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The introduction of long-chain alkyl groups into the
3-position of thiophene units in polythiophene converts
the polythiophene into a class of identifiable, soluble,
and processable conducting polymers.! The design and
synthesis of specially structured poly(3-substituted
thiophenes) has become an area of active interest.
Recent research showed that the linkage regularity? of
the poly(3-substituted thiophenes) and character of the
substituents have a strong relationship on the physical
properties of the polymers. Recently, we reported a
regiocontrolled synthesis for regioregular head-to-tail
(HT) poly(3-alkylthiophenes) (P3AT) via catalyzed poly-
condensation® of 2-bromo-5-(bromozincio)-3-alkylth-
iophenes. The organozinc reagents are readily prepared
by oxidative addition of Rieke zinc* to 2,5-dibromo-3-
alkylthiophenes. The regioregular head-to-tail poly(3-
alkylthiophenes) (HT-P3AT)35 displayed a variety of
interesting physical properties and much higher elec-
troconductivity over other P3AT’s.}26 The variation of
3-substituents on the thiophene ring has a pronounced
effect on the physical properties of the polythiophenes.
The introduction of ether- or thioether-containing side
chains onto the 3-position of thiophene led to the fine
tuning of electrical and optical properties of poly-
thiophenes;®7 the crown ether group bestowed iono-
chromic activity on polythiophenes;® the chiral side
chain resulted in an opitically active polythiophenes.?
Since the physical properties (such as conductivity and
band gap) of poly(3-substituted thiophene) were highly
sensitive to the nature and regioregularity of the
substituent, we have focused on the synthesis of novel
regioregular head-to-tail poly(3-substituted thiophene)
with new substituents, using our regiocontrolled syn-
thetic methodology.? We report herein the synthesis
and characterization of a new regioregular head-to-tail
poly[3-(alkylthio)thiophene]” in which the sulfur atom
of the substituent is directly connected to the 3-position
of the thiophene ring, and followed by a long alkyl chain:
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The general procedure for synthesizing the poly[3-
(alkylthio)thiophenes] (3) is shown in Scheme 1. 3-Bro-
mothiophene was used as the initial starting material.
The metal—halogen exchange reaction of n-butyllithum
with 3-bromothiophene in hexane/THF (10:1) mixed
solvent at —30 °C led to a room-temperature-stable
3-lithiothiophene.!? 3-Lithiothiophene reacted with dif-
ferent alkyl disulfides at room temperature under argon
to offer related 3-(alkylthio)thiophenes (1) in 50—60%
yield. 2,5-Dibromo-3-(alkylthio)thiophenes (2) were pre-
pared by bromination of respective 38-(alkylthio)-
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Scheme 1. Typical Synthsis Procedure for HT
Regioregular Poly[3-(alkylthio)thiophenes]
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thiophenes (1) with Brs in chioroform. Rieke zinc (Zn*)4
rapidly underwent oxidative addition to 2,5-dibromo-3-
(alkylthio)thiophenes (2) in the 5-position of the dibro-
mothiophene with a regioselectivity of >95% at room
temperature. The 2-bromo-5-(bromozincio)-3-(alkylth-
io)thiophenes were then polymerized utilizing Ni(D-
PPE)Cl; (0.5% equiv) under argon to produce the
polymers (3) in 40—80% yield.” Poly[3-(octylthio)-
thiophene] (8¢), for example, was synthesized as fol-
lows: 2,5-dibromo-3-(octylthio)thiophene (2¢)(1.93 g, 5.0
mmol, in 10 mL of THF) was added via a cannula to
the newly prepared Zn*4 (5.5 mmol, in 20 mL of THF)
at 0 °C. The mixture was stirred for 1 h at this
temperature. Ni(DPPE)Cl; (0.5 mol %, 13.2 mg, 0.025
mmol, in 10 mL of THF) was added via cannula at 0
°C. The mixture was allowed to warm to room temper-
ature and then refluxed for 4 h. A dark-purple precipi-
tate was formed gradually during this period. The
mixture was poured into a solution of MeOH (50 mL)
and 2 N HC1 (25 mL), and the resulting dark precipitate
was filtered and washed with MeOH and 2 N HCI. The
polymer was reprecipitated from a hot chloroform
solution upon addition of methanol. Repurification of
polymer by Soxhlet extractions with MeOH for 24 h and
then with hexane for 24 h afforded 0.62 g (54.8% yield)
of poly[3-(octylthio)thiophene] (8c¢).!

The poly[3-(alkylthio)thiophenes] are black—brown
solids. They are soluble in carbon disulfide at room
temperature and have poor solubilities in chloroform,
THF, xylene, etc., at ambient temperature, but they are
soluble under reflux. The solutions of the polymers in
organic solvents are dark red. The solubilities of the
polymers decrease with the increasing molecular weight
and increase with increasing length of the alkyl side
chain. Poly{3-(butylthio)thiophene] (3a) is hardly soluble
in any organic solvents mentioned above.

The structure of poly[3-(octylthio)thiophene] (3¢) was
also characterized by FTIR and *H NMR. The FTIR
spectrum displayed aromatic C—H stretching and out-
of-plane vibrations at 3056 and 819 ecm™, respectively;
the aliphatic C—H stretching vibrations were present
at 2954, 2923, and 2852 cm™!. The peaks at 1411-1525
em~! originate from the ring stretching vibrations, and
a strong peak at 628 cm™! indicates the existence of a
S—C stretching vibration.!2 H NMR of a polyi3-
(octylthio)thiophene] (3¢) solution in carbon disulfide
using CDCl; as the external reference shows a sharp
peak at § 7.54 ppm. This singlet aromatic H peak
suggests more than 90% HT—HT linkage of the units
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along the polymer chain based on proton NMR integra-
tion.

The UV—vis spectra of poly[3-(octylthio)thiophene]
(8c) was obtained in the solid state and in dilute CHCl3
solutions. Three major peaks were observed at 263, 324,
and 513 nm, as well a shoulder at 605 nm in a CHCl3
solution; the most intense maximum peak was at 513
nm. The solid-state UV—vis spectrum shows three
almost equally intense maximum peaks at 520, 554, and
600 nm. The onset of the z—n* electronic transition
corresponded to a band gap of 1.8 eV.

The poly[3-(alkylthio)thiophenes] with more than four
carbon atoms in the side chain can form a copper-lustred
film via the slow evaporation of a carbon disulfide
solution of the polymer. The color of the thin films
changes to dark blue after being doped in iodine vapor.
The doped polymer films are highly electroconductive.
Their conductivities, measured by four-probe methods,
range from 450 to 750 S em™!. These conductivities are
similar to that of the regioregular HT poly(3-alkyl-
thiophenes)®!? and much higher than that of regio
random poly[3-(ethylthio)thiophene].”

The regioregular HT poly[3-(alkylthio)thiophenes]
were found to be polycrystalline and self-orienting
polymers.3414 The cast films of the poly[3-(alkylthio)-
thiophene] solutions by simple air evaporation also
showed a polycrystalline and self-organized lamellar
morphology with three-dimensional ordering of the
polymer chains. For instance, the X-ray diffraction
pattern of polyl3-(octylthio)thiophene] (3c) film pre-
sented the strong first-, second-, and third-order reflec-
tions at 26 angles of 4.1, 8.2, and 12.2°, which corre-
sponded to a 21.54-A interlayer d-spacing of well-
organized lamellar structure. The d-spacing was 1.44
A longer than that of regioregular HT poly[3-(octylthio)-
thiophene] which was 20.10 A.3¢ This increase of the
d-spacing was apparently due to the addition of the S
atom between the thiophene ring and alkyl group in
poly[3-(alkylthio)thiophenes].

The molecular weights of poly[3-(alkylthio)thiophenes]
have not been fully determined due to their poor
solubility in THF at room temperature. Poly[3-(octylth-
io)thiophene] (3¢) was partially (ca. 10%) soluble in THF
at room temperature. This part was, obviously, a low
molecular weight fraction and had a weight-average

molecular weight _]L_lw = 4889 and a number-average

molecular weight M, = 4417, by GPC (gel permeation
chromatography; relative to a polystyrene standard,
with THF as eluant at room temperature). The majority
of the poly[3-(octylthio)thiophenes] must have a molec-
ular weight significantly higher than that of the soluble
fraction of the polymer. ,

The regiocontrolled synthesis of polythiophenes pro-
vides a novel route to the highly electroconductive and
regioregular HT poly(3-functionalized thiophenes) with
a heteroatom S direct connection to the 3-position of the
thiophene ring in the polymer units. Compared to the
reported poly(3-alkoxythiophenes)!’ and regiorandom
poly[3-(ethylthio)thiophene]’ which also have a heteroa-
tom O or S at the 3-position, our regioregular poly[3-
(alkylthio)thiophenes] have higher conductivities and
longer Amax UV absorption. The regioregular HT poly-
[3-(alkylthio)thiophenes] are self-organizing and poly-
crystalline polymers, whereas poly(3-alkoxythiophenes),
synthesized by other methods, were amorphous?® in
their solid state. We are continuing to explore the
synthesis of novel poly[3-(alkylthio)thiophenes] and
study their physical properties.
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