Polymer communications

Oxygen doping of polyacetylene determined by dielectric techniques
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Polyacetylene has been of intense interest! % in the last

few years primarily because its electrical conductivity can
be varied by over 12 orders of magnitude® by doping.
Electron acceptors such as bromine, iodine and arsenic pen-
tafluoride are used typically. Molecular oxygen is also a
good electron acceptor that will dope (—CH=CH-),,*’

and it is pervasive. Oxygen exposure is also known to affect
the mechanical® properties of (—CH=CH-),, but a syste-
matic study of its affect on the dielectric properties of
(—~CH=CH-),, has not been made previously.

Polyacetylene was prepared by the Shirakawa technique’.
The sample was 160 um thick; anal. calcd.: C, 92.26; H,
7.74; found: C,91.64; H, 7.91. It was initially ~90% cis
and 10% trans. The sample was stored in vacuo (10-4 Torr)
at 195K. The sample was transferred in an oxygen-free dry
box ([0;] < 0.8 ppm) to an oxygen-free argon-filled flask and
thence to a Balzar vacuum evaporation system where ~103 A
thick gold electrodes were evaporated onto the sample at
298K. During the electroding process, the film was exposed
to air for approximately 3—5 min. The sample was trans-
ferred to a sample cell and the temperature lowered to ~90K
under argon. Dielectric experiments were conducted at a
scan rate of ~0.9K min~!at a frequency of 1 kHz.

The experimental cell used was made of stainless steel
with two ports installed to permit the circulation of desired
gases past the sample. The gases were circulated through a
temperature control device (1K) prior to entry to the cell
to insure thermal equilibration. Dielectric response was ob-
tained with an automatic recording system described pre-
viously®!®. The oxygen content of exposed samples was not
measured as the sample size was too small for accurate
determination.

In heterogeneous dielectrics, a virtual charge at the inter-
face between media of different permittivities and/or con-
ductivities can cause polarization effects that are manifest
as dielectric activity. Mathematical models for these systems
have been produced*®'?; and it has been shown that dielectric
activity, represented as dielectric loss, €', can be written as
a sum of terms:
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where €3 1ar Tepresents the contribution of dipolar motion
to the dielectric loss, €]y, represents the polarization caused
by charge build-up at the heterogeneous media interface and
1/wRC represents a conductivity term for the capacitative
sample. (w is the angular frequency measurement, R is the
resistance of the sample and C is the capacitance). Terms for
€' (the dielectric constant) corresponding to the dipolar and
interfacial effects have also been derived. However, the con-
ductivity term (1/wRC) has no €' counterpart. Thus an in-
crease in conduction (lower resistivity) of a system could
increase its dielectric loss via the last term in equation (1),
or the second term in the case of a heterogeneous system
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where one of the components becomes more conductive.
Polyacetylene should have little, if any, dielectric relaxation
due to dipole motion within the polymer'?, and, therefore,
any changes in dielectric properties should be due to changes
in conductivity. In our experiments, temperature was
scanned at a constant frequency and capacitance and tan delta
were monitored. Capacitance is directly proportional to €'
and tan delta equals €' /¢" and is the phase angle between

the applied a.c. voltage and the current response of the
sample to this voltage'®. The fibrillar structure of polyacety-
lene does not permit ascertainment of the true sample size
and volume of each sample and, therefore, tan delta which

is independent of sample geometry is used in these experi-
ments. Increases in conductivity manifest themselves as
changes in tan delta (d.c. conductivity effect) or ¢’ and tan
delta (interfacial polarization effect).

The interfacial effect is not unexpected as the polyacety-
lene morphology is known to be fibrillar in nature? and it is
felt that conduction occurs along these fibres. Any discon-
tinuity in the fibrillar structure will produce a charge trans-
port barrier, thus creating an effective heterogeneous system
consisting of a highly conducting medium in an insulating
one (the interfibrillar gas).

The results shown in Figure 1, A and Figure 2 are typical
of those observed in these (—CH=CH),, experiments with
high cis content samples. It is seen that tan delta remains
relatively constant until a specific temperature is reached,
at which time it begins to increase rapidly with increasing
temperature. In the same temperature régime where the
increase in tan.

It is known that elevated temperatures cause thermal con-
version from the cis to the frans form of polyacetylene’. It
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Figure 1 Tan delta versus temperature for (—~CH=CH-), sample
of 160 um thickness. A, ~90% cis sample in flowing argon. 5 min
air exposure prior to experiment; B, sample A after thermal conver-
sion at 390K (20 min) to ~60% trans in flowing argon; C, sample B
with flowing oxygen (2 h oxygen exposure (293K)) prior to experi-
ment, 20 h oxygen exposure (293K) after experiment: D, sample C
after flowing argon at ~393K for ~12 h, ~90% trans; E, sampie D
after ambient exposure 100 h, then argon for 20 h at 400K, >90%
trans



28

201

Dielectric constant

L L 1

560

WO 180 220 300

Temperature (K)

100

Figure 2 Dielectric constant versus temperature for ~90% cis
{(—CH=CH-), sample. Flowing argon during thermal cycle. See
Figure 1, A

has also been shown that the trans form exhibits large changes
in conductivity in this temperature regime®. Since changes in
€' and tan delta are taking place and (—CH=CH-),, exhibits
ohmic contacts with gold”, it must be concluded that the

data in these figures represent interfacial polarization effects
that are manifestations of increased conductivity of the
samples. The increased conductivity is due to thermal acti-
vation of the samples as well as continuing cis—trans con-
version at the elevated temperatures.

We now discuss the effect of thermal treatment and atmos-
phere on the temperature position of the conductivity
edge (as defined by the abrupt increase in tan delta with tem-
perature). Thermal conversion to a higher percentage trans
sample (Figures 1, A and 1, B) shifts the conduction edge to a
lower temperature. The cis form has a higher tan delta at
low temperature than any of the trans samples. Exposure
of the trans film to oxygen (Figure 1, C) or air shifts the edge
to extremely low temperatures. We have shown previously’
that Oy can raise the room temperature conductivity of
polyacetylene by at least two orders of magnitude. As
would be expected for oxygen doping, the oxygen exposed
sample has a conduction edge that is lower than its air
counterpart.

The recovery of samples after exposure to oxygen, or air
is of major importance. During the initial stages of oxygen
exposure, the sensitization process can be reversed with
argon flow™. In the dielectric experiments, this is accom-
plished more readily at elevated temperatures; however, the
results are more complicated as further cis—trans conversion
is taking place during the experiments. However, the results
in Figure 1, (B, C, D, E) indicate that the process is at
least partially reversible. The effect is not unlike that ob-
served in a recent e.s.r. study on polyacetylene, where
oxygen exposure produced an initial irreversible step in
e.s.r. response followed by a second reversible step'. Our
conductivity studies’ indicate that there is also a third irre-
versible process that causes decreases in sample conductivity.
Although the oxygen effect is reversible to the extent
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measured above, the samples were somewhat brittle at the
end of experiments.

In conclusion, these experiments corroborate our findings”
showing oxygen to be a dopant for (-CH=CH--),,: dielectric
measurements give enhanced d.c. conductivity and inter-
facial polarization effects. The dielectric results further indi-
cate that charge transport barriers in the samples (fibril—
fibril boundaries or electrode fibre interfaces) cause inter-
facial polarization effects which lead to anomalously high
dielectric constants. These results further indicate that
rigorous care must be taken to avoid exposure of
(—CH=CH-),, to oxygen.
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