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ABSTRACT: An efficient and convenient approach to a series of soluble conjugated polymers, poly[(4-
n-hexylthiophene-2,5-diyl)(arylene)(4-n-hexylthiophene-2,5-diyl)]s, has been developed. The reductive
coupling polymerization reaction using Ni(0) catalyst provides the desired polymers with well-defined
and high regioregularity of 5 and 5' linkage between two adjacent thiophene rings. Their structures and
purification are verified by FT-IR, *H and *C NMR, and elemental analysis. It is demonstrated that the
inserted aromatic groups not only change the optical spectra and the electronic structures of the polymers,
which are demonstrated respectively by the optical spectra and electrochemical measurements of the
polymers, but also remarkably affect the absolute photoluminescence (PL) quantum yield of the polymers
in solid films. Green light-emitting PLEDs devices with single and multiple layers using poly[(4-n-
hexylthiophene-2,5-diyl)(9,9-di-n-hexylfluoren-2,7-ylene)(4-n-hexylthiophene-2,5-diyl)] as the emissive layer
are fabricated from the polymer with the highest PL quantum yield and best electroluminescent (EL)
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performance.

Introduction

As a class of conjugated polymers with great potential
for the new generation of display technology, poly-
thiophene and its processable derivatives (PTs) still
occupy an important position.1=5 Their structures, syn-
thetic methodologies, and physical and chemical proper-
ties have considerably been studied in the past two
decades.'® In comparison with other conjugated poly-
mers, processable polythiophenes have many attractive
characteristics for application in PLEDs such as unique
electrical and electrooptical properties, relatively good
environmental stability, and structural versatility.”—10
However, compared with other electroluminescent (EL)
materials, such as polyfluorenes (PFs),1212 poly(p-
phenylenevinylene)s (PPVs),13 and poly(p-phenylene)s
(PPPs),# the relatively low photoluminescence (PL)
quantum yields (only a few percent in solid films) and
poor electroluminescence (EL) performances of process-
able polythiophenes limit their application as the active
materials in polymer light-emitting diodes (PLEDS).
Much work has been devoted to improve the PL quan-
tum efficiencies and the EL efficiencies of processable
polythiophenes.’>~17 Our group and some other groups
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even mentioned that introduction of phenyl rings either
as the side chain or as part of the main chain of PTs
has an obvious effect on the improvement of PL quan-
tum vyields of the polymers and on the adjustment of
the HOMO and LUMO energy levels of the resulting
polymers.17~19 For developing new light-emitting ma-
terials based on polythiophenes, this could be ac-
complished through introducing some aromatic groups
into the backbone of the polymer.2021

Among the development of processable polythiophenes,
synthetic methodologies to processable polythiophene
derivatives mainly include chemical and electrochemical
polymerization.1=622 The chemical synthetic routes
include the oxidative polymerization reaction using
ferric chloride (FeCls) or other oxidants and the coupling
polymerization reaction catalyzed by metal complex.
When ferric chloride is employed as the oxidant for
polymerization of thiophenes, the main drawback comes
from the difficulty in removing the ferric ion from the
resulting polymers, and thus, the ferric impurity level
affects the device performance of polythiophenes for
application in the field effect transistors (FETs) and in
PLEDs.?324 Some coupling polymerization reactions,
such as those catalyzed by Ni(0),25-28 also produce novel
thiophene-based conjugated polymers. This type of
reactions not only avoids using oxidant but also affords
the desired polymer without irregular coupling or
branching sometimes seen in conventional electrochemi-
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cal and oxidative polymerization.20.21,25.26

In this paper, we describe the synthesis of a family
of thiophene-containing conjugated polymers (polymers
4) with high PL quantum efficiencies and different
HOMO and LUMO energy levels. The new polymers are
synthesized through the coupling polymerization reac-
tion catalyzed by Ni(0) complex in place of ferric chloride
oxidative reaction. As mentioned above, different aro-
matic groups modified the backbone of polythiophenes,
and all polymers have well-defined structures according
to the characterization results. The optical properties
and the redox behavior of these polymers with different
aromatic groups in the main chain of polythiophene also
demonstrated the effect of the inserted aromatic groups.

Experimental Section

General. The gel permeation chromatography (GPC) mea-
surements were performed on a Perkin-Elmer model 200
HPLC system at room temperature using THF (HPLC grade)
as the eluent. The molecular weight and the molecular weight
distribution were calculated on the basis of monodispersed
polystyrene standards. The elemental analyses were carried
out in Atlantic Microlab, Inc., Norcross, GA. *H (200 MHz) and
BBC (50 MHz) NMR spectra were collected on a Varian
spectrometer. Chemical shifts (0) were reported in ppm down-
field from tetramethylsilane (TMS). UV—vis spectra were
recorded on a Shimadzu 3101 spectrometer. Infrared measure-
ments were made in KBr pressed pellets on a Bio-Rad FTS
165 FT-IR spectrometer. Fluorescence measurements were
carried out on a Perkin-Elmer LS 50B photoluminescence
spectrometer with a xenon lamp as light source. Cyclic
voltammetry measurements were carried out with a BAS 100
electrochemical analyzer at a potential scan rate of 40 mV/s.
Thermogravimetric analyses (TGA) of polymer powders were
conducted on a Du Pont Thermal Analyst 2100 system with a
TGA 2950 thermogravimetric analyzer. A heating rate of 20
°C/min with an air or nitrogen flow of 75 cm3/min was used
with the runs being conducted from room temperature to 1000
°C. Melting points, which were recorded on Electrothermal
1A9300 series digital melting point apparatus, were uncor-
rected.

Materials. THF was dried and distilled under argon from
metal sodium powder and benzophenone. All chemicals were
purchased from the Aldrich Chemical Co. and used as received
unless otherwise stated.

Monomers Synthesis. 2,7-Dibromo-9,9-dihexylfluo-
rene. 2,7-Dibromo-9,9-dihexylfluorene was prepared following
already published procedure.?®

General Procedure for Preparation of Compounds 2.
n-Butyllithium (18.8 mL, 1.6 M solution in hexanes, 30 mmol)
was added dropwise to a solution of diisopropylamine (3.04 g,
30 mmol) in 50 mL of dry THF at 0 °C. After stirring for 0.5
h at 0 °C, the mixture was cooled to —78 °C. A solution of
3-hexylthiophene (5.04 g, 30 mmol) in 20 mL of dry THF was
added through a syringe under a nitrogen atmosphere. The
mixture was stirred for 2 h at —78 °C and transferred to a
solution of anhydrous zinc chloride (4.36 g, 32 mmol) in 15
mL of dry THF via a double-tipped plastic needle. The mixture
was stirred for 1 h at —78 °C and allowed to warm to room
temperature for an additional hour. The mixture was trans-
ferred dropwise to a solution of the corresponding dibromo-
substituted compounds (12 mmol) and Pd(PPhs), (140 mg, 0.12
mmol) in 10 mL of dry THF. The resulting reaction mixture
was refluxed for 10 h at room temperature and was quenched
by being poured into aqueous saturated ammonium chloride
solution. The aqueous layer was extracted with hexane three
times. The combined organic layers were washed with water
and brine and dried over magnesium sulfate. After vacuum
evaporation of the solvent, the residue was purified by recrys-
tallization or flash chromatography (silica gel, hexane as
eluent) to give a white needle crystal or a yellow liquid.

1,4-Bis(4-n-hexyl-2-thienyl)-2,5-dimethylbenzene (2a).
White needles, yield: 89%; mp: 43—45 °C. 'H NMR (CDCls,
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200 MHz, ppm): 7.35 (2H, s, Ar—H), 6.96 (2H, s, Th—H), 6.95
(2H, s, Th—H), 2.62—2.70 (4H, t, J = 7.4 Hz, CH,), 2.46 (6H,
s, Ar—CHjs), 1.61-1.71 (4H, m, CH,), 1.27—1.43 (12H, m, CH),
0.90—0.96 (6H, t, J = 6.3 Hz, CHg). *3C NMR (CDCls, 50.5
MHz, ppm): 143.31, 142.32, 133.58, 133.05, 132.42, 127.78,
119.65, 31.65, 30.54, 30.41, 28.98, 22.57, 20.61, 14.06. EI MS
(m/e): 438 (100%).

1,4-Bis(4-n-hexyl-2-thienyl)benzene (2b). White needles,
yield: 89%; mp: 71—74 °C. *H NMR (CDClz, 200 MHz, ppm):
7.58 (4H, s, Ar—H), 7.17-7.18 (2H, d, J = 1.1 Hz, Th—H),
6.87—6.88 (2H, d, J = 1.1 Hz, Th—H), 2.60—2.65 (4H, t, J =
7.5 Hz, CH,), 1.61—1.71 (4H, m, CH,), 1.26—1.52 (12H, m,
CH,), 0.88—0.93 (6H, t, J = 6.8 Hz, CHj3). 13C NMR (CDCls,
50.5 MHz, ppm): 144.29, 143.39, 133.48, 125.87, 124.34,
119.41, 31.60, 30.54, 30.33, 28.92, 22.51, 13.99. EI MS (m/e):
410 (100%).

1,4-Bis(4-n-hexyl-2-thienyl)-2,5-didecyloxybenzene (2c).
White needles, yield: 83%; mp: 51—-53 °C. 'H NMR (CDCls,
200 MHz, ppm): 7.37 (2H, s, Th—H), 7.20 (2H, s, Ar—H), 6.91
(2H, s, Th—H), 4.04—4.09 (4H, t, J = 6.45 Hz, OCHy), 2.60—
2.65 (4H, t, 3 = 7.5 Hz, CH,), 1.86—1.91 (4H, m, CH,), 1.63—
1.66 (4H, m, CHy), 1.27—1.55 (40H, m, CH>), 0.86—0.90 (12H,
m, CHj3). 3C NMR (CDCls, 50.5 MHz, ppm): 149.60, 138.71,
126.60, 125.71, 125.26, 123.12, 111.27, 70.29, 31.72, 29.23,
29.19, 29.15, 29.10, 26.05, 25.91, 22.57, 14.02. EI MS (m/e):
722 (100%).

2,7-Bis(4-n-hexyl-2-thienyl)-9,9-dihexylfluorene (2d).
Light-yellow liquids, yield: 84%. *H NMR (CDCls, 200 MHz,
ppm): 7.67—7.69 (2H, d, J = 7.6 Hz, Ar—H), 7.60—7.62 (2H,
d,J=7.6 Hz, Ar—H), 7.59 (2H, s, Ar—H), 7.26 (2H, s, Th—H),
6.91 (2H, s, Th—H), 2.65—2.70 (4H, t, J = 7.6 Hz, CH,), 2.03—
2.06 (4H, m, CHy), 1.64—1.77 (4H, m, CH,), 1.10—1.44 (28H,
m, CHy), 0.93—0.97 (6H, t, J = 6.9 Hz, CHj3), 0.82—0.86 (6H,
t,J = 6.9 Hz, CHj3). *C NMR (CDCl3, 50.5 MHz, ppm): 151.62,
144.72,144.34, 140.14, 133.51, 124.73, 124.26, 119.98, 119.88,
119.19, 55.26, 40.44, 31.80, 31.75, 30.74, 30.51, 30.00, 29.22,
29.19, 29.10, 23.74, 22.66, 22.60, 14.13, 14.05. EI MS (ml/e):
666 (100%).

9,10-Bis(4-n-hexyl-2-thienyl)anthracene (2e). Yellow
needles, yield: 86%; mp: 97—99 °C. H NMR (CDCl;, 200
MHz, ppm): 7.91-7.96 (4H, dd, J = 3.3 Hz, J = 7.0 Hz, Ar—
H), 7.40-7.45 (4H, dd, J = 3.3 Hz, J = 7.0 Hz, Ar—H), 7.21
(2H, s, Th—H), 7.06 (2H, s, Th—H), 2.74-2.81 (4H, t, J = 7.3
Hz, CH,), 1.65-1.85 (4H, m, CHy), 1.22—1.50 (12H, m, CHy),
0.90—-0.96 (6H, t, J = 6.7 Hz, CH3). **C NMR (CDCl3, 50.5
MHz, ppm): 143.73, 138.90, 131.65, 131.32, 130.97, 127.07,
125.87, 121.50, 32.06, 30.96, 30.84, 29.41, 23.00, 14.46. EI MS
(m/e): 510 (100%).

General Procedure for Preparation of Compounds 3.
N-Bromosuccinimide (21 mmol) was added partly to a solution
of compounds 2 (10 mmol) in a mixture of chloroform (50 mL)
and acetic acid (50 mL) at 0 °C under nitrogen atmosphere.
The mixture was stirred overnight and washed with water.
The aqueous layer was extracted with chloroform, and the
combined organic layers were washed with saturated aqueous
sodium bicarbonate, water, and brine and then dried over
MgSO,. After the solvent was evaporated, the residue was
purified by flash column chromatography using hexane as
eluent to give the compounds 3.

1,4-Bis(5-bromo-4-n-hexyl-2-thienyl)-2,5-dimethylben-
zene (3a). White crystals, yield: 92%; mp: 52—53 °C. *H NMR
(CDCls, 200 MHz, ppm): 7.25 (2H, s, Ar—H), 6.78 (2H, s, Th—
H), 2.55—-2.62 (4H, t, 3 = 7.3 Hz, CH,), 2.40 (6H, s, Ar—CH3),
1.50—1.71 (4H, m, CHy), 1.20—1.43 (12H, m, CHs), 0.87—0.93
(6H, t, J = 6.4 Hz, CHj3). *C NMR (CDCls, 50.5 MHz, ppm):
142.41, 142.18, 133.51, 133.40, 132.55, 127.71, 108.80, 31.82,
29.90, 29.81, 29.12, 22.82, 20.74, 14.29. EI MS (m/e): 598, 596
(100%), 594.

1,4-Bis(5-bromo-4-n-hexyl-2-thienyl)benzene (3b). White
crystals, yield: 94%; mp: 113—115 °C. 'H NMR (CDCl3, 200
MHz, ppm): 7.49 (4H, s, Ar—H), 7.03 (2H, s, Th—H), 2.53—
2.61 (4H, t, J = 7.3 Hz, CHy), 1.50—1.71 (4H, m, CH,), 1.27—
1.48 (12H, m, CHy,), 0.87—0.94 (6H, t, J = 6.3 Hz, CH3). °C
NMR (CDCls, 50.5 MHz, ppm): 143.36, 142.99, 133.16, 125.85,
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124.12,108.56, 31.73, 29.80, 29.03, 22.71, 14.22. EI MS (m/e):
570, 568 (100%), 566.
1,4-Bis(5-bromo-4-n-hexyl-2-thienyl)-2,5-didecyloxy-
benzene (3c). White crystals, yield: 90%; mp: 65—66 °C. 'H
NMR (CDCl3, 200 MHz, ppm): 7.20 (2H, s, Ar—H), 7.13 (2H,
s, Th—H), 4.04—4.11 (4H, t, 3 = 6.5 Hz, OCH,), 2.55—2.63 (4H,
t,J = 7.4 Hz, CH,), 1.81—1.98 (4H, m, CH,), 1.27—1.71 (40H,
m, CH,), 0.86—0.96 (12H, m, CHj3). *3C NMR (CDCl3, 50.5 MHz,
ppm): 149.02, 141.39, 138.19, 125.40, 122.35, 111.24, 109.95,
69.68, 31.83, 31.58, 29.75, 29.51, 29.35, 29.27, 28.90, 26.21,
22.61, 22.54, 14.03. EI MS (m/e): 882, 880 (100%), 878.
2,7-Bis(5-bromo-4-n-hexyl-2-thienyl)-9,9-dihexylfluo-
rene (3d). White crystals, yield: 87%; mp: 83—84 °C. *H NMR
(CDCls3, 200 MHz, ppm): 7.64—7.68 (2H, d, J = 7.8 Hz, Ar—
H), 7.47—7.51 (2H, d, J = 7.8 Hz, Ar—H), 7.45 (2H, s, Ar—H),
7.08 (2H, s, Th—H), 2.56—2.63 (4H, t, 3 = 7.3 Hz, CH>), 1.90—
2.05 (4H, m, CHy), 0.95—-1.78 (8H, m, CH,), 1.27—-1.48 (12H,
m, CHy), 0.95—-1.15 (12H, m, CH>), 0.86—0.91 (6H, t, J = 6.3
Hz, CHj3), 0.72—0.79 (6H, t, J = 6.3 Hz, CHj3). 1*C NMR (CDCls,
50.5 MHz, ppm): 151.62, 144.44, 143.05, 140.19, 132.65,
124.32, 123,62, 120.07, 119.41, 107.76, 55.19, 40.27, 31.55,
31.32, 29.68, 29.51, 28.87, 23.57, 22.52, 22.46, 14.01, 13.89.
El MS (m/e): 822, 824 (100%), 826.
9,10-Bis(5-bromo-4-n-hexyl-2-thienyl)anthracene (3e).
Yellow crystals, yield: 96%; mp: 135—136 °C. *H NMR (CDCls,
200 MHz, ppm): 7.94-7.99 (4H, q, J = 3.3 Hz, J = 6.8 Hz,
Ar—H), 7.43—-7.48 (4H, q, J = 3.3 Hz, J = 6.8 Hz, Ar—H), 6.92
(2H, s, Th—H), 2.70—2.77 (4H, t, 3 = 7.3 Hz, CH,), 1.65-1.85
(4H, m, CH,), 1.22—1.50 (12H, m, CH>), 0.90—0.96 (6H, t, J =
6.7 Hz, CH3). *C NMR (CDCls, 50.5 MHz, ppm): 142.63,
138.77, 131.59, 131.06, 130.22, 126.84, 126.29, 109.90, 31.98,
30.04, 29.27, 22.97, 14.44. EI MS (m/e): 670, 668 (100%), 666.
General Procedure for the Polymerization. A mixture
of compounds 3 (10 mmol), anhydrous nickel chloride (0.75
mmol), 2,2'-bipyridine (0.75 mmol), triphenylphosphine (10
mmol), and zinc powder (31 mmol) was added to a two-neck
flask. The reaction system was degassed three times and then
filled with argon. N,N-Dimethylacetamide (DMAC) or 1-meth-
yl-2-pyrrolidinone (NMP) (15 mL) was added to the mixture.
The mixture were stirred at 85 °C for 20 h. After cooling, the
mixture was diluted by addition of THF (30 mL), and the
suspension was filtered to remove zinc powder. The mother
liquors were poured into stirred 500 mL of methanol to
generate plenty of yellow precipitate. The solid was collected
by filtration and washed with methanol and water. The filtered
solid was dissolved in THF again and then precipitated in
methanol. The yellow solid was isolated by filtration and
washed with methanol and water again. After being dried, the
solid was washed with acetone and then extracted with
chloroform in a Soxhlet. After chloroform was removed by
vacuum evaporation, a light yellow solid was obtained.
Poly[(4-n-hexylthiophene-2,5-diyl)(2,5-dimethyl-1,4-
phenylene)(4-n-hexylthiophene-2,5-diyl)] (Polymer 4c)
(Polymer 4a). Yield: 83%. Anal. Calcd for CpsH36S,: C, 77.01;
H, 8.31; S, 14.68. Found: C, 76.43; H, 8.40; S, 14.39. FT-IR
(4, cm™1): 2954, 2922, 2856, 1497, 1451, 1374, 1254, 1181,
1107, 1018, 876, 849, 718. 'H NMR (CDCls, 200 MHz, ppm):
7.38 (2H, s, Ar—H), 6.99 (2H, s, Th—H), 2.60—2.70 (4H, b, CH,),
2.17 (6H, s, Ar—CHs), 1.52—1.65 (4H, b, CH,), 1.23—1.36 (12H,
b, CH,), 0.82—0.96 (6H, b, CH3). *3C NMR (CDCl3, 50.5 MHz,
ppm): 142.35, 142.23, 133.34, 133.14, 132.43, 128.64, 128.17,
31.66, 30.80, 29.14, 22.61, 20.84, 14.11.
Poly[(4-n-hexylthiophene-2,5-diyl)(1,4-phenylene)(4-n-
hexylthiophene-2,5-diyl)] (Polymer 4b). Yield: 78%. Anal.
Calcd for CysH32S2: C, 76.41; H, 7.89; S, 15.69. Found: C,
76.35; H, 8.08; S, 15.45. FT-IR (4, cm™): 2955, 2923, 2853,
1507, 1466, 1437, 1378, 1212, 1031, 843, 721. *H NMR (CDCls,
200 MHz, ppm): 7.62 (4H, s, Ar—H), 7.25(2H, s, Th—H), 2.40—
2.66 (4H, b, CH,), 1.55—-1.68 (4H, b, CH>), 1.15—1.55 (12H, b,
CH,), 0.78—0.96 (6H, b, CH3). *C NMR (CDCl;, 50.5 MHz,
ppm): 143.59, 143.19, 133.28, 128.32, 125.86, 124.73, 31.66,
30.73, 29.15, 22.60, 14.11.
Poly[(4-n-hexylthiophene-2,5-diyl)(2,5-didecyloxy-1,4-
phenylene)(4-n-hexylthiophene-2,5-diyl)] (Polymer 4c).
Yield: 81%. Anal. Calcd for C4H7,S,0,: C, 76.60; H, 10.06;
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S, 8.89. Found: C, 75.06; H, 9.94; S, 8.62. FT-IR (4, cm™):
2956, 2921, 2851, 1507, 1437, 1375, 1210, 819, 723. 'H NMR
(CDCl3, 200 MHz, ppm): 7.47 (2H, s, Ar—H), 7.25 (2H, s, Th—
H), 4.10—-4.12 (4H, t, OCH,), 2.60—2.64 (4H, b, CH,), 1.84—
1.96 (4H, b, CH,), 1.12—1.68 (40H, b, CH,), 0.82—-0.88 (12H,
b, CHs). 3C NMR (CDCls, 50.5 MHz, ppm): 149.31, 141.91,
138.58, 129.37, 127.01, 122.66, 112.10, 69.63, 31.91, 31.76,
30.90, 30.53, 29.62, 29.47, 29.34, 29.26, 29.09, 28.88, 26.33,
22.67, 14.11.

Poly[(4-hexylthiophene-2,5-diyl)(9,9-di-n-hexyl-9H-flu-
oren-2,7-ylene)(4-hexylthiophene-2,5-diyl)] (Polymer 4d).
Yield: 73%. Anal. Calcd for CasHgoS2: C, 81.26; H, 9.09; S,
9.64. Found: C, 81.44;H, 9.16; S, 9.47. FT-IR (4, cm™1): 2924,
2849, 1490, 1387, 1263, 1184, 1124, 1020, 964, 889, 827, 818.
1H NMR (CDCls, 200 MHz, ppm): 7.54—7.74 (6H, m, Ar—H),
7.31 (2H, s, Th—H), 2.55—-2.72 (4H, b, CH), 1.90—2.15 (4H, b,
CHy), 1.65—1.78 (4H, b, CHy), 1.22—1.40 (14H, b, CH,), 1.05—
1.20 (14H, b, CH,), 0.85—0.91 (6H, t, J = 6.8 Hz, CH3), 0.74—
0.81 (6H, t, J = 6.8 Hz, CHa3). 3C NMR (CDCls, 50.5 MHz,
ppm): 151.69, 144.40, 143.53, 140.29, 133.08, 128.03, 124.53,
124.48,120.07, 119.60, 55.31, 31.68, 31.48, 30.78, 29.68, 29.21,
23.72, 22.60, 14.09, 14.01.

Poly[(4-hexylthiophene-2,5-diyl)(9,10-anthrylene)(4-
hexylthiophene-2,5-diyl)] (Polymer 4e). Yield: 76%. Anal.
Calcd for CssH36S2: C, 80.26; H, 7.13; S, 12.60. Found: C,
79.79; H, 7.48; S, 12.46. FT-IR (4, cm™): 2924, 2851, 1449,
1198, 1111, 978, 891, 822. *H NMR (CDCls, 200 MHz, ppm):
8.14 (4H, b, Ar—H), 7.56 (4H, b, Ar—H), 7.31 (2H, s, Th—H),
2.56—2.72 (4H, b, CH,), 1.18—2.05 (16H, b, CH,), 0.78—0.96
(6H, b, CH3). *C NMR (CDCls, 50.5 MHz, ppm): 143.42.
142.48, 138.62, 131.54, 131.36, 130.33, 126.81, 125.78, 31.66,
30.31, 29.21, 29.06, 22.68, 14.31.

Results and Discussion

Synthesis of the Monomers and the Polymers.
The synthetic approach to the five monomers and the
corresponding polymers is shown in Scheme 1. Various
aromatic groups, including phenylene rings with differ-
ent substituents, 9,9-di-n-hexyl-2,7-fluorylene and 9,
10-anthrylene rings, were selected to modify the back-
bone of polythiophene. The key to the overall strategy
was the regiocontrolled synthetic methodology, which
had been proved to be an efficient approach to com-
pounds 2 in our previous contribution.8-2° The coupling
reaction between thienylzinc chloride and the dihalo-
substituted aromatic compounds with Pd(PPhg), as
catalyst gave the desired compounds 2 with high yields.
Compounds 2 were afterward brominated by NBS in
chloroform—acetic acid (1:1) at O °C to produce mono-
mers 3.

For the coupling polymerization reactions of dibro-
mide aromatic compounds, the nickel(0) complex cata-
lyst prepared from anhydrous nickel chloride, 2,2-
bipyridine, triphenylphosphine, and zinc powder was
used. According to the literature,?® the best polymeri-
zation procedure was performed using 7.5% equiv of
anhydrous nickel chloride and 2,2'-bipyridine. N,N-
Dimethylacetamide (DMAC) or N-methyl-2-pyrrolidone
(NMP) as a solvent was employed. The mixture was
stirred at 85 °C for 20 h. With conventional workup
procedure and purification, the pure polymers obtained
with about 70—80% yield were light yellow or yellow.

All polymers were readily dissolved in common or-
ganic solvents, such as THF, CHCI3, toluene, and
xylene, etc. The structures of all polymers were con-
firmed by 'H and ¥C NMR, FT-IR, and elemental
analysis. The elemental analysis results of all five
polymers showed good agreement between the experi-
mental and theoretical results for the proposed polymer
structures. The number-average molecular weights (M)
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Scheme 1. Synthetic Route to the Desiring Polymers
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Table 1. Basic Chemical and Physical Properties of

Polymers 4
My x 104 M, x 104 TGA?2
compd (g mol) (g mol) polydispersity (°C)
4a 1.26 0.85 1.48 355
4b 3.12 1.35 2.31 380
4c 2.61 2.06 1.27 350
4d 2.13 1.27 1.67 375
A4f 1.57 1.01 1.55 350

a The temperature starting decomposition in the air.

were measured by GPC to be about 8500—20 600 with
the polydispersities of 1.48—2.50 against polystryrene
as standards and with THF as eluent (Table 1). All of
these polymers exhibited high thermal stability with
starting decomposition temperature higher than 350 °C
in air according to the thermogravimetric analysis
(TGA). The 10% weight loss values obtained of polymer
are over 400 °C in air.

IH and ¥C NMR Characterization. The chemical
structures of the monomers and the polymers were
verified by H and 13C NMR. In the aromatic range of
IH NMR spectra of compounds 2a—e, two obvious
singlet peaks or doublet peaks with very small coupling
constant (only 1.1 Hz), which belong to two protons at
C-3 and C-5 positions of the thiophene ring, were
observed. It indicated that the connection position
between the aromatic group and thiophene rings was
the C-5 position of 3-n-hexylthiophene and demon-
strated that the metal-mediated coupling reaction pro-

vided our desired compounds. After the C-5 position of
the thiophene ring was brominated by NBS, only one
peak belonging to the proton at the C-3 position of
thiophene rings was observed in the aromatic range of
IH NMR spectra of monomers 3. After the coupling
polymerization, this peak was transferred to the down-
field due to the increased electron density of the whole
n-delocalized system. Moreover, all protons at the
aromatic rings were also moved to the downfield. For
their 13C NMR spectra, the well-resolved resonance
signals belonged to all carbon at the aromatic rings
exhibited in the aromatic range for every compound. The
chemical shifts of the C-5 position at the thiophene ring
of compounds 2 were between about 118 and 126 ppm.
After the bromination, the chemical shifts of these
carbons of monomers 3 moved upfield, between about
107 and 110 ppm. However, the chemical shifts changed
from about 107 to 143 ppm after the coupling polym-
erization reaction due to the enhancement of zz-delocal-
ization in the whole polymer molecular. All NMR results
proved that the coupling polymerization reaction could
provide the polymers with high regioregularity.

Optical Properties. The UV—vis absorption and the
PL spectra of five polymers in the neat thin films are
shown in Figures 1 and 2. The films were spun-cast onto
the quartz plates or onto microslides from their solutions
in xylene (2% wi/v). All films were quite uniform and
emit bright fluorescence with colors from blue to green
under UV light irradiation. Their peak maxim values
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Figure 1. Absorption spectra of films of polymers 4a (solid
line), 4b (open 0O), 4c (open <), 4d (x), and 4e (+).
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Figure 2. Photoluminescent spectra of films of polymers 4a
(solid line), 4b (open 0O), 4c (open <), 4d (x), and 4e (V).
Table 2. Optical Properties of Polymers 4
abs Amax  a@bs Aonset  PL Amax Optical band PL

polymer (nm) (nm) (nm) gap (eV) yield %
4a 346 445 470 2.79 15+1
4b 378 510 505 2.43 2242
4c 405 520 520 2.38 27 +£3
4d 392 490 496 2.53 32+3
4e 406 (385) 465 477 2.67 7+1

and optical band gaps are also shown in Table 2.
According to the different substituents on the phenylene
rings and the different aromatic groups in the main
chain, the five polymers were divided into two series,
the same phenylene rings and the different aromatic
groups in the main chain of polymers, to compare their
optical and electrochemical properties.

For the first series, the introduced aromatic rings, the
phenylene unit, but with different substituents at the
phenyl rings, namely hydrogen, methyl, and decyloxy,
the absorption and PL spectra of three polymers evi-
dently depend on their different substituents. Compared
with polymer 4b, the absorption and fluorescence
spectra of polymer 4a are all blue-shifted. The absorp-
tion spectrum of polymer 4a onset at 445 nm (510 nm
for polymer 4b) and reached the maximum at 346 nm
(378 nm for polymer 4b); the PL spectrum for polymer
4a was blue-shifted 35 nm compared with that for
polymer 4b. This can be attributed to the enlarged
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torsion angle and the reduced effective conjugation in
the polymers due to the steric hindrance effect of two
methyl groups on the coplanarity among the phenyl and
two thiophene rings. For polymer 4c, the absorption
spectrum onset at 520 nm and reached a maximum at
405 nm; its PL spectrum peaked at 520 nm. It shows
the absorption and PL spectra for polymers 4c are all
red-shifted compared with polymer 4b. The reason is
due to the effect of the strong electron-donating group,
two decyloxy groups.

Polymers 4b, 4d, and 4e, containing three different
aromatic groups, phenylene, fluorenylene, and anthra-
cenylene units, were selected to modify the backbone
of the normal polythiophenes and to investigate how the
absorption spectra were affected by the aromatic rings
introduced. The absorption spectrum of polymer 4d was
about 14 nm red-shifted in comparison with that of
polymer 4b, which can be attributed to the increase of
the effective conjugation of polymer 4d relative to
polymer 4b after the phenylene ring was replaced by
the fluorene ring in the backbone of polythiophene. For
polymer 4e, the absorption spectrum showed fine struc-
tures, the pattern of which was red-shifted only about
25 nm relative to that of anthracene3® and very similar
to that of 9,10-diphenylanthrancene.3 The possible
explanations are that the anthracene unit participates
to some degree in the conjugation of w-electrons along
the main chain rather than serving as a true conjuga-
tion interrupt, and/or the longest wavelength absorption
band of polymer 4e results from the overlap of the
bithiophene absorption and the absorption from the
anthracene units. The main absorption peak red-shifted
about 14 nm compared to that of polymer 4d and 28
nm compared to that of polymer 4b. About their
photoluminescence spectra, for polymer 4d, although its
PL spectra resulted several nanometers blue-shifted, it
had a large shoulder at around 520 nm, which was also
red-shifted, in comparison withthat of polymer 4b. The
emission spectrum shows that polymer 4d is still a
green light-emitting material. However, for polymer 4e,
its PL spectrum blue-shifted to 477 nm, and it is a blue-
emitting material. This demonstrated that the PL
process under the polymer excitation was affected by
the aromatic groups in the main chain of polythiophenes.
As the absorption spectra showed, that of polymer 4d
exhibited not only a red-shift, but also more broadly
than that of polymer 4b. Polymer 4b showed a better
structureless feature relative to polymer 4d. However,
for polymer 4e, the Stokes shift (71 nm) was smaller
than those of polymers 4b (127 nm) and 4d (104 nm),
which suggested that a rigid moiety is responsible for
the fluorescence spectrum of polymer 4e. It may be
supposed that conjugation between bithiophene and
anthracene is interrupted due to a strong steric hin-
drance.

The absolute photoluminescence quantum yields of
the five polymers in neat thin films were measured in
an integrated sphere at room temperature under air
atmosphere following the procedure described by Green-
ham et al.32 The wavelength of the excitation source
used is 358 nm laser line. The results are shown in
Table 2. For the first series, the absolute PL quantum
yields were obviously improved in comparison with
those of polythiophenes, which was proved by our
previous reports.'81° For the second series, compared
with the different aromatic groups, it was liable to find
that the absolute PL yield of polymer 4d is the largest,
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Table 3. p-Doping and n-Doping Characteristics of

Polymers 4
Eonset (V) Eonset (V) energy levels (eV)
polymer (p-doping) (n-doping) HOMO LUMO band gap
4a 1.01 —1.80 —-5.40 —2.59 2.81
4b 0.70 —1.80 —-5.09 -2.59 2.50
4c 0.55 —1.85 —4.94 —2.54 2.40
4d 0.90 —1.60 —5.29 —2.79 2.50
4e 1.25 —-1.41 -5.64 —2.98 2.66

about 32 + 3%. This further demonstrated that the
modification of the main chain by suitable aromatic
groups is a useful approach to improve the absolute
guantum efficiency of polythiophene derivatives. Among
most of polythiophene derivatives as electroluminescent
(EL) materials, their relatively PL quantum efficiencies
is only a few percent as solid films.33~35 For instance,
the PL efficiencies are 5% for poly[3-(4-octylphenyl)-2,2'-
bithioenephene] (PTOPT),3* 0.31% for the solution of
poly[3-(2,5-dihepoxylpheyl)-2,2'-bithiophene] (PDHOBT)
in CHCI3; and 0.04% in solid film,%¢ 3% for a water-
soluble polythiophene, POWT,373 and about %/3 of that
of PTOPT for poly(3-cyclohexylthiophene) (PCHT).3°
However, for polymer 4e, its absolute PL quantum yield
is only 7 + 1% and is the lowest among these five
polymers. Miller et al. also observed that the photolu-
minescence quantum yields decrease with increasing
anthracene incorporation with polyfluorene.3! This may
be due to the suppression of the excimer formation
caused by the anthracene unit, which was released in
its absorption and PL spectra.

Electrochemical Properties. The redox behavior
of all polymers was investigated in an electrolyte (0.1
mol/L solution of tetrabutylammonium hexylfluorophos-
phate (n-BusNPFg) in acetonitrile) by cyclic voltamme-
try. Cyclic voltammetry was carried out with a BAS 100
electrochemical analyzer at a potential scan rate of 40
mV/s. In every case, a disk glassy carbon electrode
coated by a thin layer of the polymer was used as the
working electrode. Platinum wire was used as counter
electrode, and silver wire was used as a quasi-reference
electrode. All the potential values quoted in this con-
tribution are referred to Ag wire as the quasi-reference
electrode; the electrochemical potential of Ag is —0.02
V vs SCE. For all five polymers, both p-doping/dedoping
and n-doping/dedoping processes of all five polymers
were reversible. The redox data and the HOMO and
LUMO energy levels determined from the onset poten-
tials in the cyclic voltammograms are listed in Table 3.
Figure 3a shows the cyclic voltammograms of the series
of polymers with the different substituted phenylene
rings. The comparison of the cyclic voltammograms of
the series of polymers with different aromatic groups
is outlined in Figure 3b.

Observed from their cyclic voltammogram figures, the
electrochemical properties of all polymers are easy to
compare. First, since these five polymers have same
substituents (n-hexyl group) at the thiophene rings,
from their cyclic voltammograms, it is easy to find that
the oxidative and reductive processes of the polymers
are very sensitive to and dependent on the aromatic
groups in the main chain. The onset potential value of
p-doping of polymer 4c was the lowest, about 0.55 V,
and that of polymer 4e was the highest, about 1.25 V;
the onset potential value of n-doping of polymer 4e was
the lowest, about —1.4 V, and that of polymer 4c was
the highest, about —1.85 V.
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Figure 3. (a) Comparison of cyclic voltammograms of poly-

mers 4a (solid line), 4b (x), and 4c (+). (b) Comparison of cyclic
voltammograms of polymers 4b (solid line), 4d (x), and 4e (+).

Second, for comparison with polymers 4a, 4b, and 4c,
which have the same aromatic group, phenylene ring,
on the main chain, but different substituents at the
phenylene ring, the onset potential value of oxidation
process increased after the methyl groups were attached
on the phenylene ring. The reason is that the higher
steric hindrance of methyl groups at the phenylene ring
causes the decrease of effective conjugation of the
polymer main chain. The same effect was also observed
in its optical spectra. Meantime, the oxidative potential
of polymer 4c was obviously decreased about 0.15 and
0.56 V, respectively, in comparison of polymers 4b and
4a due to the strong electron-donating feature of decyl-
oxy groups in the phenyl rings, which made the polymer
more electropositive. This value was the lowest among
five polymers. It means that the electron-donating
groups might dramatically decrease the oxidative onset
potentials of conjugated polymers. Although the p-
doping process of these three polymers was very sensi-
tive to the substituents at the phenyl ring, little change
of their n-doping process was observed. For polymers
4a, 4b, and 4c, the onset potential of the n-doping
process was —1.80, —1.80, and —1.85 V, respectively.
Their n-doping peaks occurred at —1.95, —2.01, and
—-2.15 V.

The comparison of the p-doping processes in the
polymers 4b, 4d, and 4e, which had different aromatic
groups, reveals that introducing the larger aromatic ring
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into the polymer backbone results in the increase of the
oxidative potential. The oxidative peaks of polymer 4d
with the fluorenene ring in the backbone (about 0.90
V) was 0.2 V higher than that of polymer 4b (about 0.70
V) having the phenylene rings. The reason can be
attributed to the decrease of the electron density of
thiophene rings after introducing the fluorene ring into
the polymer backbone. It was further proved that the
oxidative onset potential of polymer 4e having the
anthracene ring (about 1.25 V) was 0.55 and 0.35 V
higher than that of polymer 4b and of polymer 4d,
respectively. Meantime, the same trends of their n-
doping onset potentials were also observed. In compari-
son of the p-doping process of this series of polymers, it
was found that their n-doping process was very sensitive
to the aromatic rings. The reductive onset and peak
potentials of polymer 4d (—1.60 and —1.79 V) were 0.2
and 0.16 V higher than those of polymer 4b (—1.80 and
—1.95 V). Compared to polymer 4b, the n-doping onset
and peak potentials of polymer 4e were decreased by
0.39 and 0.4 V, respectively. From the redox behavior
of this series of the polymers, the polymer with phen-
ylene ring in the backbone was the most electropositive
among these three polymers.

The energies of the HOMO and LUMO levels of the
polymers are calculated from the onset potential of the
p-doping and n-doping, respectively.3*=42 In our work,
Enomo = —(4.39 + ¢p') (eV) and ELumo = —(¢n’ + 4.39)
(eV), in which Enxomo and ELymo mean the energy levels
of the HOMO and LUMO below the vacuum. The
calculated data and the band gap for polymers from
electrochemical measurement are also summarized in
Table 3. These results demonstrate that the energy
levels of the polymers can be adjusted to make them
suitable for the work functions of the electrodes after
the various aromatic groups are introduced into the
backbone of polythiophene. For polymer 4a, current
peaks of n-doping and p-doping were narrower than
those of other polymers; this means that the amount of
charge consumed in the p-doping or n-doping is less
than others are. It shows that the degree of doping in
polymer 4a can be lower than that in others under the
same condition. The p-doping potential value of polymer
4c was the lowest; it demonstrates that alkyloxy group
can be essential to lower the HOMO level.

Fabrication of Light-Emitting Diodes Device
from Polymer 4d. To investigate the electrolumines-
cent property of our new polymers, polymer 4d, which
has the highest PL quantum yield among five polymers,
was selected as the active materials to fabricate polymer
light-emitting diodes (PLEDs) with the single layer or
multiple layers. Their configurations were ITO/polymer
4d/Ca or ITO/PVK/polymer 4d/Ca (ITO wired as the
positive electrode).

Indium—tin oxide (ITO) coated glass (~20 /00) was
used as the substrate. Polymer films were spun-cast on
the ITO substrate from its solutions in xylene. The
thickness of the films was around 100 nm. A calcium
layer was then deposited on the top of the polymer films
under pressures around 1078 Torr at the evaporating
rates of 5—8 A/s, and its thickness was about 200 nm.
Diode area was 15 mm? defined by the cathode. Device
characteristics were measured with a calibrated Si
photodiode. All the processes and measurements were
carried out inside a drybox filled with nitrogen. In
forward bias, the ITO electrode was wired as the anode.
The fabrication of LED devices was carried out in the
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Figure 4. Current—light intensity—voltage characteristics of
an ITO/PVK/polymer 4d/Ca devices.

glovebox under a nitrogen atmosphere.

At first, the single-layer devices with the configura-
tion of ITO/polymer 4d/Ca were fabricated. In the
forward bias, the current onset at about 20 V and
rapidly increased, and then the bright green light
emitted at about 21 V. No emission was observed on
the reverse bias up to —40 V. Its external EL efficiency
was only about 0.05%. Compared with other normal
LEDs devices, the driving voltage is quite high and its
external EL efficiency is very low for normal LEDs
devices emitting green light.

According to electrochemical properties of polymer 4d,
its HOMO energy level was about 5.3 eV, which is quite
higher than that of ITO (about 4.7 eV). The energy
barrier at the anode is about 0.6 eV, which might be
difficult for the hole injection between interface of the
ITO and the polymer layers for the single-layer devices.
However, the energy barrier for electron injection at the
cathode is only 0.1 eV. It means that electron transport-
ing at the cathode is much easier than hole transporting
at the anode. To solve this problem, poly(N-vinylcarba-
zole) (PVK), well-known as the hole-transporting mate-
rial in use for PLEDs, was employed for the double-layer
devices with the configuration of ITO/PVK/polymer 4d/
Ca. By spinning-cast a PVK layer (about 90 nm)
between the ITO and the polymer films, as Figure 4
shows, the turn-on voltage for light output was reduced
to about 8 V, and the maximum external EL efficiency
was increased from 0.05% to 0.6%. It indicated that PVK
layer reduced the turn-on voltage of devices and im-
proved their performance. Although the energy barrier
for hole injection between the ITO and PVK layer (about
1.4 eV) is bigger than that of the ITO and the polymer
films, the PVK layer may act the electron-blocking
function, and then improve the balance of the electron
and hole transporting, which enhances the EL efficiency
of the devices.

Conclusion

In conclusion, a synthetic route to the new family of
conjugated polymers was reported. Different aromatic
groups were introduced into the backbone of poly-
thiophenes through coupling reactions catalyzed by
palladium(0). The well-defined structure polymers were
obtained through metal-catalyzed coupling of dibromo
monomers with high yield in place of the chemical
oxidative polymerization with iron trichloride as an
oxidant. All polymers have high regioregularity with
perfect head-to-head linkage between two adjacent
thiophene rings. These polymers have good solubility
and processability and good thermal and electrochemical
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stability. These results demonstrated that this synthetic
approach to polythiophenes modified by different groups
is very effective. The improvement of the absolute PL
guantum yield was proved by inserting suitable aro-
matic groups into the main chain or side chain of
polythiophenes. The results show that the absolute PL
guantum yield is sensitive not only to the substituents
at the thiophene ring but also to the aromatic groups
introduced into the polymer main chains. It could
provide a new route to prepare new EL materials that
have high PL quantum efficiencies. In the meantime,
the optical properties of the polymers could be tuned
by introducing different groups into the main chain or
side chain of the polymer. Investigation of the redox
behavior of five polymers demonstrated that it was also
an efficient approach to adjust the polymer HOMO and
LUMO energy levels to match the electrode work
function.
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