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ABSTRACT: The kinetics of oxidative degradation of various cis/ trans compositions of polyacetylene have 
been studied. I t  has been shown that the degradation process follows an initial doping that is normally observed 
for polyacetylene with other electron acceptors. The kinetics of degradation are first order and have been 
modeled with consecutive reaction 1 heory. Two fiist-order rate constants are observed with higher trans content 
materials (>50% trans). For a gi! en trans content, the rate constants provide identical activation energies. 
The activation energies range from -9 (30 and 60% trans) to 13.8 kcal/mol (-98% trans). Simultaneous 
conductivity-oxygen uptake experiments indicate maximum conductivity at 0.14 O2 molecules per -CH=CH- 
unit. These results indicate the absolute necessity for an oxygen-free environment to  obtain the intrinsic 
electrical properties of this interesting polymer. 

The doping of polyacetylene [(-CH=CH-),I to highly 
conductive metallike behavior has recently been the subject 
of intense s t ~ d y . l - ~  Such dopants as the halogen gases,6 
AsF6, BF3, BC13, SO2, NO, and HCNl have been studied. 
With the exception of one paper,l the effect of oxygen, 
which is a pervasive electron acceptor, has not been 
studied. In that paper, (-CH=CH-), was prepared with 
an oxygen content as low as 0.7 wt %. I t  was noted that 
exposure to oxygen for long time periods caused irre- 
versible chemical changes in the material. Unfortunately, 
those studies were conducted on compressed powder 
pellets of (-CH=CH-), and results are difficult to ex- 
trapolate to continuous films. Since the oxidative degra- 
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dation process can have profound effects on the ultimate 
properties of (-CH=CH-),, we have undertaken a study 
on the effect of oxygen on the conductivity and the kinetics 
of degradation of continuous polyacetylene films. Pre- 
liminary accounts of this work have appeareda6-* 
Experimental Section 

Polyacetylene was prepared by the method of Shirakawag and 
was approximately 160-pm thick. Samples were stored in an 
02-free environment (C0.8 ppm). Initially, the sample was 90% 
cis as determined by infrared measurements. Various cis/trans 
ratios were obtained via thermal treatment. A 98% trans sample 
was made by heating a cis sample a t  200 " C  for 3 h in an  argon 
atmosphere. Cis-trans ratios cited are prior to  oxidation. 
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not unlike those for bromine doping, but the effect is much 
more drama ti^.^ 

The data in Figure 1 are reminiscent of those observed 
in many consecutive chemical reaction schemes: 

I I 

Figure 1. log-log plot of current vs. exposure time to pure O2 
for a sample of 60% trans-polyacetylene. T = 342.6 K. 

Electrical measurements were made on the free-standing films 
two ways: (1) The film was transferred from an oxygen-free 
environment to a Balzar evaporation system, where - 103-A gold 
electrodes were evaporated onto its surface. It was then trans- 
ferred to a stainless steel flow cell in which various gases could 
be circulated. The cell was spring loaded in a two-electrode 
configuration. This experiment permitted exposures of the 
samples to -1 min of air. (2) In the other method, the film was 
transferred directly to the flow cell in an oxygen-free argon en- 
vironment and contact made in the two-electrode configuration. 
Ohmic contacts were observed with solder-atainless steel contacts 
as well as with the gold-evaporated electrodes prior to and after 
exposure to oxygen. Conductivity experiments were performed 
by monitoring current with a Keithley 616 electrometer in series 
with the sample and a Keithley high-voltage regulated power 
supply. Guard rings were not used in the experimental config- 
uration as they have been shown to have little effect on results.' 
The sample cell was temperature regulated with a Delta Design 
Environmental Oven. The gas feed to the cell was circulated in 
the oven prior to cell entrance to ensure thermal equilibration. 

Degradation experiments were conducted by thermally 
equilibrating the sample in flowing argon and then introducing 
oxygen and monitoring current as a function of time. 

Additional experiments to monitor current and oxygen uptake 
simultaneously were performed by replacing the flow cell with 
a glass vacuum system with electrical feedthroughs. Electrical 
contacts were identical with those in the flow cell. The system, 
including the sample, was degassed and volume calibrated by using 
known volumes of argon and the ideal gas law. Pressure in the 
system was measured with an MKS Instruments, Inc., Baratron 
with a 0-1000-torr pressure head. A known pressure of oxygen 
was introduced to the system and current and pressure were 
monitored as a function of time. As the oxyygen was sorbed into 
the sample, a pressure drop resulted. This pressure drop along 
with the calibrated volume was used to calculate the moles of 
oxygen sorbed (via the ideal gas law). Typically, the pressure drop 
was less than 0.5% of the initial pressure; thus, the oxygen con- 
centration was essentially constant. 

Results and Discussion 
A. Kinetic Treatment. The effect of oxygen exposure 

on the conductivity of polyacetylene is shown in Figure 
1, where it is seen that initial exposure increases the con- 
ductivity and thefi decreases it dramatically with time. 
The curve is characteristic of all polyacetylene samples 
exposed to oxygen at various temperatures. The data are 

ki kz 
A-B-C 

In eq 1 A, B, and C represent the relative numbers of each 
chemical species and k1 and kz are rate constants for each 
individual reaction; i.e., A going to B and B going to C. 
The analogy to eq 1 as regards polyacetylene in oxygen 
would be written 

kl k2 

ks 
(-CH=CH-), + O2 (CH=CH/02)+ - products 

(2) 
where kl is the rate of formation of a polyacetyleneoxygen 
complex that produces increased conductivity and k2 is the 
rate constant for degradation of this complex to a non- 
conductive product. k3 must be included in this reaction 
scheme as it has been shown that during certain experi- 
mental circumstances the oxygen doping of polyacetylene 
is reversible.'V6r8 In our case, k, is extremely smalL6 If kl 
>> k2 and k3 in eq 2 and the diffusion of oxygen into the 
polyacetylene film is rapid, the degradation of the con- 
ductive complex becomes rate limiting in a current (con- 
ductivity) measurement. Then 

d[complex]/dt a [complex] = kz[complex] (3) 

where the bracketed quantity is the number of complex 
molecules. Equation 3 is a first-order rate equationlo whose 
solution is exponential; i.e. 

[complex] = [ c o m p l e ~ ] ~ e - ~ / ~  (4) 

where t is time and 7 is the time constant for the reaction. 
B. Conducting Model. Equation 2 can be coupled 

with a simple parallel resistance model to explain the ob- 
served results. Assume a t  any time t during the oxygen 
exposure cycle that the system is composed of three re- 
sistive species: the uncomplexed polymer (R,), the com- 
plexed polymer (RJ ,  and the oxidation product (Rp).  The 
resistance of the total system can be written 

where Nu, N,, and N represent the fraction of each of the 
species present. AJmittedly, this model is simple con- 
sidering the complexity of the polymer's fibril morphology 
and ordered character, but, as will be seen, the model 
provides a qualitative description of the results. In these 
experiments, R, >>> R, and R,. The oxidized samples 
exhibit conductivities 4-6 orders of magnitude lower than 
those of the intrinsic polymer or the complexed state. R, 
is a t  least 1 order of magnitude greater than RC6 It is 
difficult to tell the exact ratio of R, and R, as degradation 
of the polymer begins before steady-state conductivity is 
achieved. We have observed increases of 2-3 orders of 
magnitude in polyacetylene conductivity with initial oxy- 
gen doping and assume for these calculations that R, is a t  
least 3 orders of magnitude less than R,. If eq 5 is con- 
sidered with these assumptions, the term N,/R, controls 
the conductivity when the maximum in the current-ex- 
posure time occurs. Since current is being measured in 
these experiments, eq 5 can be rewritten 

i = V / R t  = V N J R ,  (6) 

where Vis the voltage applied and i the current measured. 



112 Pochan et al. 

MOLE OZUPTAKE ",TIME 

AT 225 TORR 

Macromolecules 

+CH=CH+, 
T = 361 5.K 
V = 0.5 VOLTS 
PURE 02 

S1=306x lO-'min-' 

SI' 7 8  rlo-2rnln-' 2 
"-I3O PO 40 60 80 100 120 

t I MIN) 

Figure 2. log (current) vs. exposure time to pure O2 for a sample 
of 60% trans-polyacetylene. T = 361.5 K. 
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Figure 3. log (rate constant) (S,) (min-') vs. inverse temperature 
for 30, 60, and >98% trans-polyacetylene. 

We have discussed earlier the first-order decay of the 
complexed species and we can write eq 6 as 

10-1- - 
' E  
Y 

10-2- 

T . 3 6 4 - K  
5 Zmg 02 

- l C H = C H k  S O % T W S  
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Figure 5. Moles of oxygen sorbed w. time for a 13.338-mg sample 
of 60% trans-polyacetylene. T = 364 K, P - 225 torr of pure 
02. 
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The current decay should exhibit first-order decay be- 
havior if the above assumptions are correct. 

Figure 2 is a semilog plot of data similar to Figure 1 and 
it  is seen that the data are linear with two slopes (Sl and 
SJ. The conductivity values are within a half order of 
magnitude of the current levels shown in the figure. This 
two-process behavior has been observed in 60 and -98% 
trans samples but it is not observed in a 30% trans sample, 
where only a single rate constant is observed during the 
entire experiment. (This observation will be discussed later 
when a chemical resistivity model is proposed for this 
degradation.) If T in eq 4 is thermally activated, Le., T = 
rOeEa/kT, a plot of S1 or Sz vs. inverse temperature should 
provide an activation energy. A plot of S2 vs. 1/T is shown 
in Figure 3 for the various samples. The rate data for the 
70% cis sample are included in this plot. It is seen that 
degradation is Arrhenius activated. The activation energy 
and rate constants are functions of the cis/trans ratio. The 
higher the cis content in the system, the higher the rate 
constant. S1 and S2 are plotted vs. inverse temperature 
in Figure 4 for the 60% trans sample. Within the limits 

t l m i n )  

Figure 6. log (current) vs. time for a 60% trans-polyacetylene 
sample exposed to - 225 torr of pure O2 at 364 K. V = 100 V. 

of error, an identical activation energy is obtained for S1 
and S2. 
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Figure 7. log-log plot of current vs. Oz/CzHz molar ratio during 
simultaneous current-sorption experiment. Sample is 60% trans. v = 100 v. 

Figures 5 and 6 show data taken simultaneously during 
a degradation experiment. In Figure 5, the initial time 
dependence for the oxygen sorption is linear (t') and not 
characterized by a normal t'I2 diffusion, but by diffusion 
followed by a chemical reaction (complexation)."J2 The 
change in slope at  -60 min to a - t 1 / 2  dependence cor- 
responds to the maximum in the current vs. time curve. 
As oxidation proceeds it would be expected that the 
sorption process would approach an asymptotic limiting 
value. The corresponding current vs. time curve exhibits 
the double rate process behavior. It is interesting to note 
that no discontinuity in the uptake curve (Figure 5) exists 
in the region where the current decay curve changes slope. 
Thus, the oxygen sorption process is not changing de- 
tectably, but the process of conduction is. This point will 
be addressed shortly. 

The data from Figures 5 and 6 are plotted together in 
Figure 7 as current vs. the 02/C2H2 molar ratio. The peak 
in the curve corresponds to 0.14 oxygen molecules per 
double bond of the polymer. The weight percent values 
are also shown in the figure. The results indicate that an 
oxygen level of approximately one atom per 10 double 
bonds is sufficient to begin disrupting the conductivity of 
these samples. 

When dry air or a partial atmosphere of oxygen was used 
in these experiments, the measured rate constants scaled 
with the oxygen partial pressure. Such a result is con- 
sistent with the proposed kinetic schemes of eq 2 and 3 
since [complex] = k1[-(CH=CH-),][Oz]; i.e., the reaction 
is first order in oxygen. 

Equation 7 does not explain the two apparent rate 
processes observed in the high trans-polyacetylene cases. 
There are two possible explanations. The first is that the 
conductive species has not reached maximum concentra- 
tion prior to the point at  which the degradative process 
is appreciable. This is shown schematically in Figure 8, 
where the concentration of the various species is shown 
as a function of time. In Figure 8A, N ,  has reached its 
maximum prior to the formation of any oxidative produds. 
If our assumptions are correct, eq 7 would then be expected 
to describe the decay process. In Figure 8B, major deg- 
radation begins to occur prior to N ,  reaching maximum; 

TIME 

h 

Figure 8. Schematic of the concentration profiles of Nu, N,, and 
Np as a function of time: (A) kl >>> k2 in eq 2; (B) kl - k2 in 
eq 2. 

Figure 9. Cross-linked circuit model used for theoretical deg- 
radation model. 

i.e., kl - kz in eq 1. If this case occurs (as might be the 
case in a diffusion-limited process), then the concentration 
of conductive species is still increasing while oxidation 
takes place. In this time region, where both doping and 
degradation are occurring simultaneously, the decay curve 
would have a lower slope then would be observed if a 
maximum in the complex concentration had already been 
attained (S, in Figure 2). In such a situation, the linearity 
of S1 in plots such as Figure 2 would only be apparent in 
view of the S-shaped curves generated with the constraint 
kl - k2.13 

The second possibility could be associated with the 
morphology and cross-linked structure of the poly- 
acetylene. Instead of the network being considered com- 
pletely parallel, a network such as shown in Figure 9 could 
occur. The resistances represent a simplification of either 
molecular cross-links or fibril crossovers that could control 
the observed conductivity. For simplicity, all R's are 
considered identical. The degradative decay of the system 
shown in Figure 9 was theoretically modeled in the fol- 
lowing manner. Each resistor in the circuit was assigned 
a number and given a resistance of 1 0. A computer 
random number generator was used to choose which of the 
resistances degraded to an arbitrary value of lo4 R. Any 
resistor that had previously "reacted" was ignored. Log 
(effective current) (1/R)  was then plotted as a function of 
time (reaction events). The average results of four ex- 
periments are shown in Figure 10, where i t  is seen that, 
as resistors are eliminated from the circuit, the effective 
conductivity drops slowly until a critical reaction point is 
attained, where a precipitous drop occurs. If the resistance 
of the reacted sites were larger, the change occurring near 
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Figure 10. log (effective current) ( l /R)  vs. time for theoretical 
degradation model. 

a time of “40” would be larger. (Naturally, a larger net- 
work in the model would “smooth” the data in Figure 10, 
especially the region where conducitivity is dropping 
precipitously.) The result qualitatively describes the ki- 
netics observed during our experiments. 

A question arises as to whether we are describing a 
morphological effect (interfibril contact) or an intermo- 
lecular (interchain) effect. Interchain overlaps would be 
expected to provide a more intimate contact between 
conductors than the morphological overlap of (-CH= 
CH-), fibrils. On the basis of this we feel that if the 
morphological rather than the kinetic model is correct, the 
two-rate process observed during the oxidative degradation 
is caused by interfibril contacts. 

C. Relation of Cis-Trans Ratio and  Oxidation. 
Degradation rates for polyacetylene are slow at  ambient 
conditions and all experiments were thus carried out at 
elevated temperatures where the cis - trans conversion 
leads to generation of a relatively stable free-radical pop- 
ulation which is probably caused by the breaking of cis 
double bonds as they rearrange to trans. During this 
conversion, free-radical oxidation of the polymer can occur. 
With these conditions, the higher percentage cis samples 
would oxidize at a higher rate and this is what is observed. 
Most probably this reaction is taking place during doping 
and cannot be observed due to the overlapping doping and 
degradation processes. A well-annealed, almost totally 
converted trans sample would still be expected to undergo 
similar reactions as all the converted cis double bonds 
could not be expected to recombine in the trans state. The 
so-called soliton phase kink may not be removed via 
thermal treatment.13 We thus feel that the oxidation of 

polyacetylene is intimately related to the cis - trans 
isomerization and phase inversion positions of the polymer 
which can readily oxidize. The possibility of a singlet 
oxygen interaction with the polyene structure cannot be 
eliminated, but we do note that all experiments were 
conducted in the dark and that transported oxygen was 
flowing through an ultraviolet absorber (Tygon) so that 
production of singlet oxygen was minimi~ed.’~ 

Conclusion 
The kinetics of oxidative degradation of various cis-trans 

compositions of polyacetylene have been studied. It has 
been shown that the degradation process follows an initial 
doping that is normally observed for polyacetylene with 
other electron acceptors. The kinetics of degradation are 
first order and have been modeled with consecutive re- 
action theory. Two fiist-order rate constants are observed 
with higher trans content materials (>50% trans). A 
morphological and/or chemical kinetic model can be used 
to explain these rate constants. For a given trans content, 
the two rate constants provide identical activation energies. 
The activation energies range from -9 (30 and 60% trans) 
to 13.8 kcal/mol (-98% trans). Simultaneous conduc- 
tivity-oxygen uptake experiments indicate maximum 
conductivity a t  0.14 O2 molecules per -CH=CH- unit. 
These results indicate the absolute necessity for an oxy- 
gen-free environment to obtain the intrinsic electrical 
properties of this interesting polymer. 
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