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ABSTRACT: A series of novel soluble polythiophene derivatives containing triphenyl-
amine moiety were synthesized by Grignard metathesis (GRIM) method. The struc-
tures of the polymers were characterized and their physical properties were investi-
gated. High molecular weight (Mn up to 25,800 g/mol) and thermostable polymers
were obtained. The absorption spectra demonstrated that the absorption wavelength
of the polymers could be tuned dramatically by introducing thiophene units in the
main chain of the polymers. Photoluminescence spectra indicated that there was
intramolecular energy transfer from the side chain to the main chain, and the maxi-
mum emission was red-shifted gradually with the increase of thiophene units in the
main chain. Cyclic voltammetry displayed that the polymers possessed relatively
high oxidation potential, which promised good air stability and high open circuit volt-
age for photovoltaic cells application. Finally, bulk heterojunction photovoltaic devices
were fabricated by using the polymers as donors and (6,6)-phenyl C61-butyric acid
methyl ester (PCBM) as acceptor. The maximal open circuit voltage of the photovol-
taic cells reached 0.71–0.87 V and the power conversion efficiencies of the devices
were measured between 0.014% and 0.45% under white light at 100 mW/cm2. VVC 2008
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INTRODUCTION

In the past few decades, conjugated polymers
with an extended p-conjugation have received
considerable attention due to their electronic
and photonic applications, such as light-emitting
diodes,1,2 photovoltaic cells (PVCs),3,4 and thin
film transistors.5,6 Polythiophenes (PTs) are the
most promising conjugated polymers because of
their relatively high charge carrier mobility and
long wavelength absorption in comparison with

other conjugated polymers.7 For example,
regioregular poly(3-hexylthiophene) (P3HT) have
exhibited excellent properties in PVCs.8,9 How-
ever, P3HT only absorbs a part of the visible
light and exhibits the relatively low open-circuit
voltage (Voc).

10 To further improve the related
properties and explore the full potential applica-
tions of these materials, chemical modifications
of PTs have been performed actively. One suc-
cessful strategy to achieve broader absorption of
PTs is based on the pioneering work by Li and
coworkers.11,12 They synthesized PTs with conju-
gated bi(thienylenevinylene) as side chain and
made the absorption band in the region from
350 to 650 nm, resulting in a good power conver-
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sion efficiency (PCE) of 3.18%. PTs with sub-
stituents other than alkyl groups have also been
investigated, among which those with electron-
donating alkoxy groups have displayed promis-
ing optical properties.13 However, these PTs
show relatively low Voc because of the relative
high the highest occupied molecular orbital
(HOMO) level, so as to limit the PCE of the
device.

Actually, the PCE of polymer photovoltaic
devices is determined by three main factors: the
efficiency of exciton generation, the efficiency of
exciton dissociation into free charge carriers,
and the efficiency of their unhindered collection
by the electrodes. To increase the device effi-
ciency, the active layer should absorb as many
of the incident photons as possible to generate a
maximum of excitons,14,15 therefore, low band
gap polymers are necessary since the absorption
of the active layer should match the solar spec-
trum well. The factors that influence the band-
gap of a polymer are conjugated length, solid-
state ordering, and the presence of electron-
withdrawing or -donating moieties. The effective
conjugated length, which is dependent upon the
torsion angle between the repeating units along
the polymer backbone, can be controlled by
choosing sterically hindered units along the
polymer back-chain or by introducing bulky
side-chains to twist the units out of plane.16,17

While, the Voc of a PVCs based on polymer and
(6,6)-phenyl C61-butyric acid methyl ester
(PCBM) blend system is determined by the dif-
ference between the HOMO of the polymer and
lowest unoccupied molecular orbital (LUMO) of
PCBM.18,19 Therefore, the HOMO level is also
an important parameter to be considered when
designing a new electron-donating polymer.

Triphenylamine (TPA) is a preferred electron-
donating moiety with excellent hole transporting
properties and their derivatives have been
widely investigated for almost two decades.20,21

Owing to the noncoplanarity of the three phenyl
substituents, TPA derivatives can be viewed as
3D systems and the amorphous character of
these materials offers possibilities to develop
active materials for PVCs with isotropic optical
and charge-transport properties.22 Recently,
Roncali, J. and coworkers synthesized various
series of star-shaped molecules based on TPA
small molecules with combinations of thienyle-
nevinylene conjugated branches and electron-
withdrawing indanedione or dicyanovinyl
groups, which have been applied to organic

PVCs as donor materials and got PCE of
1.20%.23 To our knowledge, the application of
TPA-based polymers for photovoltaic devices has
been scarcely considered.

Herein, we report the synthesis and photovol-
taic properties of a series of new conjugated PT
derivatives: poly((E)-N,N-diphenyl-4-(2-(thiophen-
3-yl)vinyl)aniline)P3T-TPA, poly((E)-4-(dodecyloxy)-
N-(4-(dodecyloxy)phenyl)-N-(4-(2-(thiophen-3-yl)
vinyl)phenyl)aniline) P3T-DDTPA, and copoly-
mers poly((E)-4-(dodecyloxy)-N-(4-(dodecyloxy)
phenyl)-N-(4-(2-(thiophen-3-yl)vinyl)phenyl) ani-
line-co-3-hexylthiophene) P1–P4. The introduc-
tion of sterically hindered units TPA through a
vinylene bridge enhances the hole transporting
property, the effective conjugated length, the
intramolecular energy transfer from side chain to
main chain, and high air-stability of the poly-
mers. To improve the solubility of the synthesized
polymers, alkoxy chains were introduced to TPA.
The incorporation of 3-hexylthiophene (HT) units
onto the conjugated mainchain increased the con-
jugated length and lowered the band gap. The
UV–vis absorption suggested that the introduc-
tion of HT units in the main chain of the poly-
mers could induce the red-shift and broad
absorption. The Photoluminescence (PL) spectra
showed that significant intramolecular energy
transfer behavior between the side chain and
main chain. The electrochemical properties indi-
cated that these polymers had relative high
air-stability. Furthermore, the properties of the
PVCs based on bulk heterojunction architecture
demonstrated that these polymers could be good
candidates for the PVCs.

EXPERIMENTAL

Materials

Methylmagnesium bromide, 3-bromothiophene, t-
BuOK, Ni(dppp)Cl2, and triphenyamine were pur-
chased from Acros. 3-Methylthiophene, 1-bromodo-
decane, NBS, phosphorous acid triethyl ester,
POCl3, and all the other solvents were purchased
from Beijing Chemical Reagent. THF and aether
were distilled over sodium, and DMF was dried by
distillation over CaH2. 2,5-Dibromo-3-hexylthio-
phene was prepared from 3-bromothiophene ac-
cording to literature procedures.24,25

Measurement

The infrared spectroscopy spectra were recorded
via the KBr pellet method by using a Nicolet

SYNTHESIS OF POLYTHIOPHENE DERIVATIVES 3971

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



Impact 410 FTIR spectrophotometer. The ele-
mental analysis was carried out with a Thermo-
quest CHNS-Ovelemental analyzer. The gel
permeation chromatographic (GPC) analysis
was carried out with a Waters 410 instrument
with tetrahydrofuran as the eluent (flow rate: 1
mL/min, at 35 8C) and polystyrene as the stand-
ard. The mass spectra were recorded on a Kra-
tos MALDITOF mass system, and the spectrum
was recorded in the linear mode with anthra-
cene-1,8,9-triol as the matrices. The thermogra-
vimetric analysis (TGA) was performed on a
Perkine Elmer Pyris 1 analyzer under nitrogen
atmosphere (100 mL/min) at a heating rate of
10 8C/min. 1H and 13C NMR spectra were meas-
ured using a Bruker AVANCE-500 NMR spec-
trometer spectrometer and a Varian Mercury-
300 NMR, respectively. UV–visible absorption
spectra were measured using a Shimadzu UV-
3100 spectrophotometer. The photoluminescence
spectra of spin-cast films and solution were
measured with a RF-5301PC spectrofluoropho-
tometer. Electrochemical measurements of these
derivatives were performed with a Bioanalytical
Systems BAS 100 B/W electrochemical worksta-
tion. Atomic force microscopy (AFM) images of
blend films were carried out using a Nanoscope
IIIa Dimension 3100. Current–voltage charac-
teristics of the PVCs in the dark and under
illumination of 100 mW/cm2 white light from a
xenon lamp (Jobin Yvon, FL-1039) were mea-
sured on computer-controlled Keithley 2400
Source Meter measurement system.

Synthesis

2,5-Dibromo-3-methylthiophene (1)

3-Methylthiophene (2.52 g, 15 mmol) was dis-
solved in THF (15 mL). N-Bromosuccinimide
(5.34 g, 30 mmol) was added to the solution over
a period of 5 min. The solution was stirred at
room temperature for 2 h. The solvent was
removed in vacuo and hexane (50 mL) was
added (to precipitate all the succinimide). The
mixture was filtered through a silica plug (to
remove the succinimide) and the solvent was
removed in vacuo. Distillation under vacuum
gave 2.35 g (9.2 mmol, yield 61.3%) as a color-
less oil.

1H NMR (500 MHz, CDCl3, TMS): d (ppm) 6.769
(s, 1H, ��Th), 2.148 (s, 3H, ��CH3). ELEM. ANAL.
CALCD. for C5H4Br2S: C, 23.46; H, 1.58; Found: C,
23.42; H, 1.61.

2,5-Dibromo-3-bromomethyl Thiophene (2)

Compound 1 (2.56 g, 10 mmol) and N-bromosuc-
cinimide (1.78 g, 10 mmol) were put in a flask
with CCl4 (20 mL). Then a small amount of
benzoyl peroxide was added as an initiator. The
mixture was refluxed for 3 h. The completion of
the reaction was indicated by the appearance of
succinimide on the surface of the solution. The
organic layer was washed with water and dried
over anhydrous MgSO4. Distillation under vac-
uum gave 2.65 g (7.9 mmol, yield 79%) as a col-
orless oil.

1H NMR (500 MHz, CDCl3, TMS): d (ppm)
6.999 (s, 1H, ��Th), 4.365 (s, 2H, ��CH2). ELEM.
ANAL. CALCD. for C5H3Br3S: C, 17.93; H, 0.9;
Found: C, 17.90; H, 0.98.

2,5-Dibromothiophen-3-ylmethyl Phosphonic
Acid Diethyl Ester (3)

Compound 3 (3.35 g, 10 mmol) and phosphorous
acid triethyl ester (6.64 g, 40 mmol) were put in
a flask and heated to 160 8C for 2 h. Then it
was removed the excessive phosphorous acid
triethyl ester under vacuum. The crude product
was purified by column chromatography on
silica gel with ethyl acetate:petroleumether (2:5)
as the eluant to give red brown oil 3.25 g (8.3
mmol, 83%).

1H NMR (500 MHz, CDCl3, TMS): d (ppm)
7.016 (s, 1H), 4.085 (m, 4H, ��OCH2��), 3.112
(d, 2H, J ¼ 21 Hz, ��CH2), 1.298 (t, 6H, J ¼ 7
Hz, ��CH3). ELEM. ANAL. CALCD. for C9H13Br2O3PS:
C, 27.57; H, 3.34; Found: C, 27.50; H, 3.30.

4-Diphenylaminobenzaldehyde (4)

DMF (2 mL, 24 mmol) was put into a 50-mL
flask, kept in ice-water, and then phosphorous
oxychloride (1.1 mL, 12 mmol) was added drop-
wise to the stirred DMF. After 20 min, TPA
(0.98 g, 4 mmol) was added into the mixture
with stirring at 60 8C for 2 h. After cooling, the
solution was poured into cold water. The result-
ing mixture was neutralized to pH 7 with 2 M
NaOH aqueous solution and extracted with
chloroform. The extract was washed with plenty
of water and NaCl, successively. The organic
extracts were dried over anhydrous MgSO4,
evaporated and purified with column chromatog-
raphy on silica gel with ethyl acetate : petro-
leumether (1:10) as the eluant to give yellow
solid 0.93 g (3.4 mmol, yeild 85%).
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1H NMR (500 MHz, CDCl3, TMS): d (ppm)
9.812 (s, 1H, ��CHO), 7.677 (d, 2H, J ¼ 9 Hz,
��Ph), 7.341 (t, 4H, J ¼ 8 Hz, ��Ph), 7.155–7.182
(m, 6H, ��Ph), 7.016 (d, 2H, J ¼ 8.5 Hz, ��Ph).
ELEM. ANAL. CALCD. for C19H15NO: C, 83.49; H,
5.53; N, 5.12; Found: C, 83.45; H, 5.47; N, 5.20.

(E)-4-(2-(2,5-Dibromothiophen-3-yl)vinyl)-N,N-
diphenylaniline (5)

Compounds 3 (0.90 g, 2.3 mmol) and 4 (0.57 g,
2.1 mmol) were dissolved in 35 mL of fresh dried
THF, then t-BuOK (0.28 g, 2.5 mmol) was added
into the mixture under N2 atmosphere quickly
and refluxed for 24 h. The reaction mixture was
cooled to room temperature, then water and
chloroform were added successively. The two
phases were separated, and the water phase
was extracted twice with chloroform. The com-
bined organic extracts were washed three times
with water, dried over anhydrous MgSO4, evapo-
rated under vacuum, and purified with column
chromatography on silica gel with ethyl acetate:
petroleumether (1:50) as the eluant to give
yellow solid (0.59 g, 54.5%).

FTIR (KBr, cm�1): 952 (trans, CH¼¼CH). 1H
NMR (500 MHz, CDCl3, TMS): d (ppm) 7.360 (d,
2H, J ¼ 8.5 Hz, ��Ph), 7.254–7.284 (t, 4H, J ¼
7.5 Hz, ��Ph), 7.204 (s, 1H, ��Th), 7.114 (d, 4H,
J ¼ 8 Hz, ��Ph), 7.048 (t, 4H, J ¼ 7.25 Hz,
��Ph), 6.879 (d, 1H, J ¼ 16.0 Hz, ��vinylic),
6.838 (d, 1H, J ¼ 16.5 Hz, ��vinylic), 13C NMR
(75 MHz, CDCl3, TMS): d (ppm) 147.871,
147.339, 139.371, 130.811, 130.431, 129.306,
127.466, 127.329, 124.653, 123.239, 123.163,
118.236, 111.731, 109.220. MALDI-TOF-MS
calcd. for C24H17Br2NS: 511.27; Found: 510.9.

1-(Dodecyloxy)-4-iodobenzene (6)

To a stirred mixture of 4-iodophenol (14.5 g,
65.89 mmol), 1-bromododecane (17.4 mL, 72.59
mmol), and DMF (100 mL) under N2 was added
K2CO3 (18.2 g, 132.0 mmol). The reaction mix-
ture was refluxed for 15 h, then cooled to room
temperature and filtered. Most of solvent was
removed in vacuo. The obtained oil was dis-
solved in chloroform, washed with water, dried
over anhydrous MgSO4 evaporated, and purified
with column chromatography on silica gel with
ethyl acetate:petroleumether (1:10) as the eluant
to colorless oil 24.3 g (62.58 mmol, 94.8%).

1H NMR (500 MHz, CDCl3, TMS): d (ppm)
7.539 (d, 2H, J ¼ 8.5 Hz, ��Ph), 6.673 (d, 2H, J ¼

8.5 Hz, ��Ph), 3.908 (t, 2H, J ¼ 6.5 Hz, ��OCH2),
1.763 (m, 2H, ��CH2), 1.434 (m, 2H, ��CH2),
1.26–1.35 (m, 16H, ��CH2), 0.884 (t, 3H, J ¼ 7.0
Hz, ��CH3). ELEM. ANAL. CALCD. for C18H29IO: C,
55.67; H, 7.53; Found: C, 55.62; H, 7.60.

Bis(4-(dodecyloxy)phenyl)amino-benzene (7)

The mixture of 6 (24.30 g, 62.58 mmol), phenyl-
amine (2.60 mL, 26 mmol), K2CO3 (28.0 g, 208
mmol), 1 l Cu (6.50 g, 80 mmol), 18-crown-6
(1.85 g, 7 mmol), and o-dichlorobenzene (100
mL) were refluxed under N2 atmosphere, after
� 20 h the reaction mixture was filtered hot
through a fritted funnel with celite and washed
with dichloromethane. The dichloromethane was
then washed several times with water, dried
over anhydrous MgSO4 evaporated, and purified
with column chromatography on silica gel with
ethyl acetate:petroleumether (1:50) as the eluant
to white powder 6.7 g (11 mmol, 42.0%).

1H NMR (500 MHz, CDCl3, TMS): d (ppm)
6.793–7.157 (m, 13H, ��Ar), 3.916 (br, 4H,
��OCH2), 1.763 (m, 4H, ��CH2), 1.445 (m,
��CH2, 4H), 1.264–1.357 (m, ��CH2, 32H), 0.880
(t, 6H, J ¼ 6.75 Hz, ��CH3). ELEM. ANAL. CALCD.
for C42H63NO2: C, 82.16; H, 10.34; N, 2.28;
Found: C, 82.01; H, 10.31; N, 2.36.

4-Bis(4-(dodecyloxy)phenyl)amino-
benzaldehyde (8)

Compound 8 was synthesized according to the
procedure described for 4 using 7 (7.00 g, 11.40
mmol), phosphorous oxychloride (6.86 mL, 68.40
mmol), and DMF (10.50 mL, 136.80 mmol). A yel-
lowish solid was obtained in 82% yield (6.03 g,
9.35 mmol).

1H NMR (500 MHz, CDCl3, TMS): d (ppm)
9.750 (s, 1H, ��CHO), 9.618 (d, 2H, J ¼ 8.5 Hz,
��Ph), 7.110 (d, 4H, J ¼ 9.0 Hz, ��Ph), 6.873 (d,
4H, J ¼ 8.5 Hz, ��Ph,), 6.839 (d, 2H, J ¼ 9.0
Hz, ��Ph), 3.941 (t, 4H, J ¼ 6.5 Hz, ��OCH2),
1.780 (m, 4H, ��CH2), 1.454 (m, 4H, ��CH2),
1.266–1.350 (m, 32H, ��CH2), 0.881 (t, 6H, J ¼
7.0 Hz, ��CH3). ELEM. ANAL. CALCD. for
C43H63NO3: C, 80.45; H, 9.89; N, 2.18; Found: C,
80.39; H, 9.91; N, 2.15.

(E)-4-(2-(2,5-Dibromothiophen-3-yl)vinyl)-N,N-
bis(4-(dodecyloxy)phenyl)aniline (9)

Compound 9 was synthesized according to the
procedure described for 5 using 8 (0.60 g, 0.93
mmol), 3 (0.44 g, 1.12 mmol), THF 30 mL, t-
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BuOK (0.13 g, 1.13 mmol). Yellowish oil was
obtained in 71.6% yield (0.59 g, 0.69 mmol).

FTIR (KBr, cm�1): 958 (trans, CH¼¼CH). 1H
NMR (CDCl3): d (ppm) 7.28–7.29 (d, 2H, ��Ar),
7.19 (s, 1H, ��Ar), 7.04–7.05 (d, 4H, ��Ar), 6.87–
6.88 (d, 2H, ��Ar), 6.81–6.83 (d, 6H, ��Ar and
��vinylic), 3.93 (t, 4H, J ¼ 5.75 Hz, ��OCH2),
1.77 (m, 4H, ��CH2),1.451 (m, 4H, ��CH2), 1.27–
1.36 (m, 32 H, ��CH2), 0.88 (t, 6H, J ¼ 7.0 Hz,
��CH3).

13C NMR (75 MHz, CDCl3, TMS): d
(ppm) 155.702, 148.920, 140.268, 139.615,
131.130, 128.348, 127.359, 126.781, 119.939,
117.172, 115.286, 111.592, 108.642, 68.257,
31.917, 29.667, 29.636, 29.606, 29.408, 29.347,
26.078, 22.687, 14.112. MALDI-TOF-MS calcd.
for C48H65Br2NO2S: 879.91; Found: 880.1.

General Procedure for Polymerization

The polymer P3T-TPA, P3T-DDTPA, and copoly-
mer P1–P4 was synthesized via condensation
polymerization using the Grignard metathesis
(GRIM) method initially reported by McCul-
lough and coworkers.26,27

Synthesis of P3T-TPA and P3T-DDTPA

The two polymers were prepared by the same
method. Monomer 5 (0.15 g, 0.3 mmol) or 9
(0.26 g, 0.3 mmol) was dissolved in 10 mL of dry
THF under N2 atmosphere. Methylmagnesium
bromide (0.32 mL, 1.0 M solution in THF) was
added and the mixture was heated to reflux for
1 h. Then Ni(dppp)Cl2 (3 mg) was added and the
solution was stirred at reflux for 2 h. The mix-
ture was poured into 100 mL of methanol and
filtered into a Soxhlet thimble. Soxhlet extrac-

tions were performed with methanol, hexane
and chloroform. The chloroform fraction was
reduced and dried in vacuo to afford 41 and
34%, respectively.

P3T-TPA. 1H NMR (CDCl3): d (ppm) 7.32–7.44
(br, 2H, ��Ar), 7.15–7.30 (br, 5H, ��Ar and Th),
6.81–7.10 (br, 10H, ��Ph). ELEM. ANAL. CALCD.
for C24H17NS: C, 82.05; H, 4.80; N, 3.99; Found:
C, 80.39; H, 4.13; N, 3.45.

P3T-DDTPA. 1H NMR (CDCl3): d (ppm) 7.31–
7.43 (br, 2H, ��Ar), 7.19 (br, 1H, ��Ar), 7.04 (br,
4H, ��Ar), 6.89–6.90 (br, 2H, ��Ar), 6.80 (br, 6H,
��Ar and vinylic), 3.90 (br, 4H, ��OCH2), 1.76
(br, 4H, ��CH2), 1.43 (br, 4H, ��CH2), 1.26 (br,
32H, ��CH2), 0.87 (br, 6H, ��CH3). ELEM. ANAL.
CALCD. for C48H65NO2S: C, 79.89; H, 9.02; N,
1.94; found: C, 76.10; H, 7.73; N, 2.10.

Synthesis of P1–P4

These polymers were synthesized with proce-
dure reported by Pei and coworkers.13 Monomer
9 and 2,5-dibromo-3-hexylthiophene were dis-
solved in dry THF with different amount to
modulate the ratio of n:m under N2 atmosphere
and the ratio was listed in Table 1. Methylmag-
nesium bromide (1.0 M solution in THF) accord-
ing to the amount of compound 9 and 2,5-
dibromo-3-hexylthiophene was added and the
mixture was heated to reflux for 1 h. Then the
corresponding Ni(dppp)Cl2 (1 mol %)was added.
After 3 h, the mixture was poured into 100 mL
of methanol and filtered. The solid was redis-
solved in chloroform and filtered then deposited
with methanol for several times, collected by fil-

Table 1. Molecular Weights, Thermal Properties, and Composition of the Polymers

Mn
a (3104) Mw/Mn

a TGAb (8C)
Comonomer

Feed Molar Ratioc
Comonomer Molar

Ratio in Copolymersc,d

P3T-TPA 1.08 1.69 299 – –
P3T-DDTPA 1.45 1.40 188 1:0 1:0
P1 0.63 1.07 247 1:1 10:1
P2 0.67 1.10 283 1:2 2:1
P3 0.82 1.29 274 1:4 1:1
P4 2.58 1.47 383 1:6 1:4.8

a Calculated from GPC (eluent: THF; polystyrene standards).
b Temperature at 5% weight loss by a heating rate of 10 8C/min under nitrogen.
c Comonomer ratios are monomer 9 to 3-hexylthiophene in P1–P4.
d Calculated from 1H NMR spectra based on relative abundances of the ��OCH2�� and ��CH2�� groups adjoining the TPA

and thiophene, respectively.
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tration and dried in vacuo to afford 30–54%
yields.

P1 (Monomer 9-co-3-Hexylthiophene with 10:1). The
actual molar ratio of monomer 9 and 2,5-dibromo-
3-hexylthiophene is 1:1. Yield: (33%). 1H NMR
(CDCl3): d (ppm) 7.27–7.35 (br, 2H, ��Ar), 7.13–
7.19 (br, 1H, ��Th), 7.04 (br, 4H, ��Ar), 6.88 (br,
� 2.0H, ��Ar), 6.81 (br, 6H, ��Ar), 3.93 (br, 4H,
��CH2), 2.81 (br, 0.20H, Th��CH2), 1.77 (br,
� 4H), 1.45( br, � 4H), 1.27 (br, � 32H), 0.88 (br,
� 6H). ELEM. ANAL. CALCD.: C, 79.63; H, 9.01; N,
1.90; Found: C, 77.04; H, 8.30; N, 1.76.

P2 (Monomer 9-co-3-hexylthiophene with 2:1). The
actual molar ratio of monomer 9 and 2,5-
dibromo-3-hexylthiophene is 1:2. Yield: (30%).
1H NMR (CDCl3): d (ppm) 7.29–7.35 (br, 2H,
��Ar), 7.13–7.19 (br, 1H, ��Th), 7.04 (br, � 4.5H,
3-hexylthiophene-H and ��ArH), 6.88 (br, 2.0H),
6.81 (br, 6H), 3.92 (br, 4H, ��OCH2), 2.80 (br,
1H, Th��CH2), 1.77 (br, � 5H, dialkoxy and
alkyl), 1.44 (br, � 5H, dialkoxy and alkyl), 1.27
(br, � 34H, dialkoxy and alkyl), 0.88 (br, � 8H,
dialkoxy and alkyl). ELEM. ANAL. CALCD.: C,
79.30; H, 8.98; N, 1.75; Found: C, 76.46; H, 7.20;
N, 1.60.

P3 (Monomer 9-co-3-hexylthiophene with 1:1). The
actual molar ratio of monomer 9 and 2,5-
dibromo-3-hexylthiophene is 1:4. Yield: (38%). 1H
NMR (CDCl3): d (ppm) 7.32–7.43 (br, ��Ar, 2H),
7.12–7.19 (br, ��Th, 1H), 6.99–7.04 (br, 5H, 3-
hexylthiophene��H and Ar��H), 6.87–6.9 (br,
��Ar, 2.0H), 6.81 (br, ��Ar, 6H), 3.91 (br, 4H,
��OCH2), 2.80 (br, 2H, thiophene��CH2��), 1.77
(br, � 6H, dialkoxy and alkyl), 1.44 (br, � 6H,
dialkoxy and alkyl), 1.27 (br, � 36H, dialkoxy
and alkyl), 0.88 (br, � 9H, dialkoxy and alkyl).
ELEM. ANAL. CALCD.: C, 78.64; H, 8.93; N, 1.58;
Found: C, 75.17; H, 7.76; N, 1.72.

P4 (Monomer 9-co-3-hexylthiophene with 1:4.8). The
actual molar ratio of monomer 9 and 2,5-dibromo-
3-hexylthiophene is 1:6. Yield: (54%). 1H NMR
(CDCl3): d (ppm) 7.32–7.35 (br, 2H, ��Ar), 7.05–
7.12 (br, 5H, ��Th and ��Ar), 6.98 (s, 5H, 3-hex-
ylthiophene-H), 6.9–6.92 (br, 2.0H, ��Ar), 6.81
(br, 6H, ��Ar), 3.92 (br, 4H, ��OCH2), 2.80 (br,
9.6H, thiophene��CH2), 1.71 (br, � 14H, dialkoxy
and alkyl), 1.44( br, � 14H, dialkoxy and alkyl),
1.35 (br, � 20H, alkyl), 1.26 (br, � 32H, dialkoxy),
0.87–0.91 (br, � 21H, dialkoxy and alkyl). ELEM.

ANAL. CALCD.: C, 76.00; H, 8.72; N, 0.92; Found: C,
74.42; H, 7.25; N, 1.26.

Photovoltaic Device Fabrication
and Characterization

For device fabrication, The ITO glass was pre-
cleaned and modified by a thin layer of
PEDOT:PSS, which was spin-cast from a
PEDOT:PSS aqueous solution (H. C. Starck) on
the ITO substrate, and the thickness of the
PEDOT:PSS layer is about 50 nm. The active
layer was prepared from a 1:1 by weight solu-
tion (10 mg/mL) in chlorobenzene of the respec-
tive polymer as electron donor and PCBM as
electron acceptor. After spin-coating the blend
from solution at 1000 rpm, the devices were
completed by evaporating a 0.6 nm LiF layer
protected by 100 nm of Al at a base pressure of
5 3 10�4 Pa. The effective photovoltaic area as
defined by the geometrical overlap between the
bottom ITO electrode and the top cathode was 4
or 5 mm2. The thickness of the photoactive layer
was � 100 nm, measured by the Ambios Tech-
nology XP-2 in the dark and under illumination
of 100 mW/cm2 white light from a xenon lamp
(Jobin Yvon, FL-1039) were measured on com-
puter-controlled Keithley 2400 Source Meter
measurement system. Current–voltage charac-
teristics of the solar cells in the dark and under
illumination of 100 mW/cm2 white light from a
Xenon lamp (Jobin Yvon, FL-1039) were mea-
sured on computer-controlled Keithley 2400
SourceMeter measurement system. All the mea-
surements were performed under ambient atmo-
sphere at room temperature.

RESULTS AND DISCUSSION

Synthesis and Characterization

The synthesis of the monomers is outlined in
Scheme 1. The first key intermediate monomer
5 was obtained by the Wittig–Horner reaction,28

which was realized by refluxing the 4-diphenyla-
minobenzaldehyde and compound 3. Another
key intermediate monomer 9 was prepared in
several facile reactions: The alkylation of 4-iodo-
phenol with 1-bromododecane in the presence of
K2CO3 gave 6, which was then converted to 7
according to the Ullmann condensation reac-
tion.29 The monomer 8 was obtained by the
Vielsmier reaction,30 and the intermediate
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Scheme 1. Synthesis of monomers. Reagents and conditions: (a) NBS, THF, 2 h; (b)
NBS, BPO, CCl4, reflux, 3 h; (c) P(OC2H5)3, 160 8C, 2 h; (d) POCl3, DMF, 60 8C, 2 h;
(e) monomer 2, t-BuOK, dried THF, N2 atmosphere, 24 h; (f) 1-bromododecane,
K2CO3, DMF, N2 atmosphere, 15 h; (g) K2CO3, 1lCu, 18-crown-6, o-dichorobenzene,
reflux, N2 atmosphere, 20 h; (h) POCl3, DMF, 90 8C, 2 h; (i) monomer 3, t-BuOK,
dried THF, N2 atmosphere, 24 h.
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monomer 9 was synthesized by the Witting reac-
tion as described for monomer 5. The structures
of the monomers were confirmed by 1H NMR
spectroscopy, elemental analysis, FTIR, and
MALDI-TOF mass spectrometry. In 1H NMR
spectroscopy of monomer 5, the coupling con-
stant (J � 16 Hz) of olefinic protons indicates
that the Wittig–Horner reaction afforded the
pure all-trans isomers,31 which is further con-
firmed by the characterization of vibration band
of trans double bond at 952 cm�1 in the FT-IR

spectra. The all-trans isomers of monomer 9
can also be demonstrated by the vibration band
of trans double bond at 958 cm�1 in its FTIR
spectra.

All the polymers were synthesized by GRIM
method initially reported by McCullough and
coworkers,25–27 which is a convenient method to
obtain regioregular side-chain conjugated head
to tail derivatives of PT. The synthetic routes of
polymers are shown in Scheme 2. The two
homopolymers P3T-TPA and P3T-DDTPA were

Scheme 2. Synthesis of P3T-TPA, P3T-DDTPA, and copolymers P1–P4. Reagents
and conditions: (j) CH3MgBr, THF, reflux, 1 h; (k) Ni(dppp)Cl2, reflux, 3 h.
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synthesized by using methylmagnesium–bro-
mine exchange reaction and Ni(dppp)Cl2 as cat-
alyst, which leads to high regioselectivity in
polymers. Usually, the regioregularity of poly(3-
alkylthiophene)s and poly(3-arylthiophene)s can
be estimated by comparing the 1H NMR peaks
of the proton on the 4-position of the thiophene
ring or the 1H NMR peaks of the protons of
��CH2�� group on the side chain close to the
phenyl ring. However, it’s hard to estimate
regioregularity by comparing the 1H NMR peaks
of the proton on the 4-position of the thiophene
ring for the two homopolymers, because the 1H
NMR peaks of the thiophene ring is too close to
the proton on the side chain to distinguish
them. Besides, the protons of the ��OCH2��
group on the side chain are far from the main
chain, the regioregular coupling might have lit-
tle influence on the 1H NMR spectrum. Thus, it
is incredible to determine the regioregularity of
this kind of conjugated side chain PTs by the 1H
NMR signal of the protons of ��OCH2�� group.32

The four random copolymers P1–P4 were also
obtained via GRIM reaction. The values of n:m
(ratio of comonomer) were modulated by control-
ling the feed ratio of the monomer 9 and 2,5-
dibromo-3-hexylthiophene (monomer 10). The
actual n:m values were determined by the
relative area of the peaks at 3.92 ppm (the

��OCH2�� groups adjoining the TPA) and 2.81
ppm (a-methylene attached directly to the thi-
phene rings) from 1H NMR spectra of the
copolymers (as shown in Fig. 1 and Table 1).
Notably, the calculated n:m values are much
higher than the feed ratios, which indicates that
during the GRIM copolymerization, the mono-
mer 9 is more reactive and easier to add onto
the propagating polymer chain than the mono-
mer 10. The process of polymerization catalyzed
by Ni(dppp)Cl2 is determined by an oxidative
addition step, and for the growing copolymers,
the selective oxidative addition is more likely to
occur at the thiophene of the more highly conju-
gated intermediates. Therefore, the monomer 9
which containing trans vinylene and conjugated
moiety of TPA as side chain is more reactive
than monomer 10 containing an alkyl side
chain.33,34 From the 1H NMR spectra, we found
that the peak at 2.81 ppm is a-methylene pro-
ton’s peak of HT units, while the minor peak at
2.56 ppm is the sum of peaks due to a and b-
methylene protons which are subject to varying
degrees of coupling35 (see Fig. 1). In other
words, the peak at 2.56 ppm is caused by the
different environment of a-methylene protons,
which suggests the degree of disorder structure
for the copolymers.36 Therefore, the relative
region-regularity of the copolymers can be esti-

Figure 1. (A) 1H NMR spectrum and chemical structure of P4 in CDCl3 solution;
(B) 1H NMR spectrum of P1–P4 for the determination of relatively regioregularity.
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mated from 1H NMR spectra. The four copoly-
mers (P1–P4) exhibit irregularity of different
extent due to the effect of the steric hindrance
side chains on the random copolymerization.
With the increase of HT units the intensity of
the peak at 2.56 ppm is getting weaker and
weaker, which indicates that the copolymers dis-
play higher regioregularity.

The average molecular weights of polymers
were determined by GPC with polystyrene as
standards. P3T-TPA, P3T-DDTPA, and P4 has a
relative high molecular weight (Mn > 10 kg/
mol), whereas the Mn of P1, P2, P3 are only
6.2–8.3 kg/mol. The steric hindrance side chain
(TPA), which prevented the copolymerization
between comonomer 9 and HT units, should be
the main reason for the low polymerization. The
narrow molecular weight distribution with the
polydispersity index (Mw/Mn) ranging from 1.07
to 1.69 indicated that P1–P4 are copolymers
rather than the blends of two homopolymers.
TGA of the polymers shown in Figure 2 proved
that these polymers had good thermal stabil-
ities. The physical properties of the polymers
are summarized in Table 1.

Optical Properties

Figure 3 shows the normalized UV-vis absorption
spectra of P3T-TPA, P3T-DDTPA, and P1–P4 in
chloroform solution and thin films on quartz sub-
strates. For comparison, P3HT is also shown in
solution and thin film. All the polymers show two
maximum absorption peaks in dilute solution
except P3HT. The one in visible region is attrib-
uted to p–p* transition of the conjugated polymer
main chains, while the one in the UV region is

attributed to the conjugated side chains (TPA
moiety). Obviously, for the copolymers, the rela-
tive intensity between the peak in visible region
and the peak in UV region is getting stronger
with the increase of thiophene units in the main
chain. Comparing the absorption spectrum of
P3T-TPA and P3T-DDTPA in dilute solution, we
found that P3T-DDTPA had a broader peak in
the visible absorption compared to P3T-TPA
resulting from the introduction of the dialkoxy-
substituted TPA. In addition, the largest red-shift
of the maximum absorption in visible region is
only 14 nm from P1 to P3 and the maximum
absorption becomes broader (in the range of 440–
500 nm) because of the increased conjugated
length. And as expected, with the continuous
increase of thiophene, the absorption of P4 has
nearly 30 nm red-shift and becomes much
broader. The absorption spectra in thin film are

Figure 2. TGA thermograms of the polymers.

Figure 3. Normalized absorption spectra of the
polymer (A) in chloroform solutions with the concen-
tration of 10�5 mol/mL; (B) films spin-coated from
chloroform solution.
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generally similar to those in dilute solutions for
the polymers except P4. The small shifts (1–14
nm) of the absorption peak in the visible region
between the dilute solution and solid-state sug-
gests that these polymers have similar conforma-
tions in both states due to the incorporation of
sterically hindered chain (TPA moiety), which
indicates that the TPA moiety decreases the
aggregated configuration formed in solid state.
However, in the case of P4, the large shift (129
nm) between the absorption in solution and film
can be explained by the presence of large num-
bers of thiophene units in the main chain, which
plays an important role in the formation of aggre-
gated configuration in solid state. The absorption
data of polymers are summarized in Table 2.

Figure 4(a) shows the PL spectra of the poly-
mers in chloroform solution. The P3T-TPA has
two emission peaks, which probably originate
from the emission of side chain and main chain,
respectively. However, P3T-DDTPA exhibited
only one emission peak, because the electron-
donating ability of the large dialkoxy-substituted
TPA moiety enhances the conjugated length and
leads to the energy transfer from side chains to
main chains via vinylene bridge. The similar
results are also obtained for P1–P4. On the other
hand, energy transfer can be further proved by
the PL spectra of P3T-DDTPA, P1, and P4 in
dilute solution, excited at the two wavelengths
corresponding to the maximal absorption peaks.
For example, when P3T-DDTPA was excited at
299 and 383 nm, as shown in Figure 4(b), the PL
spectra of the polymers were almost the same,
which indicates that there is a intramolecular
energy transfer of the excitons from the conju-
gated side chain to the main chain.11,37 The PL
maxima from P3T-DDTPA to P1–P4 are red-
shifted gradually with the increase of HT units,

due to the formation of the higher extended
p-delocalized system. The PL spectra data of
polymers are also summarized in Table 2.

Table 2. Optical and Electrochemical Properties of the Polymers

Polymer

In Solution In Film Eonset
Ox

(V)/HOMO
(eV)

Eonset
Red

(V)/LUMO
(eV)

Electrochem.
Eg,ec (eV)

Optical
Eg,opt (eV)

ckabsmax (nm)a kemmax (nm)a kabsmax (nm)b

P3T-TPA 386/304 430/576 386/306 0.51/�5.17 �1.72/�2.94 2.23 2.50
P3T-DDTPA 383/299 488 395/302 0.43/�5.09 �1.69/�2.97 2.12 2.60
P1 383/297 516 397/302 0.54/�5.20 �1.72/�2.94 2.26 2.54
P2 389/299 532 398/302 0.52/�5.18 �1.70/�2.96 2.22 2.26
P3 386/300 560 397/301 0.51/�5.17 �1.65/�3.01 2.16 2.03
P4 423/298 576 552/301 0.41/�5.07 �1.74/�2.92 2.15 2.03

a 1 3 10�5 M in anhydrous chloroform, wavelength of two maximum absorbances.
b Films cast on quartz substrates.
c The optical band gap (Eg,opt) was obtained from absorption edge.

Figure 4. (A) Normalized PL spectra of the polymer
in chloroform solutions excited at maximal absorption
of visible region with the concentration of 10�5 mol/
mL; (B) normalized PL spectra of P3T-DDTPA, P1,
and P4 excited at the two maximal absorption peaks
of UV and visible regions in chloroform solution,
respectively, with 10�5 mol/mL.
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Electrochemical Properties

Figure 5 shows the cyclic voltammetry diagrams
of the polymers using Bu4NClO4 as supporting
electrolyte in acetonitrile solution with platinum
button working electrodes, a platinum wire
counter electrode and an Ag/AgNO3 reference
electrode under the N2 atmosphere. Ferrocene
was used as the internal standard. All the poly-
mers show reversible or partly reversible redox
behavior, which was attributed to the high elec-
trical activity. The onset oxidation potential
(Eonset

Ox ) of all the polymers are observed in the
range of 0.41–0.54 V compared to the Eonset

Ox of
P3HT (0.348 V)13 indicates that they have rela-
tive higher air-stability than P3HT. The redox
potential of Fc/Fcþ (which has an absolute
energy level of �4.8 eV relative to the vacuum
level for calibration38,39) is located at 0.14 V in
0.1 M Bu4NClO4/acetonitrile solution. So the
evaluation of HOMO and LUMO levels as well
as the band gap (Eg,ec) could be done according
to the following equations:

HOMOðeVÞ ¼ � Eonset
Ox � 4:66

LUMOðeVÞ ¼ � Eonset
Red � 4:66

Eg;ecðeVÞ ¼ Eonset
Ox � Eonset

Red

where Eonset
Ox and Eonset

Red are the measured poten-
tials relative to Ag/Agþ. The electrochemical
properties as well as the energy level parame-
ters of polymers are list in Table 2.

From Table 2 it can be seen that the HOMO
energy level decreases proportionally with the
increase of the conjugated length of the copoly-
mer, except in the case of P3T-DDTPA. This
behavior is in good agreement with the observa-
tions of Barbarella et al.40 Because the HOMO
level of the donor polymer and the LUMO of the
acceptor in a heterojunction PVC determined
the Voc of a PVC, the relatively low HOMO level
(�5.07 to �5.20 eV) of the synthesized polymers
compared with other PT derivatives, for exam-
ple, P3HT (HOMO ¼ �4.75 eV),13 POT-co-DOT
(HOMO ¼ �4.55 eV),13 and biTV-PTs (HOMO ¼
�4.93 to �4.96 eV),12 may be favored for the
improvement of the Voc when fabricating the
PVC with one of these polymers as donor and
PCBM as acceptor. Furthermore, with increase
the number of thiophene units in the main
chain, the energy band gaps got from the elec-
trochemical measurement of the polymers
change from 2.26 eV (P1), 2.22 eV (P2), 2.16 eV
(P3) to 2.15 eV (P4), which are consistent with
the Eg,opt determined from absorption measure-
ment.

Photovoltaic Properties

To investigate the photovoltaic properties of the
polymers, the bulk heterojunction solar cells
with a structure of ITO/PEDOT-PSS/polymers:
PCBM/LiF/Al were fabricated where the poly-
mers was used as donor and PCBM as acceptor.
The active layers were prepared by spin coating

Figure 5. Cyclic voltammetry curves of P3T-TPA,
P3T-DDTPA, P1–P4 films on platinum electrode in 0.1
mol/L Bu4NClO4 in CH3CN solution, at a scan rate of
100 mV S�1.

Figure 6. Current–voltage characteristics of poly-
mer photovoltaic cells based on P3T-TPA, P3T-DDTPA,
P3, P4, and PCBM blend system in the dark and under
illumination of 100 mW/cm2 white light.
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polymers and PCBM in chlorobenzene blend
solution with a weight ratio of 1:1.

Figure 6 shows the current-density (J) versus
voltage (V) curves of the polymers PVCs in the
dark and under white light illumination at an
intensity of 100 mW/cm2. The P3T-TPA device
performance shows an open circuit voltage (Voc)
of 0.87 V, short circuit current (Jsc) of 1.76 mA/
cm2, fill factor (FF) of 0.29, and a PCE of 0.45%,
while the P3T-DDTPA device exhibits lower Voc

(0.72 V), higher FF (0.32), but much lower Jsc

(0.38 mA/cm2), leading to the PCE 0.09%. The
low Jsc of both homopolymers is caused by the
bad aggregated configuration in solid state
which leads to the mismatch of the absorption
with the solar spectrum. The bad aggregated
configuration is further proved by the AFM
images of P3T-TPA/PCBM and P3T-DDTPA/

PCBM blend films (shown in Fig. 7). It is
obvious that the AFM image of P3T-TPA/PCBM
blend film reveals a roughness with root mean
square (RMS) 0.65 nm and slight aggregation.
However, the AFM image of P3T-DDTPA/PCBM
blend film shows larger roughness (RMS 0.9
nm) and obvious aggregation. The varying
degrees of aggregation are also consistent with
the values of Jsc (the more obvious aggregation
formed the lower Jsc obtained). On the other
hand, the decreased Jsc of P3T-DDTPA with long
alkoxy compared to P3T-TPA may be also caused
by the reduced charge transport capabilities due
to the less dense packing of the polymer
chains.41 The Jsc of copolymer (P1, P2, P3) devi-
ces decreased to 0.08 mA/cm2 (P1), 0.12 mA/cm2

(P2), 0.10 mA/cm2 (P3) compared to P3T-DDTPA
device result from the random copolymerization
and low molecular weight (6300–8200 g/mol)
and the relatively low carrier mobility.42–44 The
P4 device obtains much higher Jsc (0.61 mA/
cm2) than the other three copolymers is attrib-
uted to the broader absorption and higher
regioregularity. Furthermore, all the PVCs
obtained promising Voc in the range of 0.72–0.87
V, which are much higher than the Voc reported
for P3HT:PCBM blends45 because of the relative
low HOMO level of the polymers. The photovol-
taic parameters are summarized in Table 3.

P3T-TPA gave the best results with the PCE
of 0.45%. We note here that this high efficiency
is obtained due to the high Jsc and Voc. For the
copolymers, with the increase of HT units from
P1 to P4, the PCE of copolymer devices gradu-
ally increased, owing to the reduce disorder
degree of copolymerization and broader absorp-
tion. Much better efficiencies could be expected
by optimizing the polymer/PCBM blend ratio,
device configurations, and the morphology of the
active layer in PVCs.

Figure 7. AFM images showing the surface mor-
phology of the blend films of (A) P3T-TPA/PCBM (w/
w, 1:1); (B) P3T-DDTPA/PCBM (w/w, 1:1); the blend
films were spin-coated from their chlorobenzene
solutions.

Table 3. Photovoltaic Characteristics of
the Polymers

Voc

(V)
Jsc

(mA/cm2) FF
PCE
(%)

P3T-TPA 0.87 1.76 0.29 0.45
P3T-DDTPA 0.72 0.38 0.32 0.086
P1 0.71 0.08 0.24 0.011
P2 0.74 0.12 0.25 0.013
P3 0.74 0.10 0.25 0.019
P4 0.80 0.61 0.29 0.142
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CONCLUSIONS

We have synthesized a series of novel PTs deriv-
atives containing TPA as side chains by GRIM
method. The absorption spectra of the polymers
display that red-shifted and broader absorption
were obtained by increasing HT units in the
main chain of the polymers. The PL spectra of
the polymers revealed that the increase of thio-
phene units in the main chain enhanced the
conjugated length and extended p-delocalized
system of the polymers. And the intramolecular
energy transfer occurred by introducing dia-
lkoxy-substituted TPA on the side chain of the
polymers. Electrochemical characterizations
showed that PT containing TPA moiety as side
chain possessed relatively higher oxidation
potential and lower HOMO level than other PT
derivatives, which is benefit for the air-stability
and the increase of Voc, respectively. Bulk heter-
ojunction PVCs with the configuration of ITO/
PEDOT:PSS/polymers:PCBM (1:1, w/w)/Al were
fabricated. Promising Voc up to 0.87 V could be
obtained. The maximum PCE of devices based
on P3T-TPA reached 0.45%. These results indi-
cated that PTs containing TPA as side conju-
gated chain are very attractive materials for
PVC applications. Further improvements could
be expected for the PVCs based on these poly-
mers by optimizing the polymer/PCBM ratio, de-
vice structure, as well as the morphology of the
active layer.
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R. F.; Bässler, H.; Porsch, M.; Daub, J. Adv Mater
1995, 7, 551–554.

39. Zhou, Y. H.; Peng, P.; Han, L.; Tian, W. J. Synth
Met 2007, 157, 502–507.

40. Barbarella, G.; Favaretto, L.; Sotgiu, G.;
Zambianchi, M.; Arbizzani, G.; Bongini, A.;
Mastragostino, M. Chem Mater 1999, 11, 2533–
2541.

41. Tang, W. H.; Kietzke, T.; Vemulamada, P.; Chen,
Z. K. J Polym Sci Part A: Polym Chem 2007, 45,
5266–5276.

42. Hou, J. H.; Huo, L. J.; He, C.; Yang, C. H.; Li, Y.
F. Macromolecules 2006, 39, 594–603.

43. Schilinsky, P.; Asawapirom, U.; Scherf, U.; Biele,
M.; Brabec, C. J. Chem Mater 2005, 17, 2175–
2180.

44. Hiorns, R. C.; de Bettignies, R.; Leroy, J.; Bailly,
S.; Firon, M.; Sentein, C.; Khoukh, A.; Preud’-
homme, H.; Dagron-Lartigau, C. Adv Funct
Mater 2006, 16, 2263–2273.

45. Li, G.; Shrotriya, V.; Huang, J. S.; Yao, Y.; Moriarty,
T.; Emery, K.; Yang, Y. Nat Mater 2005, 4, 864–869.

3984 LI ET AL.

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola


