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Poly(thiophene-2,5-diyl) derivatives having alkoxy substituents at 3-positions are
synthesized by dehalogenation polycondensation of the corresponding 2,5-
dibromothiophene derivatives with zero-valent nickel complex. The obtained polymers
show not only usual p-type doping and undoping behaviors but also unique n-type
doping and undoping behaviors due to the stabilization of n-doped state by interaction
between dopant cation and ethereal oxygen.

Poly(thiophene-2,5-diyl)s with m-conjugated systems along the polymer chain have been widely
investigated as typical electrically conducting polymers. In particular, 3-substituted poly(thiophene-2,5-diyl)
derivatives1-2) have attracted strong attention in view of not only their processability but also their interesting
properties caused by the introduction of the substituents. Recently, such polymers with 3-alkoxy substituent,
e.g., poly(3-methoxythiophene-2,5-diyl) (PMeOTh), were prepared by electropolymerization,z) and it was
reported that p-doped state of the polymers had higher stability than that of poly(thiophene-2,5-diyl) and poly(3-
alkylthiophene-2,5-diyl)s due to electron donating property of alkoxy groups. However, NMR spectra of
PMeOTh suggest the presence of several types of bonding (e.g. 2,5- and 2,4- bonding) between the monomer
units in the electrochemically polymerized PMeOTh,2d.€) and further investigations of poly(3-alkoxythiophene-
2,5-diyl)s (PROTh) prepared by other methods are desired to reveal the doping behavior of the polymer.
Furthermore, in contrast to the p-doping of the polymers, much less attention has been paid on n-doping behavior
of poly(3-alkoxythiophene-2,5-diyl)s.

We now report preparation of PROTh's by the following dehalogenation polycondensation using zero-
valent nickel complexes3) and p- and n-doping behavior of the polymers. The polymerization method affords the
p-conjugated polymers with well-defined linkage between the monomer units in high yields.
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Three 2,5-dibromo-3-alkoxythiophenes were prepared by the reported method.4) Stirring the monomer
(1.6 mmol) with a mixture of bis(1,5-cyclooctadiene)nickel (Ni(cod)2, 2.0 mmol), 1,5-cyclooctadiene (1.6
mmol), and 2,2'-bipyridine (bpy, 2.0 mmol) in N,N-dimethylformamide (13 cm3) for 48 h at about 30 °C
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afforded the polymers as blue black precipitates. Work up of the polymers, involving removal of nickel
compounds with ethylenediaminetetraacetic acid, was carried out in a manner similar to that previously
reported.3) Results of the polymerization and analytical data of the polymers are summarized in Table 1.

Table 1. Preparation of poly(3-alkoxythiophene-2,5-diyl) derivatives?)

Yield/% C/% H/% S/% Halogen/%

Poly(3-methoxythiophene-2,5-diyl) (PMeOTh) 76 53.31 3.35 27.25 0
(53.57) (3.57) (28.57) ©)

Poly(3-butoxythiophene-2,5-diyl) ~ (PBuOTh) 71 60.23 6.06 20.07 0
(62.34) (6.49) (20.78) )

Poly(3-(2-methoxyethoxy)thiophene-2,5-diyl) 85 54.59 5.18 19.50 0
(PMeOEOQOTh) (53.85) (5.13) (20.51) “)

a) The numbers in round brackets are calculated values.

As shown in Table 1, the desired polymers are obtained in good yield. IR spectra of the polymers (vide
infra) show strong absorption peaks at about 1180 cm-1 (C-O-C antisymmetric stretching) and 1080 cm-1 (C-O-
C symmetric stretching).

PMeOTh thus prepared has considerably lower solubility than the electrochemically prepared PMeOTh
presumably due to highly regular structure or higher molecular weight. The obtained polymers are partially
soluble in N-methylpyrrolidone (NMP), dimethyl sulfoxide and chloroform. In the case of PMeOTh, about half
of the polymer is soluble in NMP, and gel permeation chromatograms indicate that the soluble PMeOTh has a
number-average molecular weight of 1800 and a weight-average molecular weight of 3000 (vs. polystyrene),
respectively.

The UV-vis absorption spectra of the polymers in NMP show Apax at 576 nm (PMeOTh), 548 nm
(PBuOTh), and 578 nm (PMeOEQOTh), respectively. These peak positions are at longer wavelength compared
with those of poly(3-alkylthiophene-2,5-diy1)s,3) and as for PMeOTh the absorption peak appears at
considerably longer wavelength than that (A ax=470-490 nm?)) of the electropolymerized PMeOTh.

The IH-NMR spectrum of soluble part of PMeOTh in CDCl3 shows two signais assigned to the methoxy
protons (3.8 ppm and 4.0 ppm) and four signals assigned to the aromatic protons (6.83 ppm, 6.87 ppm, 6.92
ppm, and 7.02 ppm). Two methoxy proton signals at 3.8 ppm and 4.0 ppm are assigned to head-to-head (HH)
and head-to-tail (HT) conjunctions, respectively, from analogy with the 1H-NMR chemical shifts of poly(3-
alkylthiophene-2,5-diyl)s.5) Four aromatic proton signals are also assigned to the four possible different triads
of thiophene rings.6)

The obtained polymers themselves are insulators. However, on p-doping with iodine (exposure to vapor of
iodine at room temperature for 48 h), the electrical conductivity (o) of each polymer increases to 1.8x100 S cm-1,
2.1x10-2 S cm1, and 2.1x10-1 S cm"1 for PMeOTh, PBuOTh, and PMeOEOTHh, respectively, as measured
with pressed pellets using a two-probe method. The iodine-doped polymers can be reversibly undoped by
treatment with hydrazine.

Figure 1 shows cyclic voltammograms (CV) of PMeOTh film in (a) 0.1M-BugyNC104/ CH3CN and (b)
0.IM-LiCl04/ CH3CN. PMeOTh film was prepared by casting the NMP solution of PMeOTh on ITO-glass
plate and evaporation of the solvent under vacuum. In Fig. 1(a), the p-type doping and undoping peaks are
observed at -0.20 V (peak iii) vs. Ag/Ag™* and -0.55 V (peak iv), respectively. The polymer film is stable during
repeated scanning, showing essentially the same CV. These potentials are in agreement with those of PMeOTh
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prepared by the electropolymeﬁzation.zb) The p-type
redox potentials of the PMeOTh film are more
negative than those of poly(3-alkylthiophene-2,5-
diyl)s,3) indicating that PMeOTh is oxidized (p-
doped) more easily than poly(3-alkylthiophene-2,5-
diyl)s due to the electron donating alkoxy substituent.

On the other hand, sweeping to -2.10 V gives a
new unreported n-doping peak at -2.02 V(peak v)
with shoulder (< -2.06 V) and corresponding n-
undoping peaks at two positions at -2.04 V(peak i)
and -0.52 V(peak ii). These unique redox behavior
in CV has good reproducibility during repeated
scanning. The appearance of two n-undoping peaks
coupled with the n-doping peak at about -2.0 V
suggests the presence of two types of n-doped states
or the presence of cations in two different
environments corresponding to the two types of n-
doped states; the n-undoping peak i is considered to
be due to usual simple type undoping, while the peak
ii is considered to be due to undoping involving
removal of cations having strong interaction with the
ethereal oxygen. When a Li salt is used as the
electrolyte, the cation (Li*) seems to have stronger
interaction with the ethereal oxygen to give only one
n-undoping peak at a high voltage overlapped with
the p-doping peak (Fig. 1b).

Similar n-type doping-undoping behaviors with
large potential difference between the n-doping peak
and n-undoping peak were previously reported for
poly(3-(3,6-dioxaheptyl) thiophene) (PDHT) having
alkyl substituent with chelating 1,4-diethereal
oxygens in the side chain.”) PMeOEOTh has the
1,4-diethereal oxygens similar to those of PDHT, and
CV of PMeOEOTh in 0.1 M BuyNClO4/ CH3CN
(Fig. 2) also shows a large difference between the n-
doping potential (< -2.3 V) and n-undoping potential
(-0.3 V), suggesting the presence of the strong
interaction between the dopant cation and the ethereal
oxygens.

The supposed strong interaction between the
dopant cation and ethereal oxygens in PMeOTh might
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Fig. 1. Cyclic voltammograms of PMeOTh cast
on ITO electrode. (a) In 0.1IM-BuyNCl1Oy4/

CH3CN, and (b) in 0.1M-LiClO4/ CH3CN. At
10mV s-1 at room temperature.
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Fig. 2. Cyclic voltammograms of PMeOEOTh in
0.1M-BugNCl0Oy4/ CH3CN. At 10 mV s-1 at
room temperature.
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result not only from interchain interaction of the
cation with MeO oxygens in different PMeOTh

PM -
molecules but also from the presence of eOTh/non-doped

chelating diethereal unit, which is formed in the
head-to-head unit of PMeOTh.

Chemical n-doping/undoping were also PMeOTh / Na-doped

examined. Treatment of the polymers with
sodium naphthalide in tetrahydrofuran gave Na-

doped polymers which were able to be undoped PMeOTh / undoped

by treatment with methanol. The ¢ values of
Na-doped polymers are in a range of 10-2-10-3
S ecm-l. Figure 3 shows the IR spectra of
PMeOTh and PMeOEOTh at non-doped, Na-
doped, and undoped states. In Fig. 3, the

PMeOEOTh
/ non-doped

Transmittance

PMeOEOTh

/ Na-doped /pmeOEOTh
to C-O-C stretching vibration are weakened at / undoped

the Na doping, and this IR spectral change
strongly indicates that cations are coordinated

by the ethereal oxygens in the n-doped state.

absorption peaks at 1200-1000 cm-! assigned

1

4000 3000 2000 1500 1000 500
Wave number / cm™

Fig. 3. IR spectral change of PMeOTh and PMeOEOTh
on Na-doping and undoping.
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