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ABSTRACT: Poly(3-alkoxythiophene)s with moderately high molecular weights, which exhibit good solubility and
film-forming ability, were successfully synthesized by the nickel (0) coupling reaction in good yields. The introduction of
a branched side chain resulted in a molecular weight higher than that of the straight one. Broad photoluminescence (PL),
ranging from 579 to 684 nm, was readily obtained by choosing the appropriate molecular weight sample of a mother
polymer. This may provide a new method for evaluating organic luminescent materials.
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π-Conjugating polythiophenes have been consid-
ered promising candidates for polymer light-emitting
diodes (LEDs), due to the tunability of emission col-
ors, processability, and thermal and chemical stabili-
ties.1 Emission color closely depends on the extent of
the effective conjugation along the backbone, which
is mainly controlled by tailoring the structures of the
main chain and side chain.2, 3 Poly(alkoxythiophene)s
are known to be useful as hole injection layers to im-
prove the charge transport ability of LEDs, due to
higher charge carrier mobility, lower oxidation poten-
tial, and better stability in the oxidized state, compared
to alkyl substituted polythiophenes.4 Although the syn-
thesis of alkyl and di-alkoxy substituted polythiophenes
has been well established,5, 6 the synthesis of mono-
alkoxy substituted polythiophenes still remains a prob-
lem due to the low molecular weight and poor solu-
bility.7–14 This paper reports the synthesis and optical
properties of three poly(3-alkoxythiophene) derivatives
with moderately high molecular weights, which exhibit
good solubility and film-forming ability. The intro-
duction of a branched side chain in the monomer in-
creased molecular weight of the polymer. These results
may lead to a facile and inexpensive method for provid-
ing variable emission color by choosing the appropriate
molecular weight samples of a single mother polymer.

EXPERIMENTAL

Measurements
Molecular weights were evaluated by size exclusion

chromatography (SEC) on a Shodex KF806 M column
(eluent THF, 30◦C) in a Shimadzu liquid chromatogra-
phy instrument equipped with a photodiode array de-
tector based on the calibration using polystyrene stan-
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dards. Ultraviolet-visible (UV-vis) spectra (room tem-
perature; 21◦C) were recorded on a JASCO V-570
spectrometer. Fluorescence spectra (room temperature;
21◦C) were recorded on a Hitachi F-850 spectropho-
tometer. NMR spectra were recorded on a Varian Unity
300 spectrometer relative to the TMS internal standard
in chloroform-d.

Materials
3-Methoxythiophene was purchased from Aldrich

Chemical Co. (R)-(−)-2-Octanol (≥ 99% e.e. (enan-
tiomeric excess)) was purchased from AZmax Co.,
Japan. They were used without further purification.

Monomer Synthesis
3-Alkoxy substituted thiophenes were pre-

pared by transetherification reaction between 3-
methoxythiophene and corresponding primary and
secondary alcohols in the presence of a catalytic
amount of sodium hydrogen sulfate in toluene ac-
cording to the literature,15 then purified by vacuum
distillation. 3-Alkoxy-2,5-dibromothiophenes were
prepared by bromination of the 3-alkoxythiophenes
with 2.2 equiv. of N-bromosuccinimide (NBS) in
dichloromethane at room temperature,16 and purified
by column chromatography with hexane as the eluent.

3-n-Octoxythiophene
Yield 88.6%, bp 80–82◦C / 0.25 mmHg. 1H NMR

(CDCl3): 0.88 (t, J = 6.8 Hz, 3H), 1.29–1.44 (m, 10H),
1.76 (p, J = 6.6 Hz, J = 7.6 Hz, 2H), 3.93 (t, J =

6.6 Hz, 2H), 6.21–6.23 (m, 1H), 6.73–6.76 (m, 1H), and
7.15–7.18 (m, 1H) ppm. 13C NMR (CDCl3): 14.10,
22.66, 26.06, 29.23, 29.27, 29.35, 31.81, 72.30, 96.95,
119.55, 124.50, and 158.06 ppm.
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3-(2-Octoxy)thiophene
Yield 64.0%, bp 70–71◦C / 0.25 mmHg. 1H NMR

(CDCl3): 0.88 (t, J = 6.8 Hz, 3H), 1.28–1.74 (m, 13H),
4.19 (sextet, J = 6.1 Hz, 1H), 6.21–6.23 (m, 1H), 6.71–
6.74 (m, 1H), and 7.13–7.16 (m, 1H) ppm. 13C NMR
(CDCl3): 14.08, 19.64, 22.60, 25.54, 29.29, 31.41,
36.41, 76.52, 98.32, 120.27, 124.27, and 156.85 ppm.

3-((R)-2-Octoxy)thiophene
Yield 63.0%, bp 70–72◦C / 0.30 mmHg, α25

D =

−2.26◦ (neat). 1H NMR (CDCl3): 0.88 (t, J = 6.8 Hz,
3H), 1.28–1.77 (m, 13H), 4.19 (sextet, J = 6.1 Hz,
1H), 6.20–6.22 (m, 1H), 6.70–6.74 (m, 1H), and 7.13–
7.15 (m, 1H) ppm. 13C NMR (CDCl3): 14.08, 19.64,
22.62, 25.55, 29.30, 31.83, 36.43, 76.52, 98.33, 120.28,
124.27, and 156.87 ppm.

2,5-Dibromo-3-n-octoxythiophene
Yield 56.8%. 1H NMR (CDCl3): 0.88 (t, J = 6.8 Hz,

3H), 1.28–1.43 (m, 10H), 1.73 (p, J = 6.6 Hz, J =

7.6 Hz, 2H), 4.19 (t, J = 6.6 Hz, 2H), and 6.76 (s, 1H)
ppm. 13C NMR (CDCl3): 14.10, 22.65, 26.07, 29.23,
29.28, 29.34, 31.92, 75.31, 91.15, 121.43, 122.50, and
154.36 ppm.

2,5-Dibromo-3-(2-octoxy)thiophene
Yield 84.0%. 1H NMR (CDCl3): 0.88 (t, J = 6.8 Hz,

3H), 1.26–1.77 (m, 13H), 4.14 (sextet, J = 6.1 Hz,
1H), and 6.72 (s, 1H) ppm. 13C NMR (CDCl3): 14.08,
20.13, 22.59, 25.34, 29.25, 31.77, 36.50, 79.50, 92.59,
109.54, 122.30, and 153.19 ppm.

2,5-Dibromo-3-((R)-2-octoxy)thiophene
Yield 70.0%. 1H NMR (CDCl3): 0.88 (t, J = 6.8 Hz,

3H), 1.26–1.78 (m, 13H), 4.14 (sextet, J = 6.1 Hz,
1H), and 6.72 (s, 1H) ppm. 13C NMR (CDCl3): 14.08,
20.13, 22.59, 25.34, 29.23, 31.77, 36.50, 79.5, 92.61,
109.56, 122.32, and 153.19 ppm.

Polymer Synthesis
The zero-valent nickel coupling reaction developed

by Yamamoto et al.17 was used for polymerization. To
a mixture of 0.85 g (5.4 mmol) 1,1′-bipyridyls, 1.50 g
(5.4 mmol), bis(cyclooctadiene) Ni(0) (Ni(COD)2),
0.48 g (4.5 mmol) cyclooctadiene (COD), and 15 mL
N,N-dimethylformamide (DMF), 1.68 g (4.5 mmol) 3-
alkoxy-2,5-dibromothiophene in 18 mL DMF added
slowly under an argon atmosphere. After stirring at
60◦C for 18 h, 200 mL acidic methanol (containing
10% 1 N hydrochloric acid in volume) added. The
formed solid was collected by filtration, and succes-
sively washed with acidic methanol, hot ethylenedi-
aminetetraacetic acid (EDTA) aqueous solution (pH

3.8), hot EDTA aqueous solution (pH 9.0), and wa-
ter, and then dried under vacuum at room temperature
overnight. The crude product was purified by precipita-
tion from a mixture of chloroform and methanol to give
a blue–violet solid.

Poly(3-n-Octoxythiophene) (P1)
Yield 71.4%. 13C NMR (CDCl3): 14.12, 22.70,

26.10, 29.37, 29.64, 30.31, 31.91, 71.92, 111.77 (2C),
131.86, 153.25 ppm.

Poly[3-(2-Octoxy)thiophene] (P2)
Yield 75.6%. 13C NMR (CDCl3): 14.07, 20.18,

22.62, 25.59, 29.35, 31.78, 36.74, 78.40, 114.05 (2C),
133.27, 150.91 ppm.

Poly{[3-(R)-2-Octoxy]thiophene} (P3)
Yield 77.9%. 13C NMR (CDCl3): 14.07, 20.20,

22.62, 25.59, 29.35, 31.80, 36.74, 78.34, 112.53 (2C),
132.54, 151.41 ppm.

Fractionation of Polymers
Fractionated polythiophenes were successively ob-

tained by Soxhlet extraction using ethanol (fraction 1),
n-hexane (fraction 2), and tetrahydrofuran (THF) (frac-
tion 3), each for 24 h. Different molecular weight sam-
ples were obtained after evaporation of the solvent.

RESULTS AND DISCUSSION

Synthesis of Polymer
The synthetic route is shown in Scheme 1. The un-

fractionated polymers have moderately high molecular
weights (Mw) (Table I) ranging from 5000–10000 (To
our knowledge, this may be the highest Mw of mono-
alkoxy substituted polythiophenes prepared chemically
and electrochemically), and are readily soluble in THF,
toluene, and chloroform. The thin solid films can
be easily prepared by either solvent-casting or spin-

Scheme 1. Synthesis of poly(3-alkoxythio-phene)s P1-P3.
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Table I. Fractionation of P1-P3

Polymers
Content

%
Mw

(×103)
Mw/Mn

P1 Before – 4.6 1.35
Fr.1 8.3 1.7 1.27
Fr.2 23.6 2.0 1.27
Fr.3 67.9 5.6 1.35

P2 Before – 10.2 3.01
Fr.1 4.1 1.9 1.51
Fr.2 17.9 3.1 1.61
Fr.3 78.3 12.4 2.78

P3 Before – 10.3 2.89
Fr.1 6.5 2.8 1.53
Fr.2 20.2 5.1 1.39
Fr.3 73.0 13.8 2.77

Figure 1. 1H NMR spectra of P2.

coating techniques. Improvements on Mw and solu-
bility, compared to those of poly(3-methoxythiophene)
and poly(3-methoxyethoxythiophene) prepared by Ya-
mamoto et al.12 using the same method, may be due to
the longer length of the aliphatic side chains in P1-P3.

The regioregularity of the unfracationated P2 was
characterized by 1H NMR using Rieke’s method.18

There are four peaks in the aromatic region (δ 6.83,
6.86, 6.91, 6.95 ppm) for the 4-position hydrogen of
the thiophene rings due to the possible triad sequences
(HT–HT, TT–HT, HT–HH, and TT–HH)19 (Figure 1).
Although the exact content of different triads is dif-
ficult to calculate, due to the overlapping, it is clear
that the intensity of the peaks at 6.86 (TT–HT) and
6.95 (TT–HH) ppm is higher than that of the other two,
which indicates that TT coupling is initially dominant
(Scheme 2). Our result is almost consistent with the
regioselectivity of the TT coupling during the nickel
coupling reaction for the preparation of the poly(3-

Scheme 2. Regioselectivity of nickel(0) coupling reaction.

alkylthiophene)s.17

In the unfractionated polymers, Mws of P2 and P3 are
twice as high as that of P1. The origin of this difference
may be attributed to the side chains: P1, straight long
aliphatic chain, while P2 and P3,20 branched chains
with a methyl group at the nearest carbon to the thio-
phene ring. Steric hindrance in the TT-coupled dimer
of P2 and P3 is therefore expected to be larger than
that of P1, which may reduce reactivity for further
propagation. It seems that the lower reactivity of the
monomer during the initial stage may favor the growth
of polymer chains instead of the growth of new chains,
and thus favor the production of high molecular weight
products. The result that the higher molecular weight
poly(3-alkoxythiophene)s can be obtained by using a
relatively weak oxidant11 (Cu(ClO4)2 instead of FeCl3)
or at lower temperature14 (0◦C instead of 20◦C) may
also support this idea.21

Molecular Weight–Dependent Photoluminescence (PL)
and UV-vis Absorption Characteristics

Fractionated samples of P1-P3 (Table I) showed sig-
nificantly Mw-dependent optical properties (Table II).
The broad PL, ranging from 579 to 684 nm was read-
ily obtained by choosing an adequate Mw sample of
the mother polymer, although quantum yields (η) of PL
markedly decreased with the increase in Mw. UV-vis
and PL spectra of P1 in chloroform solution are shown
in Figure 2. The first fraction of P1 (Mw 1.7 × 103) ab-
sorbs at 472 nm and emits a yellow color (λmax 579 nm)
with η of ca. 1%. The second (Mw 2.0 × 103) absorbs
at 552 nm and emits red (λmax 655 nm) with slightly
lower η of ca. 0.26%, and the third (Mw 5.6 × 103) ab-
sorbs at 583 nm and emits at 676 nm with the lowest η
of only 0.043%.

The optical properties of P1-P3 in the aggregated
form were measured in a mixed chloroform (good sol-
vent) and acetonitrile (poor solvent) system at the ra-
tio of 1:9 (Table III). Absorption and emission spectra
in the aggregated forms have similar molecular weight
dependence to that of the molecularly dispersed forms,
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Table II. Optical properties of different fractions of P1-P3 in
chloroform at 21◦C

Polymer
λmax(abs)/nm, εb/103,
Stoke Shifts/103cm−1

λa
max(PL)/nm,
η/%

P1 Fr.1 472, 1.8, 3.92 579, 1.05
Fr.2 552, 10.5, 2.85 655, 0.26
Fr.3 583, 9.6, 2.36 676, 0.043

P2 Fr.1 520, 7.8, 2.97 615, 0.47
Fr.2 575, 11.6, 2.17 657, 0.050
Fr.3 585, 12.3, 2.47 684, 0.042

P3 Fr.1 509, 7.1, 3.62 624, 0.86
Fr.2 569, 10.3, 2.69 667, 0.15
Fr.3 588, 14.2, 2.30 680, 0.050

aλmax(PL) was recorded at λmax(abs) excitation, whereas
the absorbance of each fraction was ca. 0.05. Quantum
yields (η) were calculated in an integrating sphere with
quinine sulfate as the standard.b ε was normalized by
(thiophene repeating unit)1dm3 cm−1.

Figure 2. UV-vis and PL spectra of three fractions of P1 in
chloroform solution at 21◦C (PL intensity was normalized to frac-
tion 1).

though the emission efficiency decreased, especially in
fractions 2 and 3, which can be explained by the prox-
imity of the polymer main chains in the aggregates.3

Very weak emission with same molecular weight de-
pendence was found in the thin solid film state of P2
(Table III).22

In the molecularly dispersed and aggregated forms
of P1-P3, difference in the absorption λmax between the
second and third fractions is much smaller than that be-
tween the first and second, indicating that the effective
conjugation length tends to saturation as Mw increases.
The marked difference in η between the first and sec-
ond fractions of about one order of magnitude may be
explained by the fact that as the molecular weight in-
creases, although the conjugation along the polythio-
phene backbone should increase, leading to red shifts
in the absorption and emission, the non-radiative re-
laxation of the photoexcited energy is effectively en-
hanced by the localized structure, resulting in the ob-

Table III. Optical properties of different fractions of P1-P3 in
aggregation form and solid state at 21◦C

Polymer
λmax(abs)/nm,εb/103,
Stoke Shifts/103 cm−1

λa
max(PL)/nm,
η/%

P1 Fr.1 462, 2.0, 3.91 564, 1.05
Fr.2 563, 9.5, 2.10 635, 0.028
Fr.3 586, 6.2, 2.53 688, 0.017

P2 Fr.1 518(520)c , 9.2, 3.23 622(619)c, 0.46
Fr.2 578(580)c , 11.9, 2.62 681(690)c, 0.043
Fr.3 590(610)c , 7.8, 2.60 697(702)c, 0.026

P3 Fr.1 506, 6.8, 3.42 612, 0.60
Fr.2 566, 9.6, 2.45 657, 0.059
Fr.3 580, 11.9, 2.89 709, 0.020

aλmax(PL) was recorded at λmax(abs) excitation, whereas the
absorbance of each fraction was ca. 0.05. Quantum yields (η)
were calculated in an integrating sphere with quinine sulfate
as the standard.b ε was normalized by (thiophene repeating
unit)1dm3 cm−1. cData in parentheses stand for absorption and
emission maximum wavelengths of P2 in the solid state. The
films were prepared by solvent casting technique from THF so-
lution.

served lower emission efficiency.3

PL and absorption spectra of fraction 1 are broader
than those of the second and third fractions. The Stokes
shift for the first fraction is in the range of 2900–3900
cm−1, while those for the second and third fractions are
in the range of 2000–2800 cm−1. This difference may
be ascribed to the less rigid nature of the photoexcited
state of fraction 1 compared to the other two fractions
due to the unsaturated conjugation of the backbone.

The above results may provide a facile way to con-
trol the conjugation length along the polymer back-
bone, and thus control the emission color, by which
the tedious synthesis work to tailor the structures of
the main chain or side chain could be avoided. This
method is specially suitable for those polymers with
a lower degree of polymerization (oligomers), like the
poly(3-alkoxythiophene)s, in which the emission color-
tuning is realizable due to the existence of the frac-
tion with unsaturated conjugation along the main chain,
and the low molecular weight fractions that are usu-
ally discarded can become useful, and thus, the cost for
real application could be significantly reduced due to
high content in the polymers (over 20% in our poly(3-
alkoxythiophene)s).

In summary, we demonstrated the synthesis of mono-
alkoxy substituted polythiophenes with moderately
high molecular weights, which also exhibit a good sol-
ubility and film-forming ability, using the nickel(0)
coupling reaction of the corresponding 3-alkoxy-2,5-
dibromothiophenes. Visible PL color and quantum
yields are easily tuned by choosing the appropriate
molecular weight sample, which is available by frac-
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tionation from its mother polymer. Besides Soxhlet ex-
traction, other techniques, e.g., membrane or fractional
GPC techniques, may be applied to achieve different
molecular weight fractions to provide more detailed in-
formation in search for organic luminescent materials.
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