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ABSTRACT: A new polythiophene derivative with dio-
ctyloxyl triphenylamine-vinylene (DOTPAV) conjugated
side-chain, DOTPAV-PT, was synthesized by the Stille
coupling method and characterized by 1H-NMR, 13C-
NMR, elemental analysis, gel permeation chromatogra-
phy, thermogravimetric analysis, UV–vis absorption spec-
troscopy, photoluminescence spectroscopy, and cyclic
voltammetry. The polymer DOTPAV-PT is soluble in
common organic solvents and possesses good thermal
stability with 5% weight loss temperature of 310�C. The
weight-average molecular weight of DOTPAV-PT is 8.0
K with a polydispersity index of 1.24. The hole mobility

of the polymer determined from space-charge-limited
current model was 1.25 � 10�4 cm2 V�1 s�1. The bulk
heterojunction polymer solar cell with the configuration
of ITO/PEDOT : PSS/polymer : PCBM (1 : 1)/Ca/Al
was fabricated, and the power conversion efficiency of
the device was 0.16% under the illumination of AM1.5,
100 mW cm�2. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
113: 1415–1421, 2009
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INTRODUCTION

Polythiophene (PT) and its derivatives have attracted
considerable attention due to their versatile applica-
tions in the fields of conducting polymers and con-
jugated polymer optoelectronic devices. For the
applications as the conjugated polymer optoelec-
tronic materials, PTs are broadly used in polymer
solar cells,1–4 light-emitting diodes,5 and field-effect
transistors.6–8 To improve properties and fulfill dif-
ferent application requirements, chemical modifica-
tions of PTs have been well performed.

For the application of the conjugated polymers in
polymer solar cells (PSCs) as the electron donor,
broad absorption in the visible region and higher
hole mobility of the conjugated polymers are crucial
for high efficient photovoltaic materials.4 At present,
the main PT derivative used as the electron donor in
PSCs is poly(3-hexylthiophene) (P3HT), in which the

hexyl side-chains are mainly used to improve the
solubility of the polymers. As is well known, the
extension of effective conjugation length will
improve the properties of p-conjugated polymers;
thus, our group recently synthesized a series of PT
derivatives with the side-chains of phenylene-vinyl-
ene,9 thienylene-vinylene,10 terthiophene-vinylene11

or phenothiazine vinylene.6

Triphenylamine is a preferred electron-donating
moiety with high hole transporting and good UV-
light harvesting properties,12–17 and branch vinylene
can broaden the absorption vision and improve mo-
bility. Therefore further investigation of the relation-
ship between side-chain structure and property of
polymers was pursued in this work to incorporate
triphenylamine vinyl into the side-chain to build a
new PT derivative DOTPAV-PT (see Scheme 1). The
photovoltaic properties and hole mobility of the
polymer were characterized. The power conversion
efficiency of the device with DOTPAV-PT as elec-
tron donor and PCBM as electron acceptor was
0.16% under the illumination of AM1.5, 100 mW
cm�2. The hole mobility of DOTPAV-PT is 1.25 �
10�4 cm2 V�1 S�1, which is higher than those of
common PTs (10�6), owing to the effective contribu-
tion of the triphenylamine–vinylene side-chain.
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MATERIALS AND METHODS

Materials and characterization

4-Iodophenol was obtained from Acros (USA);
Pd(PPh3)4 and tributylstannyl chloride were pur-
chased from Alfa Aesar (USA), and they were used
as received without further purification. The other
reagents were commercial grade.

1H-NMR and 13C-NMR spectra were recorded by
using a Bruker AM-400 spectrometer, and chemical
shifts were recorded in ppm. Elemental analysis was
measured on a Flash EA 1112 elemental analyzer.
Molecular weight and polydispersity of the polymer
were determined by gel permeation chromatography
analysis relative to polystyrene calibration [Waters
515 HPLC pump, a Waters 2414 differential refrac-
tometer, and three Waters Styragel columns (HT2,
HT3, and HT4)] by using tetrahydrofluran as eluent
at a flow rate of 1.0 mL min�1 at 35�C. Thermogravi-
metric analysis (TGA) was conducted on a DTG-60
thermogravimetric analyzer with a heating rate of
10�C min�1 under nitrogen atmosphere. The UV–vis
spectra were recorded on a Hitachi U-3010 UV–vis
spectrophotometer. The photoluminescence (PL)
spectra were obtained with a Hitachi F-4500 fluores-
cence spectrophotometer.

Electrochemical cyclic voltammogram was
recorded with a computer-controlled Zahner IM6e
electrochemical workstation (Germany) by using
polymer films on a platinum disk as the working
electrode, platinum wire as the counterelectrode,
and Ag/Agþ (0.1M) as the reference electrode.

The current–voltage (I–V) measurements of PSC
were conducted on a computer-controlled Keithley
236 source measure unit. A Xenon lamp with AM1.5
filter was used as a white-light source, and the opti-
cal power was 100 mW cm�2. All the measurements

were automatically controlled by a computer system
and performed under ambient atmosphere at room
temperature.

Synthesis of monomers

Octyloxyl-4-iodobenzene (1)

To a stirred mixture of 4-iodophenol (26.40 g, 0.12
mol), octylbromide (19.3 g, 0.1 mol), and dimethyl-
formamide (100 mL) under argon was added K2CO3

(27.60 g, 0.20 mol). The reaction mixture was
refluxed for 15 h and cooled to room temperature.
The resulting mixture was filtered and then
extracted with chloroform. The organic layer was
washed with a dilute solution of KOH and water
and dried over anhydrous magnesium sulfate. After
filtration and removal of the solvents and purifica-
tion with column chromatography (silica gel, petro-
leum ether as eluent), 28.7 g (86%) of 1-octyloxyl-4-
iodobenzene as colorless oil was obtained. Gas chro-
matography-mass spectrometry (GC-MS): m/z ¼
332. 1H-NMR (d/ppm, CDCl3): 0.85–0.88 (t, J ¼ 5.7,
3H), 1.28–1.48 (m, 10H), 1.68–1.70 (m, 2H), 3.80–3.82
(t, J ¼ 4.0, 2H), 6.67–6.68 (d, J ¼ 4.0, 2H), 7.51–7.53
(d, J ¼ 4.0, 2H). 13C-NMR (d/ppm, CDCl3): 137.9,
116.0, 81.9, 68.6, 31.7, 29.6, 29.0, 25.8, 22.6, 14.1.

Bis(4-(20-octyloxyl)phenyl)amino)benzene (2)

The mixture of 1 (10.85 g, 32 mmol), aniline (1.4 g,
15 mmol), CuCl (0.12 g, 1.2 mmol), phenathroline
(0.26 g, 1.44 mmol), KOH (14.7 g, 0.26 mol), and tol-
uene (35 mL) was refluxed for 24 h. After cooling,
the resulting mixture was poured into plenty of
stirred water and extracted with chloroform. The
obtained organic phase was washed several times
with water, dried with magnesium sulfate, filtered,
evaporated, and purified with column chromatogra-
phy (silica gel, petroleum ether as eluent) to yield
6.5 g (89%) of bis(4-(20-octyloxyl)phenyl)amino-ben-
zene as a yellowish oil. GC-MS: m/z ¼ 502, 1H-
NMR (d/ppm, CDCl3): 0.90–0.93 (t, J ¼ 5.7, 6H),
1.30–1.51 (m, 20H), 1.74–1.84 (m, 4H), 3.87–3.89 (t, J
¼ 3.8, 4H), 6.67–7.15 (m, 13H). 13C-NMR (d/ppm,
CDCl3): 153.7, 145.7, 137.3, 131.8, 129.4, 126.7, 125.4,
115.0, 68.6, 31.7, 29.5, 29.2, 25.7, 22.6, 14.1. Elemental
Anal. Calcd for C34H47NO2: C, 81.43; H, 9.38; N,
2.79. Found: C, 81.35; H, 9.30; N, 2.82.

4-(Bis(40-(200-octyloxyl)phenyl)amino)
benzaldehyde (3)

Phosphorus oxychloride (2 mL, 21.6 mmol) was
added dropwise to stirred DMF (10 mL, 130 mmol)
at 0�C. The mixture was stirred for 1 h at 0�C and
additionally stirred at room temperature for 1 h.
After the addition of 2 (1.6 g, 3.2 mmol) in 1,2-
dichloroethane (10 mL), the mixture was stirred at

Scheme 1 Chemical structure of the polythiophene deriv-
ative DOTPAV-PT.

1416 WAN ET AL.

Journal of Applied Polymer Science DOI 10.1002/app



90�C for 2 h. After cooling, the solution was poured
into cold water. The resulting mixture was neutral-
ized to pH 7 with 2M NaOH aqueous solution and
extracted with chloroform. The extract was washed
successively with plenty of water and brine. The or-
ganic extracts were dried over magnesium sulfate,
evaporated, and purified with column chromatogra-
phy (silica gel, ethyl acetate/petroleum ether (1/3)
as eluent) to yield 1.11 g (66%) 3 as yellowish oil.
GC-MS: m/z ¼ 529. 1H-NMR (d/ppm, CDCl3): 9.78
(s, 1H), 7.63 (d, J ¼ 3.9, 2H), 7.15–7.09 (m, 4H), 6.95
(m, 2H), 6.86 (m, 4H), 3.89–3.86 (t, J ¼ 5.7, 4H), 1.80
(m, 4H), 1.41–1.27 (m, 20H), 0.87–0.89 (t, J ¼ 4.0,
6H). 13C-NMR (d/ppm, CDCl3): 189.9, 153.7, 151.7,
137.5, 130.5, 131.8, 131.3, 126.7, 125.4, 115.0, 68.6,
31.7, 29.5, 29.2, 25.7, 22.6, 14.1.

(2,5-Dibromo-thiophen-3-ylmethyl)-phosphonic
acid diethyl ester (4)

Compound 4 was synthesized as described in Ref. 9.
The crude product was purified by flash column
chromatography eluting with petroleum ether/ethyl
acetate (1 : 1). After purification, 4 was recovered as
a pale yellow oil (22 g, 70% yield). GC-MS: m/z ¼
392, 1H-NMR (d/ppm, CDCl3): 7.00 (s, 1H), 4.08 (m,
4H), 3.10 (d, J ¼ 4.0, 2H), 1.29 (t, J ¼ 5.7, 6H).

N-(4-((E)-2-(2,5-dibromothiophen-3-yl)vinyl)phenyl)-
4-(octyloxy)-N-(4-(octyloxy) phenyl)benzenamine (5)

Under an ice-water bath, 4 (0.78 g, 2 mmol) was dis-
solved in 10 mL DMF, and CH3ONa (0.162 g, 3
mmol) was added. After 10 min, 3 (1.06 g, 2 mmol)
was added slowly to the solution. After 2 h, the so-
lution was poured into methanol and filtered. The
solvent was removed by the rotavopor, and the resi-
due was purified through silica chromatography (pe-
troleum ether/ethyl acetate (10 : 1) to obtain 5 as
colorless oil (90%). GC-MS: m/z ¼ 756. 1H-NMR (d/
ppm, CDCl3): 7.23 (m, 2H), 7.05 (s, 2H), 6.94 (s, 1H),
6.72 (m, 4H), 6.61 (m, 2H); 6.45 (m, 4H), 3.90–3.87
(t, J ¼ 5.7, 4H), 1.79 (m, 4H), 1.39–1.27 (m, 20H), 0.92
(t, J ¼ 5.7 6H). 13C-NMR (d/ppm, CDCl3): 153.8,
145.0, 140.0, 137.4, 133.3, 131.7, 131.2, 129.7, 127.3,
126.9, 124.9, 68.7, 31.8, 29.6, 29.2, 25.9, 22.7, 14.0.

2,5-Bis(tributylstannyl)thiophene (6)

This compound was synthesized by the literature
procedure.9 GC-MS: m/z ¼ 664. Yield: 72%. Purity
(by GC-MS) �96%. 1H-NMR (d/ppm, CDCl3): 7.34
(s, 2H), 1.60 (m, 12H), 1.39 (m, 12H), 1.09 (m, 12H),
0.91 (t, 18H). Elemental Anal. Calcd. for C28H56SSn2:
C, 50.80; H, 8.47; found: C, 50.68; H, 8.40.

Synthesis of polymer DOTPAV-PT

Pd(PPh3)4 (15 mg, 0.013 mmol), monomer 5 (0.3 g,
0.39 mmol), and monomer 6 (0.26 g, 0.39 mmol)

were put into a three-necked flask. The mixture was
flushed with argon for 10 min, and then 10 mL tolu-
ene was added. For the protection of argon, the reac-
tant was heated to reflux for 12 h. The mixture was
cooled to room temperature and poured into 30 mL
methanol and then filtered into a Soxhlet thimble.
Soxhlet extractions were performed with methanol,
hexane, and CHCl3. The polymer was recovered
from the CHCl3 fraction by rotary evaporation. The
solid was dried under vacuum overnight, with a
yield of 80%. 1H-NMR (d/ppm, CDCl3): 8.04–6.68
(m, 17H), 3.76 (br, 4H), 2.02 (br, 4H), 1.61–1.00 (br,
20H), 0.89–0.82 (br, 6H). Elemental Anal. Calcd. for
(C44H51S2N)n: C, 80.37; H, 7.76; N, 2.13, found: C,
80.30; H, 7.68; N, 2.15.

RESULTS AND DISCUSSION

Synthesis and characterization

The synthesis of the monomers and the correspond-
ing polymer is outlined in Scheme 2. The monomer
was synthesized by Wittig–Hornor reaction between
(2,5-dibromo-thiophen-3-ylmethyl)-phosphonic acid
diethyl ester and a corresponding substituted mono-
aldehyde. The alkylation of 4-iodophenol with octyl-
bromide in the presence of K2CO3 gave 1, and
subsequently converted to 2, according to the modi-
fied Ullmann condensation reaction,18 which was in
turn converted to 3 by the Vielsmier reaction.19

Monomer 5 was obtained from 3 and (2,5-dibromo-
thiophen-3-ylmethyl)-phosphonic acid diethyl ester
in 90% yield by the Wittig–Hornor reaction.20

The polymer DOTPAV-PT was easily prepared
by the Stille coupling method9 and identified by
1H-NMR spectroscopy and elemental analysis. The
synthesized polymer was soluble in common organic
solvents, such as chloroform, toluene, and xylene, at
room temperature. The weight-average molecular
weight (Mw) of DOTPAV-PT was 8000 with a poly-
dispersity of 1.24.

Thermal analysis

Thermal stability of the DOTPAV-PT was investi-
gated with TGA under nitrogen atmosphere as
shown in Figure 1. The figure shows that the polymer
has good thermal stability with the onset decomposi-
tion temperature around 298�C in nitrogen, and 5%
weight loss temperature of DOTPAV-PT was found
to be 310�C. Obviously, the thermal stability of the
polymer is adequate for the fabrication processes of
PSCs and other optoelectronic devices.

UV–vis absorption and PL spectra of the polymer

The UV–vis absorption spectra could provide a great
deal of information on the electronic structures of
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the conjugated polymers. Figure 2 shows the UV–vis
absorption spectra of the polymer solution and film.
DOTPAV-PT solution shows a maximum absorption
peak at ca. 400 nm that belongs to the absorption of
the conjugated side-chains. The absorption peak of

the polymer film is red-shifted to ca. 410 nm in com-
parison with that of the solution, and the polymer
film shows a shoulder absorption peak at 520 nm

Scheme 2 Synthetic routes of the monomers and polymer DOTPAV-PT.

Figure 1 TGA plot of DOTPAV-PT with a heating rate
of 10�C min�1 under inert atmosphere. [Color figure can
be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 2 The absorption spectra of DOTPAV-PT in chlo-
roform solution and solid film. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]
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that corresponds to the p–p* transition of the conju-
gated main-chains of the polymer. The weakened
absorption in the visible region indicates that the
triphenylamine twisted the main chain, and the
effective conjugated length in the main chain in
DOTPAV-PT decreased. The absorption band edge
of DOTPAV-PT film is 655 nm, indicating an optical
band gap of 1.89 eV.

Figure 3 shows the PL spectra of the polymer
solution and film excited at different wavelengths.
Figure 3(a) corresponds to the PL spectrum of the
solution of DOPTAV-PT in chloroform solution
with the peak at 613 nm after the excitation of both
400 and 500 nm. As shown in Figure 3(b), the DOT-
PAV-PT film exhibits the PL peak at 660 nm under
the excitation both at 410 nm (excited at conjugated
side-chains) and at 520 nm (excited at conjugated

main chains), which indicates that there is a thor-
ough internal exciton energy transfer process from
the conjugated side-chains to the main-chains when
the polymer was excited at the conjugated side-
chains. The phenomenon ensures that all photons
absorbed by the polymers are useful for the photo-
voltaic conversion.

Electrochemical properties

Cyclic voltammogram (CV) was employed to esti-
mate the HOMO and LUMO energy levels of the
polymers.21,22 Figure 4 shows the cyclic voltammo-
gram of the DOTPAV-PT film on PT electrode in
0.1 mol L�1 Bu4NPF6, CH3CN solution. It can be
seen that there are reversible p-doping/dedoping
(oxidation/re-reduction) processes at positive poten-
tial range and n-doping/dedoping (reduction/re-oxi-
dation) processes at negative potential range for
DOTPAV-PT. It is well known that the onset poten-
tials of the p- and n-doping correspond to the
HOMO and LUMO energy levels of the conjugated
polymers. Therefore, we can get the HOMO and
LUMO energy level of DOTPAV-PT according to
the equations23: HOMO ¼ �e(Eox

on þ4.71) (eV);
LUMO ¼ �e(Ered

on þ4.71) (eV). LUMO and HOMO
levels of DOTPAV-PT were calculated to be �2.96
and �5.07 eV. The band gap calculated from the
electrochemical measurement is 2.11 eV. The electro-
chemical band gap is a little larger than that of the
optical band gap, which is a common phenomenon
for the conjugated polymers.

Hole mobility

The hole mobility is an important parameter to
investigate the charge transport of the polymers.

Figure 3 Photoluminescent spectra of DOTPAV-PT (a)
solution in CHCl3 and (b) film. [Color figure can be
viewed in the online issue, which is available at www.
interscience.wiley.com.]

Figure 4 Cyclic voltammogram of DOTPAV-PT film on
platinum electrode in 0.1 mol L�1 Bu4NPF6, CH3CN solu-
tion. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Here we used a device structure of ITO/PEDOT:
PSS/polymer/Au for the hole mobility measurement
based on the space-charge-limited current (SCLC)
model.24–27 The results are plotted as ln(JL3/V2) vs.
(V/L)0.5 and are shown in Figure 5. The hole mobil-
ity of DOTPAV-PT, which can be calculated from
the intercept of the corresponding line, is 1.25 �
10�4 cm2 V�1 s�1, higher than those of common PTs
(10�6).28 The remarkable increase in hole mobility of
the polymer roots in the presence of the excellent
hole transporting unit triphenylamine in the side-
chains, which further identify the superiority of tri-
phenylamine, contained DOTPAV-PT on hole
mobility.

Photovoltaic property

We fabricated the PSCs with a structure of ITO/
PEDOT : PSS (30 nm)/DOTPAV-PT: PCBM (1 : 1
wt %)/Ca(20 nm)/Al(110 nm) to check the photovol-
taic property of the polymer. The photosensitive
layer was prepared by spin-coating a blend solution
of the polymer and PCBM in o-dichlorobenzene on
the ITO/PEDOT : PSS electrode. In this bulk hetero-
junction-typed PSC, the polymer is used as electron
donor and PCBM is used as electron acceptor. Fig-
ure 6 shows the I–V curve of the PSC based on
DOTPAV-PT/PCBM. The open circuit voltage (Voc),
short circuit current density (Isc), and fill factor of
the device are 0.57 V, 0.93 mA cm�2, and 31.1%,
respectively. The power conversion efficiency (PCE)
of the device is 0.16% under the illumination of
AM1.5; 100 mW cm�2.

CONCLUSIONS

DOTPAV-PT bearing the side-chain with diocty-
loxyl triphenylamine moiety through a vinylene
bridge was synthesized by the Stille coupling
method. Photovoltaic property of the polymer was
investigated with the polymer solar cells based on
the blend of the polymer as donor and PCBM as
acceptor (1 : 1, w/w) under AM 1.5, 100 mW cm�2.
The PCE of the PSC based on DOTPAV-PT was
0.16%. The hole mobility of the polymer reached
1.25 � 10�4 cm2 V�1 s�1 by SCLC method, which is
higher than those of common PTs, owing to the exis-
tence of triphenylamine in the side-chain. The results
presented here could provide guidelines for further
molecular design and structural modifications of
polythiophenes for solar cells.
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