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ABSTRACT: A donor–acceptor double-cable polythio-
phene derivative (PT-F1) with side chain containing C60

end group was synthesized, and characterized by infra-
red, UV-vis absorption and photoluminescence (PL) spec-
troscopy, and electrochemical cyclic voltammetry. Cyclic
voltammogram of PT-F1 shows the oxidation peak of the
polymer main chains and the reduction peaks of the C60

end groups, indicating that there is no interaction
between the polymer main chains and side chain C60

groups on the ground state. The UV-vis absorption spec-
trum of PT-F1 film is red-shifted in comparison with that

of its chloroform solution. The PL spectrum of the
polymer main chain was quenched by the C60 pendant
on the side chain. Polymer solar cell with the structure
of ITO/PEDOT:PSS/PT-F1/Ca/Al was fabricated. The
power conversion efficiency of the device based on PT-F1
reached 0.274% under the illumination of AM 1.5,
100 mW/cm2. VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
115: 532–539, 2010
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INTRODUCTION

Conjugated polymer photovoltaic materials and poly-
mer solar cells (PSCs) have drawn great attention in
recent years,1–3 because of the importance of energy
source and the advantages of low cost, easy fabrica-
tion, light weight, and flexibility of the PSCs. The
PSCs are usually composed of a bend film of
conjugated polymer donor (D) and the soluble C60

derivative PCBM acceptor (A) as the active layer sand-
wiched between a transparent ITO positive electrode
and a low work function metal negative electrode.
The morphology of the D/A interpenetrating network
in the active layer is of crucial importance for the effi-
cient operation of these systems,4–6 and one of the
problems influencing the power conversion efficiency
of the PSCs is the phase separation of the fullerene
and polymer into discrete domains. This phase-sepa-
ration problem could be overcome by covalently link-
ing the fullerene moiety to the polymer backbone in a
so-called double-cable molecular structure.7

Solution-processable8–11 and electropolymer-
ized8,12–14 conjugated polymers with pendant fuller-
enes have been proposed. Also, dyads with the full-

erene linked to conjugated oligomers have been
synthesized and tested in photovoltaic devices.15–29

Most of the work was concentrated on the interac-
tion between polythiophene part and fullerene in
double-cable polymers,29,30 and the results display
that polythiophene part and fullerene pendant part
keep their ground state properties independently.
Antonio Cravino fabricated a photovoltaic device
using their double-cable polythiophene31 as the
active layer, they found the open-circuit voltage
declined and short-circuit current increased over
several orders of magnitude after polythiophene was
pendant with fullerene, and the solubility of double-
cable polymers becomes worse with the increasing
of fullerene content in the double-cable polymers.31

Some oligo-thiophenes with fullerene are used as the
active layer in the photovoltaic devices, but the
power conversion efficiency is very low in these
kinds of devices because of double-cable polymer’s
poor solubility, even the highest one is only 0.64%23

under the illumination of 10 lW/cm2 monochro-
matic light at 466 nm. With regard to the bulk
heterojunction solar cell using polythiophene and
fullerene derivatives as the active layer (over
5%),32,33 its power conversion efficiency is still very
low, the main reason to this phenomenon is the
poor solubility and lower electron transportation
efficiency of the double-cable polymers.8

Recently, our group synthesized a double-cable
polythiophene (PT-F)34 and fabricated the photovol-
taic device based on PT-F, the power conversion
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efficiency of the device reached 0.52% under AM
1.5, 100 mW/cm2. In this article, we synthesized a
new polythiophene derivative with the same fuller-
ene side chain as PT-F but different main chain (as
shown in Scheme 1, PT-F1). The motivation of this
work is to improve the absorption and solubility of
the double-cable polymers. The photovoltaic devices
based on the single-component PT-F1 were fabri-
cated and characterized.

EXPERIMENTAL

Materials

3-Hexylthiophene (5) and 2,5-dibromo-3-hexylthio-
phene (6) were prepared according to literature
procedure.35 2,5-Bis (tributylstannyl) thiophene was
prepared according to literature procedure.36 All
other regents were common commercial level and
used as received.

Measurement and characterization

1H-NMR spectra were measured on a Bruker DMX-
300 spectrometer; all chemical shifts were reported
relative to tetramethylsilane (TMS) at 0.0 ppm. FT-IR
spectra were recorded on a Bruker TENSOR 27 spec-
trometer by dispersing samples in KBr disks.
Elemental analysis was carried out on a Flash EA
1112 elemental analyzer. Molecular weights and pol-
ydispersity of the polymers were determined by gel
permeation chromatography (GPC) analysis relative
to polystyrene calibration [Waters 515 HPLC pump,

a Waters 2414 differential refractometer, and three
Waters Styragel columns (HT2, HT3, and HT4)]
using THF as eluent at a flow rate of 1.0 mL/min at
35�C. Absorption spectra were taken on a Hitachi
U-3010 UV-vis spectrophotometer. Photolumines-
cence spectra were measured using a Hitachi F-4500
spectrophotometer. The electrochemical cyclic vol-
tammetry was conducted on a Zahner IM6e electro-
chemical workstation with Pt disk, Pt plate, and
Ag/Agþ electrode as working electrode, counter
electrode, and reference electrode, respectively, in a
0.1 mol/L tetrabutylammonium hexafluorophos-
phate (Bu4NPF6) acetonitrile solution.

Synthesis of monomers and Polymers

The synthetic routes of monomers and polymers are
shown in Scheme 2 and Scheme 3, respectively.

1-(6-Bromohexyloxy) benzene, 1

KOH (5.60 g, 0.10 mol) was added to a water
(50 mL) solution of phenol (9.40 g, 0.10 mol). 1,6-
dibromohexane (96.80 g, 0.40 mol) was added to the
reaction mixture in one portion. The reactant was
heated to reflux and stirred for 12 h. Then, the
organic layer was separated and washed for three
times with water. Distillation under vacuum gave
colorless 1-(6-bromohexyloxy) benzene (20.60 g,

Scheme 1 Molecular structure of the soluble double-cable
polythiophene PT-F1 (m : n ¼ 0.50 : 0.50).

Scheme 2 Synthetic routes of monomers. (i) Br(CH2)6Br,
KOH, H2O, reflux for 12 hs; (ii) Dodecanoyl chloride, AlCl3,
CH2Cl2, ambient temperature, overnight; (iii) 4-hydroxy-
benzaldehyde, K2CO3, DMF, 80�C, 6 hs; (iv) 2,5-dibromo-3-
bromomethylthiophene, P(OC2H5)3, 160�C for 2 hs, then
compound 3, CH3ONa, DMF, cool water bath, 30 min; (v)
NBS, CHCl3, HOAc; (vi) C6H13 MgBr, NidpppCl2, THF,
reflux; (x) thiophene, n-butyl lithium, THF reflux for 2 hs,
then Sn(C4H9)3Cl, ambient temperature for 12 hs.
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0.08 mol). Yield: 80.47%. GC-Ms: m/z ¼ 256 (Mþ).
1H-NMR (CDCl3) D ¼7.21 (t, 2H), 6.92 (d, 1H), 6.75
(d, 2H), 3.85 (t, 2H), 3.15 (t, 2H), 1.81 (m, 2H), 1.72
(m, 2H), 1.33 (m, 4H). C12H17OBr: Calcd. C 56.25,
H 6.64; Found: C 56.17, H 6.56.

1-Dodecanoyl-4-(6-bromohexyloxy) benzene, 2

Under ice-bath, 1 (27.00 g, 0.11 mol) was added to a
250 mL three-necked flask equipped for stirring.
Anhydrous aluminum trichloride powder (14.00 g,
0.11 mol) was added to the above flask. Dodecanoyl
chloride (23.98 g, 0.11 mol) was drop-added to the
system under 0�C. Then reacted for one night under
room temperature, pledged the reaction mixture into
ice, extracted with chloroform, and removed the sol-
vent. Then the re-crystallization with methanol gave
white solid 2 (27.00 g, 0.060 mol). Yield: 56.04%. GC-
Ms: m/z ¼ 438 (Mþ). 1H-NMR (CDCl3) D ¼ 7.92 (d,
2H), 6.96 (d, 2H), 3.96(t, 2H), 3.40(t, 2H), 2.90(t, 2H),
1.91 (m, 2H), 1.84 (m, 2H), 1.73 (m, 2H), 1.51 (m,

6H), 1.30–1.25 (m, 14H), 0.91 (m, 3H). C24H39BrO2:
Calcd. C 65.75, H 8.90. Found: C 65.50, H 8.76.

4-(6-(4-Dodecanoyl phenoxy)hexyloxy)
benzaldehyde, 3

Benzaldehyde (12.20 g, 0.10 mol) was dissolved in
40 mL DMF in a 100 mL one-necked flask equipped
for stirring. Potassium hydroxide (5.60 g, 0.10 mol)
was added to the solution, and the solution was
stirred for several minutes. Then 2 (27.00 g,
0.060 mol) was added, the mixture was stirred for
about 5 h at 120�C. The solution was pledged into
water, and then filtrated, washed with methanol.
The filter mass was recrystallized with methanol, got
white solid 3 (16.03 g, 0.030 mol). Yield: 33.40%. GC-
Ms: m/z ¼ 480 (Mþ). 1H-NMR (CDCl3) D ¼ 9.87
(s, 1H), 7.93 (d, 2H), 7.81 (d, 2H), 6.98 (d, 2H), 6.90
(d, 2H), 4.05 (t, 2H), 4.03 (t, 2H), 2.89 (t, 2H), 1.85
(m, 4H), 1.74 (m, 2H), 1.56 (m, 4H), 1.31–1.23 (m,

Scheme 3 Synthetic route of PT-F1. (i) Compound 4,7, Pd(PPh3)4, toluene, argon, reflux for 12 hs; (ii) polyketone1, p-
tosylhydrazine, trace mount of HCl, THF, reflux for 6 hs; (iii) polyhydrazide1, CH3ONa, pyridine, stirred for 15 min, then
C60 in o-dichlorobenzene, reflux for 24 hs under nitrogen.
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16H), 0.91 (t, 3H). C31H44O4: Calcd. C 77.55, H 9.17;
Found: C 77.30, H 9.42.

3-(4-(6-(4-Dodecanoyl phenoxy)hexyloxy)styryl)-2,5-
dibromothiophene, 4

2,5-Dibromo-3-bromomethylthiophene (3.35 g, 0.01
mol) and phosphorus acid triethyl ester (1.66 g, 0.01
mol) were put in a flask and heated to 160�C for 2 h.
The product of 2,5-dibromothiophen-3-ylmethyl
phosphonic acid diethyl ester was obtained and
used directly without any purification. Then the
product and compound 3 (4.80 g, 0.01 mol) were dis-
solved in 30 mL of dried DMF. Under a cool water
bath, NaOCH3 (0.6 g in 10 mL of DMF) was added
dropwise into the solution. After 30 min, the solu-
tion was poured into 100 mL of methanol and fil-
tered after being cooled to �5�C. The product of
compound 4 was purified by re-crystallization from
methanol and obtained as a white solid (5.04 g,
0.0070 mol). Yield: 70.39%. C-Ms: m/z ¼ 716 (Mþ).
1H-NMR (CDCl3) D ¼ 7.92 (d, 2H), 7.41 (d, 2H), 7.19
(s, 1H), 6.92–6.85 (m, 6H), 4.03 (t, 2H), 4.01 (t, 2H),
2.91 (t, 2H), 1.85 (m, 4H), 1.74 (m, 2H), 1.56 (m, 4H),
1.35–1.29 (m, 16H), 0.91 (t, 3H). C36H46Br2O3S: Calcd.
C 60.34, H 6.42, Br 22.07, O 6.70, S 4.47; Found: C
60.43, H 6.47, Br 22.01, O 6.82, S 4.27.

3-Hexylthiophene, 5

Under N2 atmosphere, magnesium turnings (2.60 g,
0.11 mol) was put into a 250 mL flask and 40 mL
dried ether was charged. 1-bromo-hexane (16.50 g,
0.10 mol) was dissolved into 40 mL ether and added
into the flask through a dropping funnel. When the
reaction subsided, a gray solution of hexyl-magne-
sium bromide was obtained. In another flask, 3-
bromo-thiophene (16.30 g, 0.10 mol) and 30 mL ether
were charged, and NidpppCl2 (0.25 g, 0.50 mmol)
was added. Under an ice-water cooling bath, the
hexyl-magnesium bromide was added dropwise,
and when the addition was ended, the reactant was
heated to reflux. After 12 h, the reaction was
quenched by the addition of 100 mL HCl (2 mol/L).
The organic layer was separated, and the aqua layer
was extracted by ether. All of the organic layers
were combined, washed with water, and dried over
anhydrous MgSO4. After the removal of solvent, 3-
hexylthiophene (12.08 g, 0.072 mol) was obtained
under decompression. Yield: 71.90%. 1H-NMR
(CDCl3) D ¼ 7.06 (d, 1H), 6.75 (s, 1H), 6.74 (d, 1H),
2.55 (t, 2H), 1.62 (m, 2H), 1.30(m, 6H), 0.95 (t, 3H).

2,5-Dibromo-3-hexylthiophene, 6

Compound 5 (8.40 g, 0.050 mol) was dissolved into
40 mL CHCl3 and NBS (17.80 g, 0.10 mol) was

added. The reactant was heated to reflux for 2 h,
and the mixture was poured into 200 mL water and
subtracted by 50 mL chloroform. The organic layer
was washed with water and dried over MgSO4.
After the removal of solvent, 2,5-dibromo-3-hexylth-
iophene (13.80 g, 0.042 mol) was purified by distilla-
tion under decompression. Yield: 84.66%. 1H-NMR
(CDCl3) D ¼ 7.01 (s, 1H), 2.60 (t, 2H), 1.62 (m, 2H),
1.30 (m, 6H), 0.95 (t, 3H).

2,5-Bis(tributylstannyl) thiophene, 7

Thiophene (8.40 g, 0.10 mol) was dissolved in 60 mL
of THF in a well-dried flask under the protection of
nitrogen. n-Butyl lithium (76 mL, 0.22 mol, 2.88M in
hexane) was added dropwise (caution: a great deal
of gas evolved), and the solution was stirred at
reflux for 2 h. After being cooled to ambient temper-
ature, tributylchlorostannane (68.04 g, 0.21 mol) was
added in one portion. After 12 h, the solution was
poured into 100 mL of cool water. The organic layer
was separated, and the aqua layer was extracted by
ether. The organic layers were collected and dried
over anhydrous MgSO4, and the removal of solvent
gave a crude product. 2,5-Bis(tributylstannyl)
thiophene (35.03 g, 0.053 mol) was obtained after
distillation under vacuum (0.1 mmHg/190�C). Yield:
53.08%. Purity (by GC) >96%. GC-Ms: m/z ¼ 664
(Mþ). 1H-NMR (CDCl3) D ¼ 7.34 (s, 2H), 1.60 (m,
12H), 1.39 (m, 12H), 1.09 (m, 12H), 0.91 (t, 18H).

Polyketone1

Dry toluene (10 mL) was added to a 50 mL dry two-
necked flask, then 4 (0.72 g, 1 mmol), 6 (0.33 g,
1 mmol), and 7 (1.32 g, 2 mmol) were added, pro-
vided with N2 inlet during 20 min. Subsequently,
Pd(PPh3)4 (20 mg) was added, provided with N2

inlet during 10 min. The reaction mixture was
stirred at 110�C during 16 h. Methanol (40 mL) was
added dropwise to make polymer deposit in the
mixture solvent of toluene and methanol. The mix-
ture was transferred to a 50 mL centrifuge tube, and
then was immersed in an ultrasonic bath for 1 min.
The suspension was centrifuged, the supernatant
was decanted, and the residue was treated with
methanol (80 mL) twice in the same manner. The
pellet was washed with methanol by using a Soxhlet
extractor during 24 h, and then washed with hexane
during 24 h. The polymer was then dissolved by
Soxhlet extraction with THF, the THF was removed,
and the residue was dried under vacuum to yield
polyketone1 (520 mg).
Polyketone1, 1H-NMR (CDCl3) D ¼ 7.90(d, 2H),

7.43(d, 2H), 7.31(d, 2H), 7.19(s, 2H), 7.09(d, 2H),
6.90–6.86(m, 6H), 4.00(t, 4H), 2.88(t, 2H), 2.62(t, 2H),
1.82(m, 4H), 1.67(m, 4H), 1.54(m, 4H), 1.24(m, 22H),
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0.87(t, 6H). From the integrate area of 2.88 ppm and
2.62 ppm, we can get the value of m : n is 0.50 : 0.5.
C54H64O3S4: Calcd. C 72.97, H 7.21, O 5.41, S 14.41;
Found: C 72.76, H 7.09, O 5.62, S 14.12.

Polyhydrazide1

THF (70 mL) was added into a 100 mL one-necked
flask, polyketone1 (500 mg) was dissolved, 4-methyl-
benzenesulfonohydrazide (2.00 g, 0.011 mol) was
added, and then four drops of HCl (2 m/L) were
added, refluxed for 6 h. After removal of solvent, the
residue was transferred to a 50 mL centrifuge tube.
Then chloroform (4 mL) was added, and methanol
(40 mL) was added drop wise. The mixture was
immersed in an ultrasonic bath for 1 min, the suspen-
sion was centrifuged, and the supernatant was deca-
nted. And the residue was treated with methanol
(80 mL) twice in the same manner. The pellet was
washed with methanol by using a Soxhlet extractor
during 24 h, and then washed with hexane during
24 h. The polymer was dissolved by Soxhlet extraction
with THF, after removal of THF, the residue was dried
under vacuum to yield polyhydrazide1 (540 mg).

Polyhydrazide1, 1H-NMR (CDCl3) D ¼ 7.89 (d, 2H),
7.76(d, 2H), 7.52(d, 2H), 7.43(d, 2H), 7.35(d, 2H), 7.18(s,
2H), 7.11(d, 2H), 6.89–6.85(m, 6H), 3.98(t, 4H), 2.75(t,
2H), 2.56(s, 1H), 2.41(s, 3H), 1.82(m, 4H), 1.68(m, 4H),
1.54(m, 4H), 1.40–1.24(m, 20H), 0.87(t, 6H).
C61H72O4S5N2: Calcd. C 69.32, H 6.82, O 6.06, S 15.15,
N 2.65; Found: C 69.18, H 6.65, O 6.24, S 15.32, N 2.61.

The structure of polyhydrazide1 was proved by
FT-IR spectra in Figure 1.

PT-F1

Polyhydrazide1 (510 mg) was dissolved in 30 mL of
dry pyridine in a dried three-necked flask provided
with N2 inlet, a thermometer, and a magnetic stirring
bar. Then, NaOMe (80 mg, 1.60 mmol) was added,
and the mixture was stirred during 15 min. A solu-
tion of C60 (510 mg, 7.08 mmol) in 100 mL of dry 1,2-
dichlorobenzene was added, and the homogeneous
reaction mixture was stirred at 65–70�C during 22 h.
The reaction mixture was transferred to a round bot-
tom flask, the solvent was removed. The residue was
washed with methanol by using a Soxhlet extractor
during 24 h, and then washed with hexane during 24
h. The polymer was then dissolved by Soxhlet extrac-
tion with THF, the THF was removed, and the low
molecular weight residue was achieved. Then, the
polymer was dissolved by Soxhlet extraction with
chlorobenzene, the chlorobenzene was removed, and
then the high molecular weight fraction was dried
under vacuum to yield PT-F1 (510 mg).

PT-F1: C114H64O2S4: Calcd. C 85.29, H 4.02, O 2.01,
S 8.04; Found: C 85.73, H 4.13, O 2.08, S 8.01.

The elemental analysis result displays that nearly
each repeated units of PT-F1 was substituted by one
C60 molecule.

Device fabrication and characterization

The PSCs were constructed in the traditional sand-
wich structure through the following steps. Poly(3,4-
ethylene dioxythiophene)-poly(styrene sulphonate)
(PEDOT:PSS, from Bayer AG) was spin coated from
an aqueous solution on a pre-cleaned indium tin
oxide (ITO)/glass substrate giving a thickness of
about 30 nm, and was dried subsequently at 150�C for
10 min. The photosensitive blend layer of polymer
was prepared by spin-coating the chlorobenzene solu-
tion of the polymer with the concentration of 12 mg/
mL on the ITO/PEDOT: PSS electrode, and dried at
80�C for 30 min, in a nitrogen-filled glove box. The
cathode of devices, consisting of 10 nm of calcium and
150 nm of Aluminum, was thermally deposited on the
top of polymer film at 5 � 10�5 Pa. The active area of
the device is 4 mm2. The current–voltage (I–V) mea-
surement of the PSC devices was conducted on a com-
puter-controlled Keithley 236 Source Measure Unit. A
solar simulator was used as the light source; the light
intensity was monitored by a standard Si solar cell.

RESULTS AND DISCUSSION

Synthesis and characterization

The synthetic route of the double-cable polymer PT-
F1 was shown in Scheme 3. For comparison, the pol-
ymers of polyketone1 and polyhydrazide1 (shown in
Scheme 3), which possess a similar molecular struc-
ture with PT-F1 but without C60 end group on their
side chains, were also analyzed and characterized.

Figure 1 FT-IR spectra of polyhydrazide1, polyketone1,
PT-F, and PT-F1. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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The molecular structures of the polymers were char-
acterized by FT-IR analysis. In the FT-IR spectra, as
shown in Figure 1, polyketone1 exhibited a clear
peak at 1675 cm�1 for mco while polyhydrazide1 had
no signal at that position and instead appeared a
new peak of mNH at 3213 cm�1. The FT-IR spectra
give clear evidence of the molecular structures of
polyketone1 and polyhydrazide1. The molecular
structure of the double-cable polymer PT-F1 was
also confirmed by FT-IR (refer Fig. 1), and elemental
analysis. In the FT-IR spectra, PT-F1 shows four
characteristic peaks of C60 at 523, 574, 1182, and
1426 cm�1. The value of m : n of polymers were esti-
mated roughly by 1H-NMR of polyketone1, the
hydrogen on position a shows a peak at d ¼ 2.88
ppm, and the hydrogen on position b shows a peak
at d ¼ 2.62 ppm. Hence, the values of m : n could be
calculated to be about 0.5 : 0.5 from the ratio of the
integral areas of the two peaks. The roughness of
the value of m : n obtained depends on the overlap
of the two peaks.

The weight-average molecular weights (Mw) of
polyketone1 and polyhydrazide1 were 1.7 � 104 and
2.3 � 104 with the polydispersity index (PDI) of 1.7
and 2.0, respectively. The molecular weight of PT-F1
is hard to be determined by GPC, since it cannot be
solved in THF which is commonly used as eluent in
GPC. According to the molecular weights of polyke-
tone1 and polyhydrazide1, the Mw of PT-F1 should
be in the range of 20 K–40 K because C60 is
connected with the polymer side chain without
interruption of the polymer main chain during the
synthesis of PT-F1.

Electrochemical properties

Figure 2 shows the cyclic voltammograms of the
polymer films on Pt electrode in a 0.1 mol/L
Bu4NPF6, CH3CN solution. In comparison with the
cyclic voltammogram of polyketone1 (refer Fig. 2),
the corresponding PT-F1 after being substituted of
polyketone1 with C60 exhibited the characteristic
reduction peaks of C60 at �0.55, �1.10, �1.58 V ver-
sus Ag/Agþ (refer Fig. 2). This indicates that the
electronic properties of C60 remained37 and there is
no interaction between the polythiophene main
chains and the C60 on the side chains at the ground
state.34 The cyclic voltammogram of polyketone1
shows the onset oxidation potential at about 0.3 V
versus Ag/Agþ and a onset reduction potential of
about �1.91 V versus Ag/Agþ, which should be
corresponding to the p-doping and n-doping of the
polymer main chains, respectively. Obviously, the
oxidation wave at higher than 0.3 V versus Ag/Agþ

and the reduction wave at lower than �1.9 V versus
Ag/Agþ in the cyclic voltammogram of PT-F1 could
be ascribed to the p-doping and n-doping of the PT-

F1 main chains, respectively. The poor reversibility
of the oxidation and reduction of PT-F1 main chains
could be due to the influence of its big side chains
on the main chains.

Absorption and PL spectra

Figure 3 shows the absorption spectra of the poly-
mers. It can be seen that the maximum absorption
wavelength of polyketone1 and PT-F1 in the visible
region is 491 and 478 nm, respectively. The absorb-
ance of PT-F1 in the visible region decreased a lot
than that of polyketone1. This is due to the strong
absorbance in UV region of fullerene on the side
chain and the steric effect of the big side chain on
the polythiophene main chains of PT-F1, so that
after linking fullerene to polythiophene main chain,
the ratio of the visible absorption of the polymer
main chains to the UV absorption of the side chains
decreased. In addition, the absorption spectrum of
double-cable polymer PT-F1 solution could also be
roughly thought as addition spectra of polyketone1
and C60 [refer Fig. 3(a)], which further indicates that
polythiophene part and fullerene pendant part keep
their ground state properties independently.
The maximum visible absorbance wavelength of

polyketone1 and PT-F1 films on quartz plate is 531
and 502 nm, respectively, as shown in Figure 3(b).
The film absorption peaks red-shifted by 40 and 24
nm relative to those of their chloroform solutions,
respectively, which is due probably to that the big
volume of the side chains in the polymers, distort
the polymer main chains in the solution state, and
there is more planar conformation of the polymer
main chains from p-stacking/aggregation in solid

Figure 2 Cyclic voltammograms of polyketone1 and PT-
F1 films in Pt electrode infilms on Pt electrode 0.1 mol/L
Bu4NPF6, CH3CN solution with a scan rate of 100 mV/s.
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films. It is noteworthy that the absorption of PT-F1
film in the visible region is stronger than that of PT-
F film,34 indicating that the copolymerization with
the bithiophene units in PT-F1 improved the visible
absorption of the double-cable polymers.

Figure 4 shows the photoluminescence (PL) spec-
tra of the polymer solutions in chloroform. There is
strong photoluminescence of polyketone1 peaked at
about 590 nm excited at 440 nm, but the photolumi-
nescence of PT-F1 was quenched greatly. In compar-
ison, there is no PL quenching in the dilute solution
of polyketone1 and C60, indicating that the charge
transfer from the exciton of polyketone1 to C60 is
limited in the dilute solution. The PL quenching of
PT-F1 should result from the photo induced electron
transfer from PT main chains to C60 moiety on the
side chains. The results indicate that the double-
cable polymers could be used as the photovoltaic
material in a single-component photovoltaic cells.

Photovoltaic property

Single-component polymer solar cells (PSCs) were
fabricated with the structure of ITO/PEDOT: PSS
(30 nm)/photosensitive layer (65 nm)/Ca (10 nm)/
Al (150 nm), where the photoactive layer was pre-
pared by spin-coatting PT-F1 solution. Figure 5
shows the I–V curve of the device based on PT-F1.
The photovoltaic properties of the device are as fol-
lows: the short-circuit current (Isc) is 1.55 mA/cm2,
the open-voltage (Voc) is 0.63 V, fill factor (FF) is
0.281, and the power conversion efficiency (PCE) of
the device is 0.274% under the illumination of AM
1.5, 100 mW/cm2. The PCE of 0.274% is among the
high values for the single-component PSCs, but it is
a little lower than that of the device based on PT-
F.34 Probably, the electron transfer between C60

Figure 3 Absorption spectra of (a) the polymers solutions
in chloroform and (b) the polymer films on quartz plate.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 4 Photoluminescence spectra of the polymers in
chloroform solutions (10�5 mol/L) excited at 440 nm.
[Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]

Figure 5 I–V curve of the polymer solar cell based on
PT-F1 under the illumination of AM 1.5, 100 mW/cm2.
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pendants on the side chains of the polymer PT-F1 is
poorer than that in PT-F.

CONCLUSIONS

The double-cable polythiophene PT-F1 with the side
chain containing fullerene end group was synthe-
sized. The characteristic reduction peaks of C60 were
observed in the cyclic voltammogram of PT-F1, indi-
cating that the electronic properties of C60 remained
in the double-cable polymers. The visible absorption
of PT-F1 is improved for some extent in comparison
with that of PT-F reported previously. The PL
quenching of the PT-F1 dilute solution was
observed, which implies that charge transfer occurs
from the polymer main chain to C60 on the side
chains of the double-cable polymer at excited state.
The power conversion efficiency of the PSC based
on the single-component PT-F1 reached 0.274%,
which is a high value in the single-component PSC
devices. The results indicate that these kinds of
double-cable polythiophenes are promising materials
in photovoltaic application.
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