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SYNOPSIS

This article includes the doping and dedoping behaviors, the electrical conductivity, and
the spectral properties of poly(2-ethynylpyridine) and iodine-doped poly ( 2-ethynylpyri-
dine). The doping ability of poly(2-ethynylpyridine) having a pyridine substituent was
greater than that of polyphenylacetylene having a phenyl substituent. The electrical con-
ductivty of iodine-doped poly (2-ethynylpyridine) increased with doping time and reached
the value of about 5 X 1072 Q! em™ when the mol ratio of iodine to poly (2-ethynylpyridine )
repeating unit was above 0.7. The spectral properties of poly (2-ethynylpyridine) and iodine-
doped poly (2-ethynylpyridine } were also studied by infrared and UV-visible spectroscopies
and thermogravimetric analysis. © 1993 John Wiley & Sons, Inc.

INTRODUCTION

Conjugated polymers containing aromatic hetero-
cycles such as thiophene, pyrrole, and furan have
attracted considerable attention from a synthetic
point of view and also due to their enhanced elec-
trical conductivity.!”’

Poly (2-vinylpyridine) is currently used as a
cathode in pacemaker batteries in the form of its
charge-transfer complex with iodine.® Poly(2,5-
pyridine) and poly (2,6-pyridinesulfide) were pre-
pared and characterized.®!* Doping of these mate-
rials with iodine or ferric chloride increased its elec-
trical conductivity from 1 X 107 to 1 X 107!
Q_l cm—l .9,10

In recent years, we reported the preparation and
characterization of poly (2-ethynylpyridine) by var-
ious transition-metal catalysts.!? The present article
deals with the electrical and spectral properties of
poly (2-ethynylpyridine) (P2EP) and iodine-doped
poly (2-ethynylpyridine) and the comparison with
that of a similar conjugated polymer, poly-
(phenylacetylene), having no heteroatom.

* To whom correspondence should be addressed.
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EXPERIMENTAL

Poly(2-ethynylpyridine) (P2EP)

P2EP was prepared as described elsewhere.'? The
catalyst for the polymerization was WClg-EtAICl,.
The initial monomer concentration ([ M],) and the
EtAICl,-to-WCl; mol ratio were 2M and 4, respec-
tively. The resulting P2EP was a black powder and
completely soluble in polar solvents such as lower
alcohols and DMF, but insoluble in aromatic and
halogenated hydrocarbons. The sample polymers
used in the doping experiment were purified twice
by reprecipitation from methanol solution into ex-
cess ethyl ether.

Pellet Preparation

P2EP powder was pressed into a compaction pellet
in a KBr pellet press (about 1500 psi). The sample
thickness was subsequently measured with a mi-
crometer. The sample diameter and thickness were
13 and 0.5-0.7 mm, respectively. The density of the
sample pellet was 1.41 g/cm?.

Doping Procedure

P2EP pellets were placed in a dynamic vacuum for
1-2 h to remove traces of absorbed solvent and
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Figure 1 Doped iodine content of P2EP according to the doping time at 20°C: (O)

P2EP; (0O) poly (phenylacetylene).

moisture. The material was then transferred into a
vacuum desiccator containing about 2 g of solid io-
dine (resublimed) in glass dish. The desiccator was
evacuated for at least 10 min and then sealed. The
sample was exposed to an iodine-saturated atmo-
sphere at 20°C.

The doping level was controlled by varying the
time of exposure. Upon iodine uptake, the original
black-colored polymer turned into a shiny black
color characteristic of charge-transfer complexes.
The amount of iodine dopant was estimated from
the weight uptake method.*®

Measurement of Electrical Conductivity

The electrical conductivity of the sample was de-
termined using a standard four-point probe tech-
nique.'*'® The distance of each probe, which was
made from platinum, was 1 mm. The conductivity
is given by the formula that follows:

where o is the electrical conductivity (@ em™?);
S, the distance between each probe; and I and V,
the current and the voltage, respectively.

Instruments

The electrical conductivity of the samples was mea-
sured with a Hewlett-Packard 3490 multimeter and
a Keithley 616 Digital Electrometer. Infrared spectra
of P2EP and iodine-doped P2EP were taken on a
Perkin-Elmer 1600 series FTIR spectrometer using
a potassium bromide. Thermogravimetric analyses
(TGA) were performed under nitrogen atmosphere
at a heating rate of 10°C/min up to 700°C with a
Perkin-Elmer TGS-1 thermobalance. UV-visible
spectra were obtained with a Carey 17 spectropho-
tometer in methanol.

RESULTS AND DISCUSSION

To understand the doping (charge-transfer complex
formation ) behaviors, P2EP pellets were doped by
exposure to the iodine vapor. A similar homolog
containing the phenyl substituent, the polyphenyl-
acetylene' pellet was also doped under the same

¥ The polymerization of phenylacetylene was carried out by
the WClg—Ph,Sn (1 : 1) catalyst system at 30°C for 1 h. Initial
monomer concentration ({M],) and monomer-to-catalyst mol
ratio were 1.0M and 100, respectively. The polymer yield (meth-
anol-insoluble) and number-average molecular weight (Mn) were
90% and 12,000, respectively.



conditions to compare the doping behavior of P2EP
with that of polyphenylacetylene.

Figure 1 shows the doped iodine content of P2EP
and polyphenylacetylene according to the doping
time at 20°C. The doping ability of P2EP having a
pyridine substituent was greater than that of poly-
phenylacetylene having a phenyl substituent. The
final maximum doping level (the mol ratio of iodine
to a monomeric unit of P2EP) was 1.532, whereas
that of polyphenylacetylene was only 0.42 after dop-
ing for 36 h.

This high doping ability of P2EP can be explained
as follows: The pyridine side group is basic, though
electron-donating. The pyridine (Py) moiety has
been suggested to react with iodine in polar solvents
as follows'’:

Py + 1, = Pyl,, Pyl, = (Py)*+ 1~

(PyD)*+ 1~ + Pyl, =I5 + (Py,I)*

This suggests the possibility that there is another
site for attack by iodine to produce N-iodopyridinum
salts, as shown by'®

72 =
“ L2, _
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Figure 2 shows the dedoping (pumping) results
of iodine-doped P2EP and polyphenylacetylene by
continuous dynamic vacuum. The initial dedoping
rate was very fast, but as the dedoping time was
passed, the rate became very slow. Finally, the dop-
ing level was nearly constant after 20 h.

Undoped P2EP is an insulator and shows a con-
ductivity less than 2.6 X 1072 Q! em™'. Figure 3
shows the electrical conductivity of the P2EP pellet
as a function of the mole ratio of iodine to the P2EP
repeating unit. The electrical conductivity of iodine-
doped P2EP at 20°C increases with time and reaches
the value of about 5 X 107% Q7! cm™! when the mol
ratio of iodine to P2EP is above 0.7. A similar trend
was observed in the electrical conductivity of iodine-
doped poly (3-thienylacetylene).'® The electrical
conductivity of P2EP was higher than that of poly-
phenylacetylene by two orders of magnitute (the
maximum electrical conductivity after doping with
iodine was about 1 X 107° Q' em™).%

Figure 4 shows the infrared spectra of P2EP be-
fore and after iodine doping. The infrared spectrum
of P2EP shows the aromatic C — H stretching band
at 3049 cm™!, C=C and C=N stretching bands
at 1619-1580 cm ™!, and C — H out-of-plane defor-
mation at 779 cm™'. Iodine doping induces more
featureless broad peaks in most regions. This is due
to the formation of a charge-transfer complex be-
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Figure 2 Doped iodine content of iodine-doped P2EP according to pumping time by
continuous dynamic vacuum: (O) P2EP; () polyphenylacetylene.
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Figure 3 Electrical conductivity of iodine-doped P2EP.

tween polymer chain and iodine dopant. This was
also verified by the absorption peak range shift from
1619, 1584, and 779 cm™! to 1619, 1531, and 774
cm ™!, which was originated by C=C stretching,
C=N stretching, and C—H out-of-plane defor-
mation, respectively. For iodine-doped P2EP, the
infrared spectra show no C —1 stretching bands in
their normal region (465-600 cm™).?! This indicates
that iodine is not attached to carbon by normal
sigma bonds. This finding seems to be consistent
with the results reported in the literature for bro-
mine and chlorine-doped polyphenylacetylene.??

Figure 5 shows the absorption spectra of undoped
and iodine-doped P2EP in methanol solution. The
iodine-doped P2EP was slightly soluble, whereas the
original (undoped) P2EP had been completely sol-
uble in methanol, ethanol, DMF, etc. Despite drastic
color changes in iodine-doped P2EP, the absorption
spectrum of iodine-doped P2EP shows only broad,
enhanced absorptions in the visible region (above
400 nm), not attributable to the polymer compo-
nents.

Figure 6 shows the thermogravimetric analysis of
P2EP and iodine-doped P2EP (the mol ratio of io-
dine to monomeric unit of P2EP: 0.7). The TGA
thermogram of original P2EP shows that it retained
98% of its original weight at 100°C, 80% at 200°C,
44% at 400°C, and 26% at 700°C. However, the io-
dine-doped P2EP did not show an enhanced weight
decrease even when the temperature increased up
to 700°C. It retained 98% of its original weight at

200°C, 93% at 400°C, and 86% at 700°C. This in-
dicates that the iodine intercalated P2EP was cross-
linked when the doping proceeded and/or that the
temperature was increased under nitrogen atmo-
sphere during the TGA experiment. As with these
results, the high content of charlike materials re-
mained even after 700°C.

CONCLUSIONS

From this work, the following conclusions were ob-
tained: First, the doping ability of P2EP carrying
the pyridine substituent was greater than that of
the polyphenylacetylene carrying the phenyl sub-
stituent. Second, the maximum electrical conduc-
tivity of iodine-doped P2EP was 5 X 10 Q@' cm™!
when the mol ratio of the iodine to the P2EP re-
peating unit was above 0.7. Third, the formation of
the charge-transfer complex between the polymer
component and iodine dopant was verified by the
characteristic wavenumber (e.g., 1619, 1584, and 779
cm™?) shift to a lower wavenumber as the doping is
performed. Fourth, the UV-visible spectra of iodine-
doped P2EP show broad and enhanced absorptions
at 400-700 nm not attributable to the polymer com-
ponents. Lastly, in the TGA experiments, the iodine-
doped P2EP did not show an enhanced weight loss
even after 700°C. This indicated that the present
iodine-doped P2EP was somewhat cross-linked
when it is doped and/ or the temperature is increased
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Figure 6 Thermogravimetric analyses of (——) P2EP and (----- ) iodine-doped P2EP.

during the TGA experiment under nitrogen atmo-
sphere.
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