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New p-conjugated polymers containing tetrathiafulvalene as the monomeric unit
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Four kinds of poly(arylene)- and poly(aryleneethynylene)-type
polymers containing TTF units in the p-conjugated main
chain, which are susceptible to chemical and electrochemical
oxidation, have been prepared by organometallic
polycondensation.

Tetrathiafulvalene (TTF) and its analogues have been the
The monomer 1 was prepared by lithiation of commercially

subject of many recent papers.1 Molecular design of polymers
available (Aldrich) diphenyl-TTF followed by treatment with

containing TTF units has also been carried out,1a,2 however,
perfluorohexyl iodide (62%). The precursor [trans-diphenyl-

examples of polymers containing TTF units in the p-conjugated
bis(trimethylsilylethynyl )-TTF] of 2 was prepared via reaction

main chain have been limited. Here we report the preparation
of 1 with trimethylsilylacetylene in the presence of Pd(PPh3 )4of new p-conjugated polymers containing TTF units in the p-
and CuI in THF–NEt3 (151), and 2 was obtained by hydrolysisconjugated main chain and the redox behavior of the polymers.
of the precursor with aqueous KOH. The trans structures of

The Ni-3 [eqn. (1)] and Pd-promoted3a,4 [eqn. (2)] polycon-
1 and the precursor of 2 were confirmed by X-ray crystallog-

densations and copolymerizations of monomers 1 and 2 with
raphy; details of the preparation of 1 and 2 will be reported

3 give p-conjugated polymers 4–7 in high yields.
elsewhere. The monomer 3 was prepared as previously
reported.3,4 IR spectra of the polymers are consistent with
their assigned structures and peaks due to the C–I bond and
terminal acetylenic unit of the monomers are not observed.
The nickel-promoted polycondensation proceeds smoothly

using a mixture of bis(cycloocta-1,5-diene)nickel(0 ) [Ni(cod)2]
and 2,2∞-bipyridyl (bpy) in DMF at 50 °C to yield 4 and 5 in
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100 and 85% yields, respectively; the polymerization times
were 48 and 24 h for 4 and 5, respectively. The p–p* absorption
peak of 4 in THF appears at 430 nm, which is at a longer
wavelength by 40 nm compared with the absorption peak of
monomer 1. Elemental analysis data for 4 are consistent with
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the assigned structure. The copolymer 5, obtained from a 151
mixture of 1 and 3, exhibits a p–p* absorption peak at 410 nm
in THF. The GPC trace for 5 gives Mn (number average
molecular weight) and Mw (weight average molecular weight)
of 4700 and 5800 (eluent, DMF; polystyrene standard), respect-
ively, and 5 has an [g] value of 0.17 dl g−1 in THF at 30 °C.
The 1H NMR spectrum of 5 in CDCl3 is consistent with a 151
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composition (m5n) of the copolymer: dH 0.86 (CH3 , s, 3H),
1.0–1.8 (CH2 , m, 8H), 2.53 and 2.78 (0.7350.27) (a-CH2 , 2H)
(the splitting of the a-CH2 peak is considered to be due to the
presence of both head-to-tail and head-to-head sequences),
6.8–7.6 (11H, aromatic H).
The palladium-promoted polycondensation also proceeds

smoothly in a mixture of NEt3 and THF at 60 °C to yield 6
and 7 in 93 and 100% yield, respectively, after 24 h. The
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4 (λmax = 430 nm)
hompolymer from 1 [eqn.(1)]

5
copolymer from 1 and 3 [eqn.(1)]

homopolymer 6 is partly (about 60 wt%) soluble in THF, and
the THF soluble part gives rise to an absorption peak at
502 nm, which is located at a longer wavelength by about 110
and 60 nm from the peak positions of monomers 1 and 2,
respectively. The larger bathochromic shift of 6 from the peak
position of the monomer, compared with the bathochromic
shift observed with 4, is ascribed to effective expansion of the
p-conjugation system in 6 due to the presence of the spacing
COC group, which will ease the steric repulsion between the
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6 (λmax = 502 nm)
polycondensation between 1 and 2 [eqn.(2)]
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Polymers 6 and 7 have electrical conductivities of 2.1×10−7
and 8.5×10−8 S cm−1 , respectively, as measured on com-
pressed powders. Oxidation with iodine raises the electrical
conductivities of 4.7×10−3 and 2.7×10−4 S cm−1 , respect-
ively, at 300 K. The electrical conductivity (s) of
4.7×10−3 S cm−1 for the iodine adduct of 6 (I/monomer
unit=1.67) at 300 K varies with changes of temperature follow-
ing eqn. (3)

s=3×10−3 exp (−95T −0.25 ) (3)

over a temperature range of 100–300 K. In contrast to poly-
mers 6 and 7, poly(aryleneethynylene) type polymers do not
usually undergo chemical oxidation with iodine.4
Polymer 6 seems to be partly oxidized in air and gives an

EPR signal at g=2.0081 with a peak-to-peak line width DHpp
of 1.44 mT and a spin concentration of 3.2×1018 g−1 in air.
Oxidation with iodine leads to an increase in the spin concen-
tration and causes broadening of the EPR signal. For example,
the iodine adduct of 6 (I/monomer unit=0.85) gives rise to a

Fig. 1 Cyclic voltammograms of cast films of (a) polymer 6 and symmetrical and very broad EPR signal at g=2.014 with a
(b) polymer 7 (in an MeCN solution of 0.10  [NEt4]BF4 at DHpp value of 14.2 mT and a spin concentration of
200 mV s−1). Both the polymer films exhibit essentially the same 9.6×1018 g−1 . The marked broadening of the signal suggests
colour changes, shown in this figure.

coupling of the radical species with many H nuclei due to
moving of the radical species over a wide range. Polymer 5

TTF monomeric units. The THF soluble part of 6 shows Mn also shows a very broad EPR signal upon oxidation with
andMw of 2320 and 4700, respectively, as determined by GPC iodine. As described above, 6 is crystalline, however, the iodine
(eluent, THF; polystyrene standard). The THF insoluble part doped sample of 6 is not crystalline as proved by powder X-
of 6 exhibits an IR spectrum identical to that of the THF ray crystallography, and the adduct may contain cis-TTF units
soluble part and is considered to have a higher molecular in addition to the trans-TTF units since trans–cis isomerization
weight. The powder X-ray diffraction chart of 6 shows clear of a TTF derivative via a cationic species of the TTF derivative
peaks at 2h (Cu-Ka)=23.95, 27.09 and 31.90 °, supporting the has been reported.6
suggested formation of a crystalline polymer with a regular As described above, new p-conjugated polymers containing
repeating unit. the highly electron-donating TTF unit can be prepared via
The copolymer 7 obtained from a 151 mixture of 2 and 3 is organometallic polycondensation. Among the polymers, the
also partly (about 60–80 wt%) soluble in THF, and the THF poly(aryleneethynylene) type polymers 6 and 7 have well-
soluble part gives an absorption peak at 495 nm in THF. The expanded p-conjugation systems due to COC spacer groups,
THF soluble part shows an [g] value of 0.39 dl g−1 in THF and they are active for both chemical and electrochemical
at 30 °C, and its light scattering analysis in 1,1,2,2-tetrachloro- oxidation even when containing strongly electron-withdrawing
ethane using an He-Ne laser at 632.8 nm gives an Mw value COC groups.
of 610 000. The 1H NMR data for 7 are consistent with a 151

We are grateful to Professor K. Kubota of Gunmma Universitycomposition between the monomeric units: dH (CD2Cl2 ) 0.82
(CH3 , 3H), 1.08 (CH2 , 6H), 1.50 (b-CH2 2H), 2.48 (a-CH2 , for the light scattering analysis of 7.
2H), 6.82 (thiophene ring-H, 1H), 7.14 (m- and p-H of Ph,
6H), 7.67 (o-H of Ph, 4H).
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