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ABSTRACT: A series of narrow-band-gap donor-acceptor (D-A) conjugated polymers, with thiophene-
substituted quinoxaline monomer 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(5-octylthiophen-2-yl)quinoxaline
(TTQx) or its cyclized phenazine derivative monomer 8,11-bis(5-bromothiophen-2-yl)-2,5-dioctyldithieno-
[2,3-a:30,20-c]phenazine (TTPz) as acceptors, were synthesized via Suzuki coupling reaction. It was found that
the copolymers based on thiophene-substituted quinoxaline TTQx exhibit obviously red-shifted absorbance
compared to previously reported D-A copolymers based on phenyl-substituted quinoxaline. Their analo-
gous copolymers based on the cyclized TTPz acceptor showmore pronounced red-shifted absorption spectra
with a significantly decreased band gap due to the enlarged planar polycyclic aromatic ring of TTPz.Moreover,
compared to the copolymers based on TTQx, the TTPz-based copolymers’ mobilities are also significantly
increased due to the reduced steric hindrance and improved structural planarity among the copolymers. Bulk-
heterojunction polymer solar cells based on the blends of the copolymers with a fullerene derivative as an
acceptor exhibit promising performance, and the best device performance with power conversion efficiency
up to 4.4% was achieved.

Introduction

In the past decade, polymer solar cells (PSCs) have attracted
considerable attention for their unique advantages over tradi-
tional silicon-based solar cells, such as low cost, light weight, and
the potential for making flexible large area devices by roll-to-roll
manufacturing.1-7 Most of PSCs use a bulk-heterojunction-type
(BHJ) device structure with a phase-separated blend of organic
electron donor and acceptor components as active layer, where
an electron-donating conjugated polymer and an electron-accept-
ing fullerene derivative, such as (6,6)-phenyl-C61-butyric acid
methyl ester (PC61BM) or (6,6)-phenyl-C71-butyric acid methyl
ester (PC71BM), are commonly used as donor and acceptor,
respectively.1,8

To achieve high-performance BHJ type PSCs, the electron-
donating conjugated polymers need to have strong and broad
absorption for the solar light, a good hole mobility, and reason-
able highest occupied molecular orbital levels (HOMO) to max-
imize the short-circuit current (Jsc) andopen-circuit voltage (Voc),
respectively. Poly(3-hexylthiophene) (P3HT) is one of the most
promising donor materials, and the power conversion efficiency
(PCE) of PSCs based on its thin film blend with PC61BM has
often reached∼4-5%.9-11 However, P3HT’s absorption does not
match well with the solar spectrum, and its HOMO (∼-5.0 eV)
is relative high which limits the magnitude of the Jsc and Voc,
respectively. Thus, it is difficult to further improve the efficiency
of P3HT-based PSCs,12 except for using new fullerene derivative
acceptors.13,14 To overcome this, one feasible approach is to
design alternating donor-acceptor (D-A) copolymers combined
electron-rich unit (donor) and electron-deficient unit (acceptor),

where the absorption and energy level of the copolymers can be
readily tuned by controlling the intermolecular charge transfer
from the donor to the acceptor. Recently, many kinds of D-A
copolymers have been successfully developed and show excellent
photovoltaic propertieswithPCEas high as∼3-7%by choosing
various electron donors (such as fluorene, carbazole, or silafluor-
ene, etc.) and acceptors (such as benzothiadiazole, quinoxaline,
or thieno[3,4-c]pyrrole-4,6-dione, etc.).15-38

Among them, quinoxaline-based D-A copolymers have been
successfully developed and exhibit promising photovoltaic per-
formance due to that the electron-deficient N-heterocycle of
quinoxaline can effectively tune the energy level and lower the
band gap of the resulting copolymers.18,32-38 For example,
poly[2,7-(9,9-dioctylfluoren)-alt-5,5-(50,80-di-2-thinenyl-(20,30-
bis(300-octyloxyphenyl)quinoxaline))] (APFO-15) possessed a
very low-lying HOMO of -5.36 eV, a high Voc of 1.0 V, and a
PCE of 3.5%.18,32 By using PC71BM as the acceptor, another
kind of quinoxaline-based D-A copolymer poly[2,3-bis(3-octy-
loxyphenyl)quinoxaline-5,8-diyl-alt-thiophene-2,5-diyl] (TQ1)
exhibited a high PCE of 6.0% with a Voc of ∼0.9 V.35 Despite
of their promising device performance, most of the currently
reported quinoxaline-based D-A copolymers contain two pen-
dant substituted benzene groups on the quinoxaline rings, which
can freely rotate and potentially hinder the intermolecular pack-
ing of the copolymers and further influence their mobility. Thus,
if the two pendent substituted aromatic rings can be replaced by
an enlarged fused planar aromatic ring, the π-π interaction
among the resulted copolymerswill be enhanced and themobility
will be improved, which is favorable for PSCs application.39-41

In this work, a series of new quinoxaline-based D-A copoly-
mers poly[2,7-(9,9-dioctylfluoren)-alt-5,5-(50,80-di-2-thinenyl-
(20,30-bis(50 0-octylthiophen-20 0-yl)quinoxaline))] (PFTTQx),
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poly[2,7-(9,9-dioctylfluoren)-alt-5,5-(80,110-di-2-thinenyl-(20,50-
dioctyldithieno[20,30-a:30 0,200-c]phenazine))] (PFTTPz), poly-
[N-90-heptadecanyl-2,7-cabazole-alt-5,5-(50,80-di-2-thinenyl-(20,30-
bis(50 0-octylthiophen-20 0-yl)quinoxaline))] (PCzTTQx), and poly-
[N-90-heptadecanyl-2,7-cabazole-alt-5,5-(80,110-di-2-thinenyl-(20,
50-dioctyldithieno[20,30-a:300,20 0-c]phenazine))] (PCzTTPz) were
synthesized via Suzuki coupling reaction (Schemes 1 and 2).
Compared to previously reported benzene-substituted quinoxa-
line copolymers, the copolymers based on thiophene-substituted
quinoxaline acceptors PFTTQx and PCzTTQx exhibit red-
shifted absorption with a band gap of 1.86 and 1.90 eV, res-
pectively.Moreover, the two pendant substituted thiophene rings
of PFTTQx and PCzTTQx could be easily oxidize cyclized to
form an enlarged planar polycyclic aromatic ring. The resulted
D-A copolymers based on the polycyclic aromatic ring PFTTPz
and PCzTTPz show significantly red-shifted absorption with a
smaller band gap of 1.68 and 1.66 eV, respectively, and higher
mobility than those of the copolymers PFTTQx and PCzTTQx.
Photovoltaic properties of these copolymers were investigated.
Overall efficencies over 2% are achieved for the PSCs based on
the blend active layer of the copolymers and PC71BM. Among
them,PFTTQx showed the best performancewithaPCEof 4.4%,
aVoc of 0.90V, a Jsc of 7.4mA cm-2, and a fill factor (FF) of 0.59.

Experimental Section

Materials. 1,2-Bis(5-octylthiophen-2-yl)ethane-1,2-dione (1),42

3,6-dibromobenzene-1,2-diamine (2),18 2,7-bis(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-9,9-dioctylfluorene (8),20 and 2,7-bis-
(40,40,50,50-tetramethyl-10,30,20-dioxaborolan-20-yl)-N-90 0-heptade-
canylcarbazole (9)22 were prepared according to the reported
procedures. All chemicals and reagents were purchased from
commercial sources (Aldrich, Acros, and Alfa Aesar) and used
without further purification unless stated otherwise.

5,8-Dibromo-2,3-bis(5-octylthiophen-2-yl)quinoxaline (3).Amix-
ture of 1,2-bis(5-octylthiophen-2-yl)ethane-1,2-dione (1) (4.46 g,
10.0 mmol), 3,6-dibromobenzene-1,2-diamine (2) (3.20 g,
12.0 mmol), and acetic acid (70 mL) was stirred at 40 �C for
10 h and then was poured into brine. It was then extracted with
dichloromethane, the two phases were separated, and the water
phase was extracted twice with dichloromethane. The combined
organic extracts were washed three times with water, dried over
magnesium sulfate, evaporated, and purified with column chroma-
tography (silica gel, petroleum ether/dichloromethane (5/1) as
eluent) to yield 6.15 g (91%) of 3 as a yellowish solid. 1H NMR
(CDCl3, 300MHz) δ (ppm): 7.76 (s, 2H), 7.40 (d, J=3.6Hz, 2H),
6.71 (d, J= 3.6 Hz, 2H), 2.86 (t, J= 7.8 Hz, 4H), 1.77-1.69 (m,
4H), 1.43-1.25 (m, 20H), 0.88 (t, J = 6.9 Hz, 6H). 13C NMR
(CDCl3, 75MHz) δ (ppm): 152.1, 147.2, 138.5, 138.3, 132.6, 130.4,

Scheme 1. Synthesis of the Monomers

Scheme 2. Synthesis of the Copolymers
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125.0, 122.9, 31.9, 31.5, 30.5, 29.3, 29.2, 29.1, 22.7, 14.1. MS
(APCI): calcd 676.6, found (M þ 1)þ 677.6. Anal. Calcd for
C32H40Br2N2S2 (%): C 56.80, H 5.96, N 4.14, S 9.48. Found (%):
C 56.38, H 6.32, N 4.15, S 10.34.

2,3-Bis(5-octylthiophen-2-yl)-5,8-di(thiophen-2-yl)quinoxaline
(5). PdCl2(PPh3)2 (28 mg, 0.024 mmol) was added to a solution
of compound 3 (1.35 g, 2 mmol) and 2-(tributylstannyl)-
thiophene (4) (1.57 g, 4.2mmol) in 50mLof dimethylformamide
(DMF). The mixture was heated at 110 �C in a nitrogen atmo-
sphere overnight. The reaction was quenched with aqueous
NaHCO3 and extracted with dichloromethane. The two phases
were separated, and the water phase was extracted twice with
dichloromethane. The combined organic extracts were washed
three times with water, dried over magnesium sulfate, evapo-
rated, and purified with column chromatography (silica gel,
petroleum ether/dichloromethane (6/1) as eluent) to yield 1.26 g
(92%) of 5 as a yellow solid. 1H NMR (CDCl3, 300 MHz)
δ (ppm): 8.00 (s, 2H), 7.86 (dd, J = 1.2, 3.9 Hz, 2H), 7.51 (dd,
J=1.2, 5.1 Hz, 2H), 7.40 (d, J=3.6Hz, 2H), 7.18 (dd, J=3.9,
5.1 Hz, 2H), 6.70 (d, J= 3.6 Hz, 2H), 2.88 (t, J= 7.7 Hz, 4H),
1.80-1.70 (m, 4H), 1.43-1.29 (m, 20H), 0.91 (t, J = 6.9 Hz,
6H). 13C NMR (CDCl3, 75 MHz) δ (ppm): 150.9, 144.9, 139.2,
138.9, 136.4, 130.7, 130.0, 128.4, 126.9, 126.8, 126.7, 124.7, 31.9,
31.5, 30.4, 29.3, 29.2, 29.1, 22.7, 14.1. MS (APCI): calcd 680.1,
found (M þ 1)þ 681.1. Anal. Calcd for C40H46N2S4 (%): C
70.33, H 6.79, N 4.10, S 18.78. Found (%): C 69.85, H 6.74, N
4.14, S 19.39.

5,8-Bis(5-bromothiophen-2-yl)-2,3-bis(5-octylthiophen-2-yl)-
quinoxaline (TTQx). Compound 5 (1.26 g, 1.85 mmol) was dis-
solved in 30 mL of tetrahydrofuran (THF), and thenN-bromo-
succinimide (NBS) (0.73 g, 4.1 mmol) was added in portions.
The mixture was heated at 40 �C for 3 h. Then the mixture was
poured into brine and extracted twice with dichloromethane.
The combined organic layers were dried over magnesium sul-
fate, and the solvent was removed. The crude product was puri-
fied with column chromatography (silica gel, petroleum ether/
dichloromethane (6/1) as eluent) to yield 1.43 g (90%) of TTQx
as a orange-yellow solid. 1H NMR (CDCl3, 300MHz) δ (ppm):
7.82 (s, 2H), 7.46 (d, J= 3.9 Hz, 2H), 7.37 (d, J= 3.6 Hz, 2H),
7.07 (d, J= 3.9 Hz, 2H), 6.71 (d, J= 3.6 Hz, 2H), 2.90 (t, J=
7.7 Hz, 4H), 1.85-1.73 (m, 4H), 1.45-1.25 (m, 20H), 0.89 (t,
J = 6.9 Hz, 6H). 13C NMR (CDCl3, 75 MHz) δ (ppm): 151.4,
145.2, 139.7, 138.7, 135.8, 130.3, 129.9, 129.2, 125.8, 125.5,
124.7, 116.6, 31.9, 31.5, 30.4, 29.4, 29.3, 29.1, 22.7, 14.1. MS
(APCI): calcd 840.8, found (M þ 1)þ 841.8. Anal. Calcd for
C40H44Br2N2S4 (%): C 57.14, H 5.27, N 3.33, S 15.25. Found
(%): C 58.15, H 5.65, N 3.33, S 14.93.

8,11-Dibromo-2,5-dioctyldithieno[2,3-a:30,20-c]phenazine (6).
To a solution of compound 3 (2.02 g, 3 mmol) in 75 mL of dry
dichloromethane was added a solution of FeCl3 (6.0 g, 36.9
mmol) in CH3NO2 (40 mL) at refluxed. After 24 h, 80 mL of
anhydride methanol was added to quench the reaction. It was
then extracted with dichloromethane, the two phases were
separated, and the water phase was extracted twice with di-
chloromethane. The combined organic extracts were washed
three times with water, dried over magnesium sulfate, evapo-
rated, and purified with column chromatography (silica gel,
petroleum ether/dichloromethane (7/1) as eluent) to yield 0.57 g
(28%) of 6 as red solid. 1H NMR (CDCl3, 300 MHz) δ (ppm):
7.93 (s, 2H), 7.30 (s, 2H), 3.03 (t, J=7.7Hz, 4H), 1.89-1.79 (m,
4H), 1.45-1.29 (m, 20H), 0.89 (t, J = 6.9 Hz, 6H). 13C NMR
(CDCl3, 75 MHz) δ (ppm): 153.7, 139.8, 139.1, 137.9, 132.5,
131.9, 123.4, 120.3, 31.9, 31.5, 31.2, 29.4, 29.2, 29.1, 22.7, 14.1.
MS (APCI): calcd 674.6, found (Mþ 1)þ 675.6. Anal. Calcd for
C32H38Br2N2S2 (%): C 56.97, H 5.68, N 4.15, S 9.51. Found
(%): C 54.91, H 5.84, N 3.81, S 9.54.

2,5-Dioctyl-8,11-di(thiophen-2-yl)dithieno[2,3-a:30,20-c]phena-
zine (7).Pd(PPh3)4 (46.2mg, 0.04mmol) was added to a solution
of compound 6 (1.35 g, 2 mmol) and compound 4 (1.57 g,
4.2 mmol) in 50 mL of DMF. The mixture was heated at 110 �C

in a nitrogen atmosphere overnight. The reaction was quenched
with aqueous NaHCO3 extracted with dichloromethane, the
two phases were separated, and the water phase was extracted
twice with dichloromethane. The combined organic extracts
were washed three times with water and dried over magnesium
sulfate. After removal of the solvent, the residue was purified with
column chromatography (silica gel, petroleum ether/dichloro-
methane (4/1) as eluent) to yield 1.24 g (91%) of 7 as a red solid.
1HNMR(CDCl3, 300MHz) δ (ppm): 8.19 (s, 2H), 7.96 (dd, J=
1.0, 3.7Hz, 2H), 7.60 (dd, J=1.0, 5.1Hz, 2H), 7.36 (s, 2H), 7.23
(dd, J=3.7, 5.1Hz, 2H), 3.03 (t, J=7.6Hz, 4H), 1.91-1.81 (m,
4H), 1.54-1.30 (m, 20H), 0.89 (t, J = 6.9 Hz, 6H). 13C NMR
(CDCl3, 75 MHz) δ (ppm): 152.5, 139.1, 137.6, 137.5, 137.1,
133.2, 130.8, 128.9, 126.3, 126.0, 125.7, 120.0, 31.9, 31.5, 31.1,
29.4, 29.3, 22.7, 14.1. MS (APCI): calcd 681.0, found (M)þ

681.4. Anal. Calcd for C40H44N2S4 (%): C 70.54,H 6.51,N 4.11,
S 18.83. Found (%): C 70.40, H 6.53, N 4.09, S 18.94.

8,11-Bis(5-bromothiophen-2-yl)-2,5-dioctyldithieno[2,3-
a:30,20-c]phenazine (TTPz).Compound 7 (0.68 g, 1.0 mmol) was
dissolved in 200 mL of THF, and then NBS (0.374 g, 2.1 mmol)
was added in portions. The mixture was heated at 40 �C for 3 h.
Then themixturewas poured into brine and extracted twice with
dichloromethane. The combined organic layers were dried over
magnesium sulfate, and the solvent was removed. The crude
product was purified with column chromatography (silica gel,
petroleum ether/dichloromethane (6/1) as eluent) to yield 0.72 g
(86%) of TTPz as a wine solid. 1H NMR (CDCl3, 300 MHz) δ
(ppm): 8.03 (s, 2H), 7.57 (d, J = 3.9 Hz, 2H), 7.35 (s, 2H), 7.13
(d, J=3.9Hz, 2H), 3.08 (m, 4H), 1.90-1.87 (m, 4H), 1.54-1.31
(m, 20H), 0.89 (m, 6H).MS (APCI): calcd 838.8, found (Mþ 1)þ

839.4. Anal. Calcd for C40H42Br2N2S4 (%): C 57.27, H 5.05, N
3.34, S 15.29. Found (%): C 57.23, H 5.45, N 3.23, S 14.38.

Synthesis of PFTTQx. 2,7-Bis(4,4,5,5-tetramethyl-1,3,2-di-
oxaborolan-2-yl)-9,9-dioctylfluorene (8) (0.321 g, 0.5 mmol),
TTQx (0.420 g 0.5 mmol), tris(dibenzylideneacetone)dipal-
ladium(0) (Pd2(dba)3) (4.5 mg), and tri(o-tolyl)phosphine (9.0 mg)
(P(o-Tol)3) were dissolved in a mixture of toluene (10 mL),
THF (5mL), and 20%aqueous tetraethylammoniumhydroxide
(4 mL) in a 50 mL two-necked round-bottomed flask under
argon. The mixture was refluxed with vigorous stirring in the
dark for 20 h under an argon atmosphere. After cooling to room
temperature, the mixture was poured into methanol. The pre-
cipitated material was collected by filtration through a funnel.
After washing with acetone for 24 h in a Soxhlet apparatus to
remove oligomers and catalyst residues, the resulting material
was dissolved in 30 mL of 1,2-dichlorobenzene (ODCB). The
solution was filtered with a 0.45 μm PTFE filter, concentrated,
and precipitated frommethanol to yield PFTTQx as awine solid
(680 mg, 85%). 1H NMR (CDCl3, 300 Hz) δ (ppm): 8.08-8.04
(m, 2H), 7.94-7.88 (m, 2H), 7.78-7.75 (m, 6H), 7.61-7.45 (m,
4H), 6.79-6.72 (m, 2H), 2.97-2.88 (m, 4H), 2.11-2.05 (m, 4H),
1.87-1.80 (m, 4H), 1.50-1.13 (m, 44H), 0.89-0.75 (m, 12H).
GPC (1,2,4-trichlorobenzene, polystyrene standard): Mn =
10.8 kg mol-1, Mw = 22.6 kg mol-1, PDI = 2.09. Anal. Calcd
for (C69H84N2S4)n (%): C 77.47, H 7.91, N 2.61, S 11.99. Found
(%): C 78.51, H 8.55, N 2.50, S 10.91.

Synthesis of PFTTPz.PFTTPzwas prepared according to the
same prcedure as that for PFTTQx. 51% yield. 1H NMR
(ODCB-d4, 300 Hz) δ (ppm): 8.03-7.63 (m, 6H), 7.50-7.20
(m, 2H), 7.20-7.10 (m, 2H), 6.89-6.78 (m, 2H), 6.79-6.72 (m,
2H), 3.01-2.90 (m, 4H), 2.25-1.91 (m, 4H), 1.90-1.70 (m, 4H),
1.50-1.10 (m, 44H), 0.89-0.75 (m, 12H). GPC (1,2,4-trichloro-
benzene, polystyrene standard): Mn = 11.7 kg mol-1, Mw =
31.1 kgmol-1, PDI=2.66. Anal. Calcd for (C69H82N2S4)n (%):
C 77.63, H 7.93, N 2.62, S 12.01. Found (%): C 76.14, H 8.50, N
2.36, S 10.58.

Synthesis of PCzTTQx.PCzTTQxwas prepared according to
the same prcedure as that for PFTTQx. 89% yield. 1H NMR
(CDCl3, 300 Hz) δ (ppm): 8.09-7.90 (m, 6H), 7.75-7.68 (m,
4H), 7.53-7.39 (m, 4H), 6.77-6.73 (m, 2H), 4.71 (br, 1H), 2.94
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(br, 4H), 2.94 (br, 2H), 2.25-2.22 (m, 2H), 1.85-1.81 (m, 4H),
1.47-1.15 (m, 44H), 0.90-0.85 (m, 6H), 0.80-0.76 (m, 6H).
GPC (1,2,4-trichlorobenzene, polystyrene standard): Mn =
10.7 kg mol-1, Mw = 25.8 kg mol-1, PDI = 2.41. Anal. Calcd
for (C69H85N3S4)n (%): C 76.40, H 7.90, N 3.87, S 11.82. Found
(%): C 76.10, H 8.40, N 3.67, S 11.43.

Synthesis of PCzTTPz. PCzTTPz was prepared according to
the same prcedure as that for PFTTQx. 51% yield. 1H NMR
(ODCB-d4, 400 Hz) δ (ppm): 8.09-7.90 (m, 4H), 7.75-7.68 (m,
4H), 7.53-7.39 (m, 4H), 6.77-6.73 (m, 2H), 4.71 (br, 1H), 3.64
(br, 4H), 2.94 (br, 2H), 2.25-2.22 (m, 2H), 1.85-1.81 (m, 4H),
1.47-1.15 (m, 44H), 0.90-0.55 (m, 12H). GPC (1,2,4-trichlor-
obenzene, polystyrene standard): Mn = 16.6 kg mol-1, Mw =
46.0 kgmol-1, PDI=2.77. Anal. Calcd for (C69H83N3S4)n (%):
C 76.55, H 7.73, N 3.88, S 11.85. Found (%): C 76.02, H 8.21, N
3.71, S 11.58.

Measurement and Characterization.
1H and 13C NMR were

recorded using a Bruker-300 or 400 spectrometer operating at
300 or 400 and 75 MHz in deuterated chloroform solution or
ODCB at 298 K. Chemical shifts were reported as δ values
(ppm) relative to an internal tetramethylsilane (TMS) standard.
Mass (MS) experiments were performed on an Esquire HCT
PLUS. The number-average molecular weights (Mn) and
weight-average molecular weights (Mw) were determined at
150 �C by a PL-GPC 220 type in 1,2,4-trichlorobenzene using
a calibration curve with standard polystyrene as a reference.
Elemental analyses were performed on a Vario EL elemental
analysis instrument (Elementar Co.). Differential scan calorim-
etry (DSC) measurements were carried out with a Netzsch DSC
204 under N2 flow at heating and cooling rates of 10 �C min-1.
Thermogravimetric analyses (TGA) were carried out with a
Netzsch TG 209 under N2 flow at a heating rate of 10 �Cmin-1.
UV-vis absorption spectra were performed on a HP 8453
spectrophotometer. Cyclic voltammetry (CV) was performed
on a CHI600D electrochemical workstation with a platinum
working electrode and a Pt wire counter electrode at a scan rate
of 50 mV s-1 against an Ag/AgCl (3 M of KCl in acetonitrile)
reference electrode with a nitrogen-saturated anhydrous solu-
tion of 0.1 mol L-1 tetrabutylammonium hexafluorophosphate
(Bu4NPF6) in acetonitrile. Atom force microscopy (AFM)
measurements were carried out using a Digita Instrumental
DI Multimode Nanoscope IIIa in taping mode.

Solar Cell Device Fabrication and Characterization. The
organic photovoltaic cells was constructed in the form of the
sandwiched structure of glass/indium tin oxide (ITO)/poly3,4-
ethylenedioxythiophene polystyrenesulfonate (PEDOT:PSS)/
copolymer:PC71BM/Ba/Al. Prior to use, the ITO-coated glass
substrates were cleaned by ultrasonic treatment in deionized
water, acetone, and isopropyl alcohol and dried in a nitrogen
stream, followed by an oxygen plasma treatment. To fabricate
photovoltaic devices, a thin layer (ca. 40 nm) of PEDOT:PSS
(Baytron PVPAI 4083, filtered at 0.45 μm)was spin-coated on
the precleaned glass substrates at 5000 rpm and baked at 140 �C
for 10 min under ambient conditions. The substrates were
then transferred into an argon-filled glovebox. Subsequently,
the copolymer:PC71BM active layer (ca. 80 nm for PFTTQx
and PCzTTQx and 95 nm for PFTTPz and PCzTTPz) was
spin-coated on the PEDOT:PSS layer at 1000 rpm from a homo-
geneously blend solution. The solution was prepared by dissolving
the copolymers (2 mg mL-1) and PC71BM (8 mg mL-1) in a
ODCB solvent mixture for PFTTQx and PFTTPz and the
copolymers (2 mg mL-1) and PC71BM (4 mg mL-1) in a
ODCB solvent mixture for PCzTTQx and PCzTTPz and
filtered with a 0.2 μm PTFE filter. The substrates were
annealed at 150 �C for 10 min prior to electrode deposition.
To complete device fabrication, the substrates were pumped
down to a high vacuum (1� 10-6 Torr), and barium (9 nm)
topped with aluminum (100 nm) was thermally evaporated
onto the active layer through shadow masks. The effective
devices area was measured to be 0.15 cm2.

The current density-voltage (J-V) characteristics were re-
corded with a Keithley 236 source meter. The spectral response
was measured with a commercial photomodulation spectro-
scopic setup (Oriel). A calibrated Si photodiode was used to
determine the photosensitivity. The EQE of the devices was
measured on a Hypermonolight System (Bunkoh-Keiki SM-
250).

Results and Discussion

Synthesis andCharacterization.The synthetic routes of the
monomers and copolymers are shown in Schemes 1 and 2,
respectively. Monomers 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxa-
borolan-2-yl)-9,9-dioctylfluorene (8) and 2,7-bis(40,40,50,50-
tetramethyl-10,30,20-dioxaborolan-20-yl)-N-900-heptadecanylcarba-
zole (9) were prepared according to the published literature.20,22

Condensation of 1,2-bis(5-octylthiophen-2-yl)ethane-1,2-
dione (1)42 and 3,6-dibromobenzene-1,2-diamine (2)18 in
acetic acid yielded 5,8-dibromo-2,3-bis(5-octylthiophen-2-yl)-
quinoxaline (3) in high yield of 91%. 2,3-Bis(5-octylthio-
phen-2-yl)-5,8-di(thiophen-2-yl)quinoxaline (5) was synthe-
sized by Stille coupling of 1 equiv of compound 3 and 2 equiv
of 2-(tributylstannyl)thiophene (4) with 92% yield. 8,11-
Dibromo-2,5-dioctyldithieno[2,3-a:30,20-c]phenazine (6) was
synthesized from compound 3 by oxidative cyclization using
FeCl3 in CH2Cl2/CH3NO2 as oxidizing agent with a yield of
28%. 2,5-Dioctyl-8,11-di(thiophen-2-yl)dithieno[2,3-a:30,20-
c]phenazine (7) was synthesized form compound 6 by Stille
coupling with compound 4. Different from the synthesis of
compound 5, Pd(PPh3)4 was used as the catalyst instead of
Pd(PPh3)2Cl2 because it was found that compound 7 can be
obtained in a much higher yield by using Pd(PPh3)4 as
catalyst than that of using Pd(PPh3)2Cl2 catalyst. The key
monomers 5,8-bis(5-bromothiophen-2-yl)-2,3-bis(5-octylthio-
phen-2-yl)quinoxaline (TTQx) and 8,11-bis(5-bromothio-
phen-2-yl)-2,5-dioctyldithieno[2,3-a:30,20-c]phenazine (TTPz)
were obtained by bromination of compound 5 or 7 with
NBS in THF, respectively.

D-A type copolymers PFTTQx, PFTTPz, PCzTTQx,
and PCzTTPz were synthesized by Suzuki polycondensation
of TTQx or TTPz with monomer 8 or 9, respectively. It was
found that high molecular weight copolymers can be obtain
by using tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3)/
tri(o-tolyl)phosphine (P(o-Tol)3) as the catalyst system,43

whereas the reaction based on commonly used Pd(PPh3)4
catalyst can only offer low molecular weight copolymers.
PFTTQx and PCzTTQx have excellent solubility in common
organic solvents such as THF, chloroform, and chloroben-
zene, etc., due to their pendant substituted thiophene groups
which can decrease the intermolecular packing of the co-
polymers and enhance the copolymers’ solubility, while the
solubility of copolymers based on polycyclic aromatic ring
PFTTPz and PCzTTPz are low in common organic solvents
and are only soluble in solvents such as ODCB and 1,2,4-
trichlorobenzene. The Mn of the copolymers were deter-
mined by gel permeation chromatography (GPC) in 1,2,4-
trichlorobenzene using polystyrene as standard. The Mn of
PFTTQx, PFTTPz, PCzTTQx, and PCzTTPz are 10.8, 11.7,
10.7, and 16.6 kg mol-1, with the corresponding polydisper-
sity index (PDI) of 2.09, 2.66, 2.41, and 2.71, respectively.
The thermal properties of the copolymers were investigated
by using DSC and TGA. As shown in Table 1, all the
copolymers have good thermal stability with 5%weight-loss
temperature (Td) of 431, 439, 433, and 442 �C for PFTTQx,
PFTTPz, PCzTTQx, and PCzTTPz, respectively. The glass
transition temperature (Tg) are 92.6 and 100.5 �C for
PFTTPz and PCzTTPz, respectively, which are higher than
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those of PFTTQx andPCzTTQx, probably due to theirmore
rigidmain chain casued by the incorporated planarized poly-
cyclic aromatics.40,41

Optical Properties. The photophysical properties of the
copolymers were investigated both in ODCB solution and in
thin films, which are shown inFigure 1 andTable 2.All of the
copolymers showed two absorption peaks, which is a com-
mon feature of D-A copolymers. The absorption peaks at
short wavelength (399-427 nm) originate from π-π* transi-
tion of their conjugated backbone, while the absorption
peaks at long wavelength (537-609 nm) could be attributed
to the strong intramolecular charge transfer (ICT) interac-
tion between the fluorene/carbazole donors and the TTQx/
TTPz acceptors.34 It was found that the copolymers based on
thiophene-substituted quinoxaline exhibit an obviously red-
shifted ICT absorbance peak compared to those D-A
copolymers based on phenyl-substituted quinoxaline. For
example, PFTTQx has a maximum absorption peak at
around 561 nm, while it was reported that anothor analo-
gous copolymer based on phenyl-substituted quinoxaline
APFO-15 possessed the absorption peak at 542 nm.18,32

Similarly, PCzTTQx also exhibits a much red-shifted ab-
sorption peak (more than 30 nm) compared to its analogous
copolymer poly{N-[1-(20-ethylhexyl)-3-ethylheptanyl]carba-
zole-2,7-diyl-alt-5,8-dithien-2-yl-2,3-diphenylquinoxaline-
50,500-diyl} (PC-DTQx).34All of these results indicate that the
band gap of quinoxaline-based D-A copolymers can be
effectively lowered by changing the pendant substituted groups
from benzene into thiophene. Interestingly, compared to
PFTTQx and PCzTTQx, coploymers PFTTPz and PCzTTPz
exhibit more pronounced red-shifted absorption spectrum
with peaks at around 635 nm, which is due to the enlarged

planar polycyclic aromatic ring of TTPz acceptor. The
absorption spectra in the solid state of copolymers are red-
shifted 20-35 nm compared with their corresponding spec-
tra in solution, indicating the presence of strong intermole-
cular interactions in the solid state. As shown in Table 2, the
optical bandgaps (Eg

opt) of the copolymers calculated from
the absorption onset in the films are 1.86 eV for PFTTQx,
1.68 eV for PFTTPz, 1.90 eV for PCzTTQx, and 1.66 eV for
PCzTTPz. Clearly, the photophysical properties and band
gap of those copolymers can be easily tuned by using TTQx
or TTPz as the acceptors.

Electrochemical Properties.The electrochemical behaviors
of the copolymers were investigated by cyclic voltammetry
(CV). The CV was performed in a solution of tetrabutylam-
monium hexafluorophospate (Bu4NPF6) (0.1 M) in acetoni-
trile, using Ag/AgCl and a platinum wire as reference and
counter electrode, respectively, at a scan rate of 50 mV/s at
room temperature. A platinum electrode coated with thin
copolymer film was used as the working electrode. The
potential of ferrocene/ferrocenium (Fc/Fcþ) was measured
to be -0.06 V to the Ag/Agþ electrode under the same
conditions. It is assumed that the redox potential of Fc/
Fcþ has an absolute energy level of -4.8 eV to vacuum.44,45

Thus, the HOMO of the copolymers was calculated accord-
ing to the following equation

EHOMO ¼ - eðEox þ 4:86Þ ðeVÞ
where Eox is the onset oxidation potential vs Ag/Agþ. The
HOMO energy values of PFTTQx and PCzTTQx were
calculated to be -5.26 and -5.23 eV, respectively, which
are around 0.1 eV higher than those of their analogous
copolymers APFO-15 and PC-DTQx.32,34 This is probably
due to the thiophene rings among them, which has a stronger
electron-donating ability compared to the benzene rings
among APFO-15 and PC-DTQx. The copolymers PFTTPz
and PCzTTPz show a slightly increased HOMO energy
values of -5.21 and -5.17 eV, respectively, compared to
PFTTQx and PCzTTQx. It has been reported that Voc of
PSCs relates with the difference between the HOMO level of
electron donor and the lowest unoccupied molecular orbital

Figure 1. Absorption spectra of PFTTQx, PFTTPz, PCzTTQx, and PCzTTPz (a) in ODCB solution and (b) in film.

Table 2. Electrochemical and Optical Properties of the Polymers

copolymers λabs (nm) solution λabs (nm) film Eg
opt (eV) Eox (V) EHOMO (eV) ELUMO (eV) μ (cm2 V-1 s-1)

PFTTQx 399, 540 401, 561 1.86 0.40 -5.26 -3.40 1.04� 10-4

PFTTPz 424, 600 440, 635 1.68 0.35 -5.21 -3.53 5.68� 10-4

PCzTTQx 395, 537 400, 556 1.90 0.37 -5.23 -3.33 5.68� 10-5

PCzTTPz 427, 609 438, 635 1.66 0.31 -5.17 -3.51 5.43� 10-4

Table 1. Molecular Weight and Thermal Properties of the
Copolymers

copolymers Mn (kg mol-1) Mw (kg mol-1) PDI Tg (�C) Td (�C)

PFTTQx 10.8 22.6 2.09 91.2 431
PFTTPz 11.7 31.1 2.66 92.6 439
PCzTTQx 10.7 25.8 2.41 79.6 433
PCzTTPz 16.6 46.0 2.77 100.5 442
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(LUMO) level of electron acceptor.46 Thus, the relative low
HOMO levels of these copolymers may ensure them a high
Voc when used as donors in PSCs. The LUMO energy levels
of the copolymers were estimated from the HOMO energy
levels and Eg

opt using the equation

ELUMO ¼ EHOMO þEg
opt

As shown in Table 2, PFTTPz and PCzTTPz exhibit
obviously decreased LUMO levels compared to PFTTQx
and PCzTTQx. The LUMO levels of PFTTPz and PCzTTPz
are-3.53 and-3.51 eV, respectively, whereas PFTTQx and
PCzTTQx’ LUMO levels are around -3.3 to -3.4 eV. The
relative large offsets between the LUMO levels of all the
copolymers and PC71BM (-3.91 eV)47 indicate that charge
transfer from the copolymers to PC71BMwould be efficient.

Hole Mobility. The hole mobility of the donor conjugated
polymers plays a key role in the performance of BHJ-type
PSCs. In order to get some ideas about the influence of the
materials’ chemical structures on their charge transporting
properties, the hole mobility of the copolymers is measured
by using the space charge limited current (SCLC) method,
which has been extensively used to investigate the charge
transport properties of the PSCs active layer.48,49 Figure 2
shows the J1/2-V characteristics of the copolymers obtained
in the dark for hole-only devices with the configuration: Au/
MoO3/copolymer/PEDOT:PSS/ITO. The perfect linear fit-
ting in the figure indicates the J1/2-V characteristic follows
theMott-Gurney square law in the region from∼0 to 2.5 V

J ¼ 9

8
ε0εrμ0

V2

L3

where J is the current, μ is the hole mobility, ε0 is the
permittivity of free space, εr is the dielectric constant of
the polymer,L is the thickness of the active layer, andV is the
voltage drop across the device.V=Vappl-Vrs-Vbi, where
V is the effective voltage, Vappl is the applied voltage, Vrs is
the voltage drop, and Vbi is the built-in voltage.

Table 2 shows the hole mobilities of the copolymers
obtained by the SCLC method. It was found that the mob-
ilities of the copolymers can be dramatically enhanced by
adjusting the pendant substituted groups on the quinoxaline
acceptor. PFTTQx, the copolymers based on thiophene-
substituted quinoxaline acceptors, has a hole mobility of
1.04 � 10-4 cm2 V-1 s-1, while its analogous copolymer
PFTTPz with planar cyclic aromatic ring acceptors shows a
much improved hole mobility of 5.68 � 10-4 cm2 V-1 s-1.

Similar improvement on themobilities was also observed among
the carbazole-based copolymers.TheholemobilityofPCzTTPz
(5.43 � 10-4 cm2 V-1 s-1) is almost 1 order of magnitude
greater than that of PCzTTQx (5.68 � 10-5 cm2 V-1 s-1).
Clearly, the pendant substituted thiophene groups on the
quinoxaline rings amongPFTTQxandPCzTTQx can poten-
tially hindered the intermolecular packing of the copolymers
and reduces their carrier mobility. After oxidize cyclization,
the two pendant substituted thiophene rings are connected
together, which results in an enlarged fused planar aromatic
ring. Thereby, the π-π interaction among the result-
ing copolymers PFTTPz and PCzTTPz are enhanced and
the mobilities are improved, which is favorable for PSCs
application.41,50

Photovoltaic Properties. Photovoltaic properties of the
copolymers were investigated in solar cells with device
structure of ITO/PEDOT:PSS/copolymer:PC71BM/Ba/Al. The
copolymer:PC71BM blend films are prepared from ODCB
solution. Figure 3 shows the J-V characteristics of the
polymer solar cells under AM 1.5G condition at 900 W m-2.
Representative characteristics of the solar cells are summar-
ized in Table 3. All of the copolymers show excellent photo-
voltaic properties with overall efficiencies over 2%. It was
found that both PFTTPz and PCzTTPz exhibited a slightly
decreasedVoc compared to those of PFTTQxandPCzTTQx,
which is consistent with their relative high HOMO levels
(Table 2). Among all the coploymers, PFTTQx showed the
best performancewith aPCEof 4.4%, aVoc of 0.90V, a Jsc of
7.4 mA cm-2, and a FF of 0.59, while its analogous copoly-
mer PFTTPz only exhibited a PCE of 2.1% with a Voc of
0.85 V, a Jsc of 4.7 mA cm-2, and a FF of 0.51. Both the
carbazole-based copolymers PCzTTQx and PCzTTPz show
good PSCs device performances with PCEsmore than 3.0%.
To confirm the PCE, the external quantum efficiency (EQE)
of the device based on PFTTQx:PC71BM illuminated by
monochromatic light was determined and shown in Figure 4.
The device based on the PFTTQx:PC71BMblend shows very

Figure 3. J-V characteristics of the devices with the structure of ITO/
PEDOT:PSS/copolymer:PC71BM/Ba/Al under the illumination ofAM
1.5G from a solar simulator (900 W m-2).

Table 3. Photovoltaic Performance of the Polymers Measured under
the Illumination of Simulated AM 1.5G Conditions (900 W m

-2)

copolymers Jsc (mA cm-2) Voc (V) FF PCE (%)

PFTTQx (1:4)a 7.4 0.90 0.59 4.4
PFTTPz (1:4) 4.7 0.85 0.51 2.1
PCzTTQx (1:2) 6.6 0.88 0.53 3.5
PCzTTPz (1:2) 6.4 0.75 0.54 3.0

aBlend ratio of polymer:PC71BM.

Figure 2. J1/2 vs V characteristics of devices in Au/MoO3/copolymer/
PEDOT:PSS/ITO configuration. The solid lines represent the fitting
curves.
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efficient photoresponse in the broad range from 320 to 700
nm. The high EQE over 40% was observed in a very broad
range from 330 to 600 nm. The integral of the EQE is in
accordance with Jsc measured from the devices.

It should be noted that both PFTTPz and PCzTTPz
exhibited lower PCEs compared to PFTTQx and PCzTTQx,
respectively, despite their much higher hole mobilities and
more red-shifted absorbance. We speculate that it is prob-
ably due to their poor solubility caused by the rigid fused
planar aromatic rings which will affect the morphology of
copolymer:PC71BM blend films and further influence the
charge separation efficiency of the devices.51,52 AFM was
used to characterize the film morphology of copolymer:
PC71BM blends. The resulted topography images are shown
in Figure 5. As shown in Figures 5a and 5c, the surface of
PFTTQx:PC71BM and PCzTTQx:PC71BM blend films are
quite smooth, with root-mean-square roughness (rms) of
0.445 and 0.518 nm, respectively. This indicates good mis-
cibility between PFTTQx, PCzTTQx, and PC71BM without
large phase separation, and the resulting blend films may
exhibit good film morphology with a smaller domain size
approaching the ideal domain size of 5-10 nm,6 resulting in
the increase of Jsc andFF.However, the surfaces of PFTTPz:
PC71BM and PCzTTPz:PC71BM blend films are very rough,
with rms of 1.807 and 1.604 nm, respectively. The large

domains (larger than 100 nm) on the surface of the film
indicate a nonoptimal morphology, which is not favorable
for charge separation from the copolymers to PC71BM and
thus limits the efficiencies of the resulted devices.53 Themore
rigid main chains of PFTTPz and PCzTTPz compared to
PFTTQx and PCzTTQx could lead to higher crystallinity in
thin film, thus promoting their hole mobilities. However the
high crystallinity of PFTTPz and PCzTTPz also greatly
increased the phase separation in blended thin films with
PC71BM, as can be observed in the respective AFM images
(Figures 5b and 5d). The gain from higher mobility cannot
compensate for the loss due to nonideal phase separation;
thus, the overall device performances of PFTTPz and
PCzTTPzwere worse than those of PFTTQx and PCzTTQx.
Similar problems with highly rigid donor materials are also
reported by Bao et al.54

Conclusion

In conclusion, a series ofD-Acopolymers PFTTQx, PFTTPz,
PCzTTQx, and PCzTTPz have been successfully developed. The
copolymers based on thiophene-substituted quinoxaline accep-
tors PFTTQxand PCzTTQx show red-shifted absorption spectra
compared to previously reported benzene-substituted quinoxa-
line copolymers. Moreover, the D-A copolymers of PFTTPz
and PCzTTPz based on the polycyclic aromatic ring exhibit
significant red shift absorption with a smaller band gap of 1.68
and 1.66 eV, respectively. The mobilities of PFTTPz and
PCzTTPz are much higher than their analogous copolymers
PFTTQx and PCzTTQx due to the enlarged fused planar aro-
matic ring among them. BHJ PSCs based on the blend of the
copolymers with PC71BM show promising performance with
overall efficencies more than 2%. Despite their much higher
mobility andmore red-shifted absorbance, it was found that both
PFTTPz and PCzTTPz exhibited lower PCEs compared to
PFTTQxandPCzTTQxdue to their poor solubility which results
in nonideal phase separation. Among all the copolymers,
PFTTQx shows the best performance with a PCE of 4.4%, a
Voc of 0.90 V, a Jsc of 7.4 mA cm-2, and a FF of 0.59.
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