surfaces and use a
sustainable source of energy: sunlight. Therefore, many investiga-
tions into new organic semiconductors with superior photovoltaic
properties have been carried out [1-4].

In general, the active layer of a high-efficiency PSC is composed
of a blended bulk heterojunction (BHJ) configuration consisting of
an electron-donor (conducting polymer) and an electron acceptor
(a fullerene derivative) [5,6]. For BH] solar cells, high efficiency can
be achieved by designing and tuning the chemical and structural
parameters of the donor polymer (e.g., the conjugated backbone
and side chains). In particular, the donor-acceptor (D-A) concept
has been widely used in the design of conjugated polymers that are
used in PSCs [7,8]. Their molecular orbitals can be fine-tuned by a
choice of donor and acceptor. The ideal conjugated polymer for
PSCs must have both broad absorption and a high absorption
coefficient in the visible and near-infrared regions. Moreover, it
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must have high hole mobility and suitable HOMO and LUMO
energy levels. Also, to assemble the active layer, it should also be
miscible with the fullerene component to generate the appropriate
nano-structured film [9,10]. Recently, high efficiency has been
achieved using a conjugated polymer formed of a backbone with
alternating units of an electron-rich donor and an electron-
deficient acceptor [11-14].

Various organic electronic devices have been built using
anthracene-based polymers as the donor unit in D-A type
polymers. In particular, for organic photovoltaics (OPVs), good
charge transport properties have been achieved in these polymers
because of the planarity and rigidity of anthracene. Furthermore,
anthracene has a low HOMO energy level, resulting in a high open
voltage current (V,.). However, further optimization of its
solubility is necessary to enable the use of solution processing
[15,16]. In general, unsubstituted anthracene derivatives without
side-chains are poorly soluble in organic solvents. Therefore, in this
report, we describe out attempts to improve the solubility of the
anthracene-copolymer by introducing bulky side chains at the 9-
and 10-positions of anthracene. However, the introduction of side
chains can reduce the charge transport properties and interrupt
the intermolecular packing of the copolymer when formed into a
thin film. Therefore, it is important to select an appropriate side
chain and acceptor to synthesize a copolymer with both good
solubility and good intermolecular packing [17,18]. Also, the donor
unit of a D-A type polymer should be paired with acceptors that
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lower the energy of the polymer LUMO. Benzothiadiazole (BT) has
been widely used in PSCs as a strong electron-withdrawing unit. It
is an electron-acceptor and has a quinoid structure, and these
features can reduce the band-gap while allowing the formation of
coplanar polymers [19-23]. Using benzoxadiazole (BO), which is a
structure analog of BT, forms a polymer with lower HOMO and
LUMO energy levels. In addition, polymers contain BO are air-
stable. Moreover, when the polymer is blended with fullerene, high
open-circuit voltages are achieved. However, in the case of several
polymers based on BO, their low solubility led to the formation of
low molecular weight polymers with low power conversion
efficiencies (PCEs). Later, Wei et al. reported that the introduction
of the octyloxy chain at the 5- and 6-positions of BO could improve
polymer solubility [24-31].

In this report, we synthesized four D-A-type polymers, labeled
P1, P2, P3, and P4, based on anthracene derivatives containing
acceptors with different electron-withdrawing properties. The
optical and electrochemical properties of BT and BO polymers are
also described. We concluded that the introduction of BO in
polymers P2 and P4 was the cause of the strong and broad
absorptions observed in the UV-vis spectra. Furthermore, lower
molecular orbital energy levels were achieved, including a 0.05-
0.1 eV reduction in the band-gap and lower HOMO energies; for
example, —5.33 and -5.36eV for P1 and P3 and -5.39 and
—5.53 eV for P2 and P4, respectively. Therefore, greater PCE values
were obtained using the BO-containing polymers as the active
layer in a conventional PV cell; namely, PCE was 1.2% for
P2:PC7:BM (1:4, 0.5 wt %).

Results and discussion
Synthesis and characterization of the polymers

Scheme 1 illustrates the chemical structure and synthesis of
the monomers and polymers. The anthracene derivatives, which
act as donors, 2,6-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)anthracene (D1) and 2,2’-(9,10-bis(2-ethylhexyloxy)-9,10-di-
hydroanthracene-2,6-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxabor-
olane) (D2), which has a 2-ethylhexyloxy side chain at the 9- and
10-C positions of D1 (Scheme 1) were synthesized. Additionally,
benzo-2,1,3-thiadiazole, 4,7-bis(5-bromothiophene-2-yl)-5,6-
bis(octyloxy)-benzo-2,1,3-thiadiazole (A1), which is a benzo[-
c][1,2,5]oxadiazole derivative, and 4,7-bis(5-bromothiophen-2-
y1)-5,6-bis(octyloxy)benzo[c][1,2,5]oxadiazole (A2) were pre-
pared. Using these donors (D1 and D2) and acceptors (A1, A2),
the D-A type polymers poly|2,6-anthracene-alt-4,7-bis(thiophen-
2-y1)-5,6-bis(octyloxy)benzo|c][1,2,5]thiadiazole] (P1), poly[2,6-
anthracene-alt-4,7-bis(thiophen-2-yl)-5,6-bis(octyloxy)benzo[c]
[1,2,5]oxadiazole] (P2), poly[9,10-bis(2-ethylhexyloxy)anthra-
cene-alt-4,7-bis(thiophen-2-yl)-5,6-bis(octyloxy)benzo|c][1,2,5]
thiadiazole] (P3), and poly[9,10-bis(2-ethylhexyloxy)anthra-
cene-alt-4,7-bis(thiophen-2-yl)-5,6-bis(octyloxy)benzo|[c][1,2,5]
oxadiazole] (P4) were prepared by using the Suzuki coupling
reaction. The polymerization reaction was performed in toluene
in the presence of Pd(0)(PPhs)4 catalyst, 2 M aqueous potassium
carbonate as the base, and Aliquat 336 as a surfactant for 48 h at
90-95 °C. After completion of the polymerization, an end-capping
reaction was conducted by adding bromobenzene and phenyl-
boronic acid and stirring the solution for 3 h. The obtained
powders were re-precipitated in methanol and purified by
Soxhlet extraction using methanol, acetone, chloroform, and o-
dichlorobenzene, in that order. Finally, the o-dichlorobenzene
fraction was re-precipitated in methanol. The obtained powders
were dark purple solids. P1, P2, P3, and P4 had isolated yields of
29,59, 82, and 59%, respectively. Polymer P1 had low solubility in
o-dichlorobenzene and, even at elevated temperatures, only

partially dissolved. In contrast, P2 was mostly soluble in o-
dichlorobenzene. Both P3 and P4 showed good solubility in
general organic solvents such as chloroform (CHCls), tetrahydro-
furan (THF), chlorobenzene, and o-dichlorobenzene. The synthe-
sized polymer structures were further analyzed by 'H NMR and
elemental analysis (EA) (see in ESI, Fig. S1).

Table 1 summarizes the molecular weights and thermal
properties of the polymers. Number average molecular weights
(M,) were determined using gel permeation chromatography with
polystyrene as the standard and were 15, 13, 21, and 23 kDa with
narrow PDI distributions of 1.6, 1.5, 1.9, and 1.3 for polymers P1-
P4, respectively. Using thermogravimetric analysis (TGA), P1-P4
we were shown to have high thermal stability, even between
250 and 290 °C where they showed 5 wt% loss. These results imply
that the synthesized polymers could be used in polymeric solar
cells or other optoelectronic devices, as shown in Fig. S2.

Optical properties

The UV-vis spectra of the polymers in the solution phase
(Fig. 1(a)) and film-phase (Fig. 1(b)) are shown in Fig. 1, with a
summary in Table 2.

As shown in Fig. 1, all polymers have two absorption peaks in
the range of 300 to 800 nm. The absorption peaks that appear at
high-energy wavelengths (ca. 349-356 nm) are due to m-T*
transitions. In contrast, the absorption peaks at lower energy
wavelengths (ca. 505-548 nm) are due to the intramolecular
charge transfer (ICT) between the donors and acceptors [32,33].

In solution (o-dichlorobenzene), polymers P1 and P2 have
similar absorption peaks with pairs of peaks was observed at
349 and 541 nm for P1 and 350 and 548 nm for P2. On the other
hand, in solution, P3 and P4, which both have a 2-ethylhexyloxy
side chains, the absorption peaks were blue-shifted with respect
to P1 and P2 at 348 and 505 nm for P3 and 356 and 507 nm for
P4. The maximum absorption wavelengths of the thin films
(Amax) Were red-shifted by 1-48 nm compared to the solution
state UV-vis spectra. This implies that in the film state there are
stronger intermolecular interactions between the polymer
chains than the solution state, leading to efficient 2-D stacking
[34]. In particular, for P1 and P2, the absorption peaks located at
about 600 nm have shoulders that arise due to their ordered
solid-state structures. This phenomenon indicates that the
polymers not only effectively reduce the steric hindrance in
the solid state, but they also promote stronger chain stacking,
even in solution [35]. Moreover, in the film state, the polymers
have A qax at 363 and 596 nm for P2 and 357 nm and 547 nm for
P4, and these values are red-shifted (A = 1-48 nm) compared to
those of polymers P1 and P3. For BO-containing polymers, better
absorption intensity at longer wavelengths was observed
compared to the BT-containing polymers. This is due to the
greater electronegativity of oxygen than sulfur, which increases
ICT effect in BO-compared to BT-containing polymers [36]. The
electron configuration of oxygen and sulfur are 1s2/2s2/2p* and
1s2/2s%/2p®/3s2/3p*, respectively. The nucleus of oxygen can
affect the neighboring electrons and exerts a large force on the
peripheral electron because an oxygen atom is smaller than a
sulfur atom [37]. The calculated band-gaps of P1-P4 were
calculated from the UV onset values and are 1.91, 1.86, 1.93, and
1.83 eV, respectively. The BO-containing polymers P2 and P4
have smaller band-gaps than either P1 or P3 [26].

Orientation analysis
The spacer structure of the polymers and the ordering and

crystallinity of the thin films were analyzed by X-ray diffraction at
annealing temperatures.
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Scheme 1. Synthesis of monomers and polymers.
To analyze the ordered structure of the polymer, X-ray
Table 1 ) diffraction analysis of the polymer film was carried out in out-
Physical and thermal properties of polymers. of-plane mode (Fig. 2(a)). For P3 and P4 films, sharp diffraction
Polymer Yield [%] M, [g/mol] M,, [g/mol] PDI T4 [°C] peaks (1 0 0) were observed at 5.28 and 5.04°, resulting from their
1 29 15.000 24,000 16 580 (100) lamellar structures. The lamellar d-spacings (d;) were
P2 59 13,000 19,500 15 250 calculaﬂted using Bragg’s law (A =2dsinf) and are 16.88 and
P3 82 21,000 41,000 1.9 275 17.31 A. In the case of P3 and P4, the (0 1 0) peak was not observed,
P4 59 23,000 32,000 13 290 which indicates the formation of an edge-on crystalline structure.

Determined by GPC in chloroform using polystyrene standards. P1 and P2 had reflections at 3.94 and 4.62°, respectively, due to the
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Fig. 1. UV-vis absorption spectra of polymers in solution (a) and film (b).

(h 00) lamellar structure. Similarly, the (0 h 0) lamellar structures (A =2d x sinf), the highly ordered (100) lamellar d-spacings

in P1 and P2 gave rise to reflections at 21.79 and 21.55°, (d;) are 22.43 and 19.12A. -7 stacking distances (d,) are
respectively. These observations indicate a bimodal crystal 4.08 and 4.12 A. Due to the -7 stacking peak observed at the
structure in an out-of-plane mode. Thus, using Bragg’s law (0 1 0) face of the out-of-plane mode, we concluded that the crystal
Table 2
Optical and electrochemical data of all polymers.
Polymer UV-vis absorption
ODCB sol Film Cyclic voltammetry
Amax [nm] Amax [nm] Aonset [nm] Eg%P [eV] E®onset/ HOMO [V]/[eV] LUMO" [eV]
P1 349, 541 353, 553, 583 649 1.91 1.00/-5.33 —-3.42
P2 350, 548 363, 563, 596 667 1.86 1.07/-5.39 -3.53
P3 348, 505 356, 518 642 1.93 1.03/-5.36 343
P4 356, 507 357, 547 678 1.83 1.20/-5.53 -3.70

2 Calculated from the intersection of the tangent on the low energetic edge of the absorption spectrum with the baseline.
> LUMO=HOMO+E,.
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Fig. 2. X-ray direction pattern of polymers on a silicon wafer and a Polymer on silicon wafer out-of-plane (a) and in-plane (b) mode.

structure in the polymer film has a face-on orientation. This was
confirmed by further analysis using in-plane mode X-ray
diffraction. The in-plane mode X-ray diffraction analysis results
are shown in Fig. 2(b) for P1 and P2 polymer films. At both low
and high angles, crystalline peaks were observed for P1 and P2,
with a predominance of low-angle sharp peaks. This result
indicates the formation of a film with face-on rich mixed
orientation. P1 and P2 polymers with the face-on structure have
shoulder peak, and the A,.x values for P1 and P2 are 583 and
596 nm, respectively. The UV-vis spectra of the films, shown in
Fig. 1(b), can be explained by ICT effect between the donors and
acceptors.

Computational studies

To identify the electronic properties, molecular geometries and
density of states distributions of the polymers, density functional
theory (DFT) calculations were made. DFT calculations were
performed using Gaussian 09 with the hybrid B3LYP correlation
functional and the 6-31G(d) split-valence basis set. For computa-
tional simplification, the alkoxy side chains on both the BT and BO
acceptor units were replaced by methoxy groups, and the
branched alkyl side chains on the anthracene unit were replaced
by sec-butyl groups. The polymer backbones were simplified to
oligomers with one repeating unit for the calculation. The
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calculated HOMO and LUMO orbitals are shown in Fig. 3, and
Table 3.

As shown in Fig. 3, the HOMO orbitals are localized on the donor
anthracene moiety. In contrast, the LUMO orbitals are localized
over the acceptor and spacer unit due to the non-bonding lone pair

Table 3
Calculated parameters.

Polymer Dihedral angle (°)
1 2 3 HOMO®? [eV] LUMO®? [eV]
P1 8 27 - —4.23 -1.94
P2 10 23 - —-5.04 223
P3 8 35 76 —6.68 —0.58
P4 9 35 76 —-6.75 —0.53

of the nitrogen atom and the quinoid structure generated between
electron-withdrawing sulfur/oxygen atoms. The DFT calculations
revealed that polymers P1-P4 have well-defined D-1-A structures
and intramolecular charge transfer properties (i.e., the HOMO to
LUMO transition is a donor to acceptor ICT effect) [38].

Fig. 3 shows three marked dihedral angles (1, 2, and 3) of the
optimized polymer backbones (P1-P4) determined by DFT
calculations. In all four polymers, dihedral angle 1 is similar,
ranging from 8 to 10°. Polymers P1 and P2, which contain donor D1,
have values of 23 and 27° for dihedral angle 2. In contrast, in
polymers P3 and P4, which contain donor D2, dihedral angle 2 was
larger (36°). This difference can be attributed to the additional side
chains attached to the 9- and 10-C positions of anthracene, which
increased steric hindrance between the backbone and side chain.
Dihedral angle 3 is 76° for both P3 and P4.
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These results agree with the UV-vis spectra of the films of P1
and P2; that is, the presence of shoulder peaks. Moreover, X-ray
diffraction peak analysis showed that P1 and P2 with superior
planarity display face-on structures; in contrast, P3 and P4 have
edge-on structures. The DFT calculated HOMO energies for P1-P4
are —4.23, —5.04, —6.68, and —6.75 eV, respectively. These indicate
that the HOMO energy is lowered as the electron donating
properties of the donor segments increase. Indeed, You et al.
showed that in a push-pull system, the HOMO energy is
determined by the donor strength [8]. Thus, we confirmed that
polymers containing D2 and BO had lower HOMO energy level than
those containing either D1 or BT.

Electrochemical properties

Cyclic voltammograms (CV) of the polymer thin films were
measured in acetonitrile solution using 0.1 M tetrabutylammo-
nium-hexafluorophosphate (TBAHFP) in acetonitrile solution. As
shown in Fig. 4, clear oxidation peaks were observed for all
polymers, and these are due to their D-A structure. The oxidation
onset values (Ex°"¢") for P1-P4 are 1.00, 1.07, 1.03, and 1.20V,
respectively. The corresponding calculated HOMO levels are —5.33,
-5.39, -5.36, and —5.53 eV, respectively. Due to the higher
oxidation stability of oxygen compared to sulfur, P2 and P4 have
lower HOMO energies compared to P1 and P3. Therefore, higher V¢
are expected for devices containing P2 and P4. The above-
mentioned optical band-gap and HOMO level difference allowed
us to calculate the LUMO energies of P1-P4, which are —3.52,
—-3.67, —3.43, and -3.70eV, respectively [39,40]. To have
oxidation stability, the HOMO level should be lower than the air
oxidation threshold (—5.27 eV). Thus, the low HOMO levels
(<-5.25eV), indicates good oxidation stability.

Photovoltaic characteristics

To investigate the photovoltaic (PV) properties of the synthe-
sized polymers, conventional BH] PSCs were prepared. The
photovoltaic properties of the polymers were assessed by
preparing PSA devices with an ITO/PEDOT:PSS/polymer:PC7;BM/
BaF,/Ba/Al structure. All devices were prepared and encapsulated

in a glove box. J-V characteristics were measured at ambient
atmosphere with an active area of 4 mm?. The weight ratio of
polymer to PC;{BM was varied, and samples with ratios of 1:2, 1:3,
and 1:4 were prepared. o-Dichlorobenzene was used as the
solvent. The J-V curves of the devices at the optimized weight
ratios are shown in Fig. 5(a), and the corresponding IPCE curves are
shown in Fig. 5(b). The PV properties of the prepared PSCs are
summarized in Table 4. Even at elevated temperatures, P1 was only
partially soluble in o-dichlorobenzene. Therefore, the solution
could not be filtered through a PTFE filter, so we couldn’t make P1
device. For polymer P2 at a weight ratio of 1:4, V,, short-circuit
current (Js), fill factor (FF), and PCE were 0.74V, 3.1 mA/cm?,
48.8%, and 1.2%, respectively. For polymer P4, with a weight ratio of
1:2, Voe, Jse, FF, and PCE were 0.84 V, 3.8 mA/cm?, 31.4%, and 1.0%,
respectively. V,. is determined by the difference between the
HOMO of the polymer and the LUMO of PC;;BM. The obtained V,
values from the prepared devices are in good agreement with the
HOMO levels obtained from CV measurements and DFT calcula-
tions. P2 and P4, which contain BO and are stable to oxidation, have
low HOMO energies and large V,. values. Particularly, P4 has a
higher J,. compared to P2, which could be ascribed to the high
quantum efficiency due to the edge-on structure of P4. However,
due to its relatively large series resistance (Rs) and small shunt
resistance (Rsy), P4 has lower FF than P2, and a PCE of only 1.0%,
which is lower than that of P2 [41,3].

For polymer P3, with a weight ratio of 1:3, V,, Js., FF, and PCE
were 0.64 V, 1.4 mA/cm?, 25.2%, and 0.2%, respectively. Because BT
is the acceptor in P3, the observed V,. was ow compared to P2 and
P4. Also, the FF and Js. values are lower; consequently, the device
efficiency was low. This can be explained by the series resistance
(Rs) and shunt resistance (Rsy). At lower Rs and higher Rsy, there is
a lower chance of recombination of excitons, which can improve
the properties of the interface with the buffer layer [42]. However,
in the case of P3, similar Rs and Rsy values were obtained, which
induced high current loss and low J.

Morphology analysis

The morphologies of polymer/PC;;BM blend films were
analyzed by AFM (Fig. 6). Similar RMS roughness values were
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obtained for films of P2, P3 and P4 blended with PC;;BM (0.49,
0.41, and 0.42 nm). In general, a smaller RMS value indicates a
more homogeneous, smoother, surface; however, morphology is
affected more by the surface state than by small deviations of RMS
values [43]. Both P2/PC;;BM and P4/PC;;BM blends showed

uniform nanostructures with good intermixing and phase separa-
tion to form percolation pathways. However, no phase separation
was observed for P3 [44,45]. A consequence of these morphological
factors is that the FF values for P2 and P4 were 48% and 31%,
respectively, and both Ji values were greater than 3 mA/cm?.

Table 4
Photovoltaic properties of polymers.
Polymer PC,1BM ratios (w:w) Voc [V] Jsc [mA/cm?] FF [%] PCE [%] Rs (Q1cm?) Rsy (Q2cm?)
P1 - - - - - - -
P2 1:4 0.737 3.1 48.8 1.2 60 1111
P3 1:3 0.636 14 25.2 0.23 481 470
P4 1:2 0.838 3.8 314 1.0 168 448
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1¢00

RMS = 0.49nm

Fig. 6. Topographic AFM images of Polymer:PC7;BM (a) P2:PC;;BM 1:4 w/w (1 x 1 wm?), (b) P3:PC7:BM 1:4 w/w (1 x 1 wm?), and (c) P4:PC7;BM 1:2 wjw (1 x 1 um?).

Moreover, both showed more than 1% PCE. In the case of P3, the
small domains and unconnected film formation led to low FF (25%)
and J.c (1.4 mA/cm?), leading to a low PCE of only 0.2% (Fig. 5).

Conclusions

In this study, we used anthracene as a donor and benzothia-
diazole and benzoxadiazole as acceptors to prepare four polymers
(P1-P4) by Suzuki coupling. The replacement of the sulfur
containing BT acceptor by the oxygen containing BO acceptor
enhanced the electron withdrawing property of the polymers,
inducing long-wavelength absorption and smaller band-gaps. Also,
the HOMO energies were lowered due to the high oxidation
stability of BO, leading to a consequent improvement in
Voc. Polymers P2 and P4, which contain oxygen (BO), showed
good charge separation, transportation, and high open-circuit
voltages. Consequently, BO-containing polymers showed good
efficiency when applied as an active layer in conventional PV cells.
Moreover, high PCE values were obtained; namely, 1.2% efficiency
with a P2:PC;;BM blend (1:4, 0.5 wt%).

Experimental
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
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 hexafluor-
ophosphate (BuyNPFg) 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
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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 curves. TGA
measurements were performed on NETZSCH TG 209 F3 thermo-
gravimetric analyzer. All GPC analyses were made using Chloro-
form as eluent and polystyrene standard as reference. Topographic
images of the active layers were obtained through atomic force
microscopy (AFM) in tapping mode under ambient conditions
using a XE-100 instrument. All of the GPC analyses were performed
using CHCl; as an eluent and a polystyrene standard as a reference.
X-ray diffraction (XRD) patterns were obtained using a SmartLab
3 kW (40 kV 30 mA, Cu target, wavelength: 1.541871 A) instru-
ment from Rigaku, Japan. Topographic images of the active layers
were obtained through atomic force microscopy (AFM) in tapping
mode under ambient conditions using an XE-100 instrument.
Theoretical analyses were performed using density functional
theory (DFT), as approximated by the B3 LYP functional and
employing the 6-31G* basis set in Gaussian09. The current
density-voltage (J-V) curves of the photovoltaic devices were
measured using a computer-controlled Keithley 2400 source
measurement unit (SMU) that was equipped with a Class A Oriel
solar simulator under an illumination of AM 1.5G (100 mW/cm?).
Topographic images of the active layers were obtained through
atomic force microscopy (AFM) in tapping mode under ambient
conditions using an XE-100 instrument.

Fabrication and characterization of polymer solar cells

All the BHJ photovoltaics (PV) cells were prepared using the
following device fabrication procedure. Indium tin oxide (ITO)
glass (10 X/sq, Samsung corning) was sequentially sonicated in
detergent (Alconox in deionized water, 10%), acetone, isopropyl
alcohol, and deionized water for a period of 20 min. The moisture
was thoroughly removed with a N, gas flow. To ensure the
complete removal of the remaining water, the ITO glass was heated
on a hot plate for 10 min at 100 °C. For the hydrophilic treatment of
the ITO glass surface, the glass was cleaned for 10 min in a UVO
cleaner, and poly(3,4-ethylene-dioxythiophene):poly(styrene-sul-
fonate) (PEDOT:PSS, Baytron P 4083 Bayer AG) was passed through
a 0.45-pm filter before being deposited onto the ITO glass to
produce a 50-nm-thick layer by spin-coating at 4000 rpm. The
coated glass was then dried at 120 °C for 20 min inside a glove box.
Composite solutions of the polymer and PC;;BM were prepared
using o-dichlorobenzene (0-DCB). The solutions were filtered
through a 0.45-pm polytetrafluoroethylene (PTFE) filter and then
spin-coated (1000-4000 rpm, 30 s) on top of the PEDOT:PSS layer.
The device fabrication was completed by depositing thin layers of
BaF, (2 nm), Ba (2 nm), and Al (100 nm) at pressures of less than
1075 Torr.

The active area of the device was 0.04 cm?. Finally, the cell was
encapsulated using a UV-curing glue (Nagase, Japan). All devices
were fabricated with the following structure: ITO glass/PED-
OT:PSS/polymer:PC;;BM/BaF,/Ba/Al. The output photocurrent was
adjusted to match the photocurrent of the Si reference cell to
obtain a power density of 100 mW/cm?. After encapsulation, all
devices were operated under ambient atmosphere at 25 °C.

Materials

All reagents were purchased from Aldrich, Acros, or TCI. All of
the chemicals were used without further purification. Toluene and
tetrahydrofuran (THF) were distilled from benzophenone ketyl and
sodium. 5,6-Bis(octyloxy)-benzo-2,1,3-thiadiazole and 5,6-bis(oc-
tyloxy)-benzo-2,1,3-oxadiazole were synthesized according to
previous procedures [20,24].

2,6-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)anthracene (D1)

2,6-Dibromoanthracene(2.00 g, 6.46 mmol) 1, bis(pinacolato)-
diboron (4.16 g, 16.16 mmol), PdCl, (dppf) (0.164 g, 26.38 mmol),
and potassium acetate (KOAc) (2.5 g, 26.38 mmol) were added in
Schlenk flask and kept under vacuum for 10 min. Under an argon
flow anhydrous 1,4-dioxane (40 mL) was added to above mixture
and the mixture was stirred at room temperature for 30 min before
it was heated at 80 °C and stirred for 20 h. The resulting mixture
was quenched by adding water and extracted with ethyl acetate
(100 mL). The combined organic layers were washed with brine,
dried over Na,S0O,, and filtered. After removing the solvent, a dark
red solid was obtained, which was purified by silica gel
chromatography by using 5% ethyl acetate in hexane as eluent
to give the title compound as yellow solid (2.0 g, 71%). 'H NMR
(400 MHz, CDCls): § 8.55 (s, 2H), 8.44 (s, 2H), 8.01 (dd, 2H), 7.76
(dd, 2H), 1.39 (s, 24H).

2,6-Dibromo-9,10-bis(2-ethylhexyloxy )-9,10-dihyroanthracene (1)

2,6-Dibromo-9,10-anthraquinone (2.0 g, 5.4 mmol), tetrabuty-
lammonium bromide (1.6 g, 4.9 mmol), Na,S,04 (1.9 g, 11 mmol),
and water (50 mL) were added under nitrogen. The mixture was
stirred for 10 min, and CH,Cl, (60 mL) was added. When the
solution turned to a green color, 20% NaOH (aq) was added and
stirred for 2 h. To this solution was added 2-ethylhexyl bromide
(8.8 g, 54 mmol), and the mixture was stirred for 8 h. The product
was purified on a silica column using hexane/CH,Cl, (5:1) as the
eluent. Yield: 2.0 g (70%). Mp: 127-129 °C. 'H NMR (400 MHz,
CDCls): 6 8.36 (d, 2H), 8.21 (s, 2H), 7.64 (dd, 2H), 4.11 (t, 4H), 1.69
(m, 4H), 1.28 (m, 12H), 0.91 (t, 6H).

2,2'-(9,10-Bis(2-ethylhexyloxy )-9,10-dihydroanthracene-2,6-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (D2)

Bu-Li was added a 2,6-dibromo-9,10-bis(2-ethylhexyloxy)-
9,10-dihyroanthracene (1.4 g, 2.4 mmol) in THF at —78 °C. After
string 1 h, 2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane
was added in solution. The reaction mixture was warmed to room
temperature and stirred for 24 h. The resulting mixture was
quenched by adding water and extracted with methylene chloride.
The combined organic layers were washed with brine, dried over
Na,S0O,4, and filtered. After removing the solvent, which was
purified by silica gel chromatography by using hexane/CH,Cl,
(4:1) as eluent to give the title compound as yellow solid (1.23 g,
76%). "H NMR (400 MHz, CDCl5): 8 8.55 (s, 2H), 8.44 (s, 2H), 8.01
(dd, 2H), 7.76 (dd, 2H), 1.39 (s, 24H).

4,7-Dibromo-5,6-bis(octyloxy )-benzo-2,1,3-thiadiazole (2a)

A solution of bromine (0.15 mL, 0.48 g, 3.0 mmol) in 5 mL 40%
hydrobromic acid was added dropwise to the mixture of 5,6-
bis(octyloxy)-benzo-2,1,3-thiadiazole (0.39 g, 1.0 mmol) in 10 mL
40% hydrobromic acid at room temperature. After being refluxed at
120 °C for 6 h, the excess bromine was neutralized completely by
saturated NaHSO; solution. Then, the reaction mixture was
extracted by CH,Cl, (3 x 50 mL) and the combined organic layers
were dried over anhydrous Na,SO,4. The organic solvent was
evaporated under reduced pressure and, the crude product was
purified by silica column chromatography eluting with petroleum
ether/ethyl acetate (v:v, 20:1) to afford compound 6 as a white
solid (0.50g, 90%). M.p.: 44-45°C; 'H NMR (400 MHz, CDCls,
ppm): § 4.16 (t, J=6.6 Hz, 4H), 1.92-1.85 (m, 4H), 1.58-1.50 (m,
4H), 1.41-1.30 (m, 16H), 0.90 (t, ] = 6.6 Hz, 6H).

5,6-Bis(octyloxy)-4,7-di(thiophene-2-yl)-benzo-2,1,3-thiadiazole
(3a)

A solution of n-BulLi (2.5 M in hexane, 3.2 mL, 8.0 mmol) was
added dropwise to the mixture of thiophene (0.48 mL, 0.50 g,
6.0 mmol) in 30 mL dry THF under nitrogen atmosphere at —78 °C
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and the reaction mixture was stirred at that temperature for 1 h.
Then, tributylchlorostannane (2.2 mL, 2.6 g, 8.0 mmol) was added
to the mixture in one portion. After being stirred at room
temperature overnight, the resulting mixture was poured into
water (50 mL), and the organic layer was separated. The aqueous
layer was extracted with ethyl ether (3 x30mL), and the
combined organic layers were dried over anhydrous
Na,SO,4. The crude product was obtained by removing organic
solvent under reduced pressure and purified by silica column
chromatography eluting with petroleum/triethylamine (v:v, 20:1)
to afford 2-tri(n-butyl)stannylthiophene as a light yellow oil.
The 2-tri(n-butyl)stannylthiophene (freshly prepared, about
6.0 mmol), and compound 6 (1.0 g, 1.8 mmol) were dissolved in
30 mL dry THF. After being degassed with nitrogen, to the mixture
was added Pd(PPhs),Cl, (70 mg, 0.1 mmol) and the resulting
mixture was heated at 70 °C for 40 h. Then, the organic solvent was
evaporated under reduced pressure, and the crude product was
purified by silica column chromatography eluting with petroleum
ether/CH,Cl, (v:v, 4:1) to afford compound 7 as an orange oil
(0.96g, 96%). 'H NMR (400 MHz, CDCls, ppm): § 8.43 (dd,
Ja=3.8Hz, J,=1.0Hz, 2H), 7.52 (dd, J=5.0Hz, J=1.0Hz, 2H),
7.22 (dd, J,=5.0 Hz, J = 3.8 Hz, 2H), 4.07 (t, J= 7.0 Hz, 4H), 1.94-
1.85 (m, 4H), 1.58-1.30 (m, 20H), 0.90 (t, J = 6.6 Hz, 6H).

4,7-Bis(5-bromothiophene-2-yl)-5,6-bis(octyloxy )-benzo-2,1,3-
thiadiazole (A1)

The mixture of compound 6 (0.96g, 1.7 mmol) and N-
Bromosuccinimide (NBS, 0.73 g, 4.1 mmol) in 30 mL CHCl;3 was
stirred for 24 h in dark. Then, the organic solvent was evaporated
under reduced pressure, and the crude product was purified by
silica column chromatography eluting with petroleum ether/
CH,Cl, (v:v, 10:1) to afford compound A as an orange-red solid
(1.1 g, 92%). M.p.: 74-76 °C; '"H NMR (400 MHz, CDCls, ppm): §
8.33 (d, J=4.0Hz, 2H), 7.13 (d, J=4.0 Hz, 2H), 4.10 (t, J=7.2 Hz,
4H), 1.98-1.90 (m, 4H), 1.47-1.25 (m, 20H), 0.90 (t, ] = 6.6 Hz, 6H).

4,7-Dibromo-5,6-bis(octyloxy )benzo[c][1,2,5]oxadiazole (2b)

AcOH (10 mL) and Br, (0.850 mL, 16.6 mmol) were added
sequentially to a solution of 5,6-bis(octyloxy)benzo|c][1,2,5]ox-
adiazole (1.50g, 4.00 mmol) in CH,Cl, (80 mL). The resulting
mixture was stirred in the dark for 3 days at room temperature and
then poured into aqueous NaOH solution (10 g in 200 mL). The
aqueous phase was extracted with CH,Cl,; the combined organic
extracts were washed with brine and concentrated under reduced
pressure to afford a crude solid that was purified through column
chromatography [SiO,, hexane/CH,Cly, 9:1 (v/v)]. A white solid
(2.2 g, 79%). 'TH NMR (400 MHz, CDCl5): § 4.13 (t, =9 Hz, 4H),
1.89-1.80 (m, 4H), 1.53-1.29 (m, 20H), 0.88 (t, ] = 6.6 Hz, 6H).

5,6-Bis(octyloxy)-4,7-di(thiophen-2-yl)benzo[c][1,2,5]oxadiazole
(3b)

4,7-Dibromo-5,6-bis(octyloxy)benzofurazan (2.06 g,
4.1 mmol), tributyl(thiophen-2-yl)stannane (4.6 g, 12.3 mmol)
and Pd(PPh3),Cl, (287.7 mg, 0.41 mmol) were dissolved in 41 ml
THF and refluxed overnight. THF was evaporated, and the resulting
mixture was purified by column chromatography in hexane:
DCM=10: 1 as mixed eluent, and yielded 2.0 g of the target
compound as a yellow solid. "H NMR (400 MHz, CDCl5, d): 8.46 (dd,
J=3.84Hz, 2H, ArH), 7.50 (dd, J=5.16 Hz, 2H, ArH), 7.22 (t, 2H,
ArH), 4.15 (t, 4H, CH,), 1.98 (m, 4H, CH,), 1.47-1.30 (br, 20H, CH,),
0.90 (t, 6H, CHs).

4,7-Bis(5-bromothiophen-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]oxadiazole (A2)

To a solution of 4,7-di(thiophen-2-yl)-5,6-bis(octyloxy) benzo-
furazan (2 g, 3.7 mmol) in 42 ml chloroform and 42 ml AcOH in the

absence of light, NBS (1.45 g, 8.14 mmol) was added in small
portions. Then, the reaction continued for 48 h. Water was added
and extracted by DCM three times, washed by NaCl aqueous
solution and water, respectively, and dried over Na,SO4. The
solvent was removed by evaporation, and the resulting product
was purified by column chromatography in petroleum ether as
eluent, and yielded 2.2 g of the target compound as an orange solid.
'H NMR (400 MHz, CDCls, d): 8.24(d, J = 4.14 Hz, 2H, ArH), 7.17(d,
J=4.14Hz, 2H, ArH), 4.15(t, 4H, CH,), 1.99(m, 4H, CH,), 1.55-
1.31(br, 20H, CHy), 0.91(t, 6H, CH3).

Polymerization

Poly[2,6-anthracene-alt-4,7-bis(thiophen-2-yl)-5,6-
bis(octyloxy)benzo[c][1,2,5]thiadiazole], P1

D1 (0.172 g, 0.4 mmol), A1 (0.286 g, 0.4 mmol), Pd(PPhs3),4(0)
(0.015 g, 0.016 mmol), tris(dibenzylideneacetone)dipalladium(0)
(14.65mg, 0.016 mmol), tri-(o-toly)phosphine  (11.5 mg,
0.0378 mmol) and Aliquat336, were placed in a Schlenk tube,
purged with three nitrogen/vacuum cycles, and under a nitrogen
atmosphere, added 2 M degassed aqueous K,COs (4 mL), and dry
toluene (15 mL). The mixture heated to 90 °C for 48 h. After the
polymerization was completed, the polymer was end-capped with
phenylboronic acid and bromothiophene. After reaction quench-
ing, the entire mixture was poured into methanol. The precipitate
was filtered off and purified with a 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.
Dark purple solid (0.085 g, 29%). '"H NMR: § 7.59-8.53 (m, 12H),
4.16 (d, 4H), 1.30-1.97 (m, 24H), 0.75 (t, 6H). Anal. calcd. for
C44H48N>0,S35 C, 72.09; H, 6.60; N, 3.82; 0, 4.37; S, 13.12; found C
71.47, H 7.40, N 2.99, 0 5.44, S 9.73.

P2, P3 and P4 were synthesized according to the same
procedure. 'TH NMR and elemental analysis for the polymers are
presented.

Poly[2,6-anthracene-alt-4,7-bis(thiophen-2-yl)-5,6-
bis(octyloxy )benzo[c][1,2,5] oxadiazole], P2

Dark purple solid (0.21 g, 59%). 'H NMR: § 7.29-8.36 (m, 12H),
4.24 (d, 4H), 1.20-2.10 (m, 24H), 0.82 (t, 6H). Anal. calcd. for
Ca4H4sN;05S, C, 73.71; H, 6.75; N, 3.91; O, 6.69; S, 8.94; found C
76.67, H 9.30, N 2.49, 0 540, S 5.45.

Poly[9,10-bis(2-ethylhexyloxy Janthracene-alt-4,7-bis(thiophen-2-
yl)-5,6-bis(octyloxy )benzo [c][1,2,5]thiadiazole], P3

Dark purple solid (0.32 g, 82%). 'H NMR: § 7.31-8.63 (m, 10H),
4.15 (d, 4H), 1.06-2.04 (m, 24H), 0.97 (t, 6H). Anal. calcd. for
Cs2HgaN204S3 C, 73.18; H, 8.32; N, 2.75; 0, 6.29; S, 9.45; found C
72.68, H 7.20, N 2.96, O 8.38, S 8.60.

Poly[9,10-bis(2-ethylhexyloxy Janthracene-alt-4,7-bis(thiophen-2-
yl)-5,6-bis(octyloxy )benzo [c][1,2,5]oxadiazole], P4

Dark purple solid (0.23 g, 59%). 'H NMR: § 7.24-8.61 (m, 10H),
4.15 (d, 4H), 0.96-2.08 (m, 24H), 0.88 (t, 6H). Anal. calcd. for
Ce2Hs4N>05S; C, 74.36; H, 8.45; N, 2.80; O, 7.99; S, 6.40; found C
72.31,H 7.89, N 2.91, 0 9.55, S 6.43.
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