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Abstract Electrical impedance technique was employed
to investigate the electrical properties of ethylene-carbon
monoxide/propylene-carbon monoxide terpolymer (EPEC-
69). The measurements were performed in the frequency
range 0.1-10° Hz and in the temperature range 30—110 °C.
The results reveal that the dielectric constant, loss factor,
modulus, and ac conductivity are dependent of frequency
and temperature. A Debye relaxation peak was detected in
the plot of Z” versus frequency where the activation energy
was determined and found to be 1.26 eV. When the surface
phenomenon effects were separated using the imaginary
part of the complex admittance a second dielectric dis-
persion was observed in the low frequency region. Two
models were proposed from the impedance measurements
depending on temperature range.

Introduction

Alternating polyketones represent a new family of organic
polymers that offers a combination of useful chemical and
physical characteristics such as photodegradability, biode-
gradability, chemical resistance, and ease of functionali-
zation [1, 2]. Such properties can also be modified by
changing the nature of the monomer [3, 4]. Developments
in palladium(Il) catalyzed copolymerization of olefins with
carbon monoxide led to co- and terpolymers with highly
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defined molecular weight, and stereo- and regioregularity
[5-8].

The choice of appropriate reaction conditions and the
design of metal catalyst allow to tailor the copolymer
structure and, as a result, the bulk properties of the mate-
rial: from highly crystalline thermoplastics to high
molecular weight elastomers [9]. Some correlation of
copolymer composition with morphology and deformation
behavior has been obtained using co- and terpolymers of
carbon monoxide with higher 1-olefins [10-12]. When the
molar ratio of ethylene-CO (E-CO) to propylene-CO
(P-CO) in the terpolymer is less than 50%, the material
exhibits excellent elastic properties, while above this ratio
the terpolymers are typical crystalline thermoplastics.
Polyketone terpolymers which are dominated by a high
molar ratio of E-CO to P-CO units (5-10% P-CO) have
been commercialized under the trade names Carlion for
Shell and Ketonex for British PetrolEum.

This research investigates the dielectric behavior of the
alternating ethylene-carbon monoxide (E-CO)/propylene-
carbon monoxide (P-CO) polyketone terpolymer with 69%
E-CO units (EPEC-69) using impedance spectroscopy.
This technique has been used extensively in recent years to
investigate and characterize the electrical properties of
solid polymers where different electrical parameters can be
determined [13-24]. The material can be characterized by
the equivalent circuit model composed of resistors and
capacitors and other elements. The bulk dc conductivity
can be determined from the complex plot of the real and
imaginary parts of the complex impedance. In addition, the
real part of ac conductivity can be determined from the
dielectric loss data. The measurements were carried out
in the frequency range 0.1-10° Hz and in the tempera-
ture range 30 up to 110 °C. A comparative analysis of
the complex dielectric constant, impedance, admittance,
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ential scanning spectroscopy (DSC) is as follows:
(IR(cm™): v CO = 1706; Mw = 12.0x10° (Mw/Mn =
2.9); DSC: T, =14.1°C, T, =53 °C, AH = 3.7 l/g).
(Thermal gravimetric analysis (TGA): T(50%) ~ 400 °C.
Uniform films of the terpolymer were cast from a CH,Cl,
solution.

Impedance measurements

Ac impedance measurements were carried out in the fre-
quency range 1-10° Hz in the temperature range 30 (above
T, and less than Tj;) to 110 °C using a Solarton-1260
Impedance/Gain Phase Analyzer with a 1,296 dielectric
interface. Two software packages, Z-60 and Z-View were
used to maximize the performance and data handling of the
system. By measuring the amplitude and the phase shift of
the resulting current, one can calculate the real (Z') and
imaginary (Z') components of the complex impedance.
From the calculated values of Z' and Z' the real and
imaginary components of dielectric constant, electric
modulus, and admittance were determined and plotted as a
function of frequency at different temperatures.

Results and discussion

Figure 2 represents the variation of the real part of the
impedance Z' with frequency at different temperatures. The
figure shows a significant decrease in Z' values with
increasing frequency for all temperatures investigated in

CH,
n m

Fig. 1 The structure of ethylene-carbon monoxide (E-CO)/propyl-
ene- carbon monoxide (P-CO) terpolymer with 69% E-CO units
(EPEC-69)

Fig. 2 Variation of the real component of complex impedance (Z')
with frequency at different temperatures

this study. It should be noted that, the frequency and
temperature dependence of Z' shows two transitions or
switch in behavior from capacitive-like to a resistive-like
behavior. The first transition was observed in the frequency
range (0.1-10 Hz) for temperatures above 60 °C, where Z'
increases significantly with a decrease in frequency. In the
frequency range 10-10° Hz. Z' is nearly independent of
frequency. This observation suggests that a leakage current
may exist in the bulk material which makes the sample
more ohmic. The second transition occurs in the frequency
range 10® Hz to less than 10° Hz, where the material shows
more capacitive behavior. Moreover, Z decreases dra-
matically in this range with increasing frequency, and
varies almost with the inverse of frequency. At frequencies
above 10° Hz, all Z values merge for all temperatures,
which clearly indicates the presence of space charge
polarization effect at low frequencies in the materials, and
this effect is diminished at higher frequencies [25, 26].

The significant increase in Z' with decreasing frequency
is associated with relaxation processes as shown in Fig. 3,
which represents the variation of Z’ with frequency at
different temperatures. It shows a broad relaxation peak
with a considerable decrease in its magnitude and a clear
shift in the relaxation peak maximum toward the higher
frequency with increasing temperature. An indication of
another relaxation peak in the low frequency region was
observed at temperatures higher than 60 °C, which is
associated with a significant increase in Z' with a decrease
in frequency.

To study this phenomenon closely, a complex imped-
ance plot of Z versus Z' is plotted as shown in Fig. 4, the
plot yields a single semi circle centered at Ry + Ry/2, 0
with radius Rp/\/ 2 according to the relation (Z'— (R, + R,/
2))> + Z'"* = Ry/2, where the subscripts p and s refer to
the equivalent parallel and series circuits, respectively. The
angular frequency my,,x of the peak maxima and the centers
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Fig. 3 Variation of the imaginary component of complex impedance
(Z)) with frequency at different temperatures
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Fig. 4 Complex impedance plot at different temperatures

of the semi circles coincide, and are given by the reciprocal
of the conductivity relaxation time (t) according to the
relation Wpma = 27fmax = 1/71 = 0 & &', where ¢ corre-
sponds to the dc conductivity, &y is the permittivity of free
space and ¢" is the dielectric loss. The diameter of the semi
circle corresponding to the bulk resistance of the sample
decreases with increasing temperature indicating an acti-
vated conduction mechanism. At temperature above 60 °C
an arc (a portion of semicircle) was observed in the low
frequency region.

The high frequency semicircle is related to the con-
duction mechanism and the low frequency arc is attributed
to the grain boundaries in the system. Measuring the
diameter of the semicircles allow us to determined dc con-
ductivity of the material from the relation ¢ = 1/R,, (A/d),
where A is the area of the sample and d is the thickness.

The calculated values are plotted as shown in Fig. 5.
The dc conductivity increased slightly with increasing
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Fig. 5 Variation of dc conductivity with temperature calculated from
7" versus Z"
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Fig. 6 Variation of dc conductivity with 1/T calculated from Z”
versus Z"’

temperature up to about 70 °C and then a significant
increase was observed with increasing temperature to attain
a value of 6 x 107> (Qm)7l at 60 °C The dc-conductivity
dependence on temperature was found to follow an
Arrhenius equation in the form ¢ = gy exp (—AE/kT)
where AE is the activation energy, k is the Boltzmann
constant and 7 is the absolute temperature. Figure 6 shows
the logarithmic plot of the dc conductivity as a function of
the reciprocal temperature. The nature of conductivity
variation with rise in temperature together with a typical
Arrhenius—type behavior suggests that the electrical con-
duction in the material is thermally activated. The activa-
tion energy, calculated from the slope of the graph was
found to be 1.26 & 0.02 eV.

The equivalent circuits used to fit the experimental data
are shown in Fig. 7. The figure shows representative
examples of the fit for temperatures 30 (Fig. 7a) and
100 °C (Fig. 7b). For temperature above 70 °C the
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Fig. 7 Proposed equivalent model a at temperature 30 °C and b at
100 °C

equivalent circuit consists from two networks. The first
circuit is RC in parallel which represents the high fre-
quency data. The second circuit consists of R, and CPE
(constant phase element) is connected with the first one.
The CPE is used in a model in place of a double layer
capacitor to compensate for non-homogeneity in the sys-
tem [27]. Excellent fit with the proposed model was
obtained with the experimental data with an average error
less than 2%.

The appearance of a small arc in the complex plot of
impedance gives an indication of another relaxation pro-
cess in this material. In order to observe this relaxation, the
bulk and the surface phenomenon effects on the dielectric
dispersion should be separated, and this can be achieved
using the imaginary part of the complex admittance [28,
29]. The real and imaginary parts of the complex imped-
ance are related through the relation:
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Fig. 8 Variation of the imaginary component of complex admittance
(Y"") with frequency at different temperatures

In this equation Z' appears in Y”' equation in the denomi-
nator to the second power, its density to overwhelm the loss
factor is minimized, therefore, a plot of Y as a function of
frequency in the frequency range 0.01-100 Hz is shown in
Fig. 8. Any relaxation peak in this range of frequency can
detected in the plot of Y versus frequency. Figure 8 shows
a well-defined relaxation peak at temperature higher than
60 °C with a slight shift to higher frequency with
increasing temperature. The intensity of the relaxation peak
increases dramatically with increasing temperature. God-
ovsky et al. [30] found two melting peaks in the DSC
spectrum of this material. The first at 55 °C and they
assigned this melting peak to the blockiness of the ter-
polymer. This may explain the presence of such a peak in
the plot of Y’ versus frequency. Therefore, this peak can be
associated with the partially melting of the crystalline
phases, which release the constraints in the molecules at
this temperature and facilitate the molecular mobility
above this temperature. On other hand, the ac conductivity
is both frequency- and temperature- dependent and
increases in the measured temperature and frequency range
as shown in Fig. 9. The influence of temperature is more
pronounced in the low frequency region. In general, the ac
conductivity can be presented by an empirical relation in
the form o,.(w) = A ®’, where A is a complex constant,
and s is the exponent of the angular frequency [20]. The
graph of ac conductivity shows two distinct regions in the
measured frequency. The values of the exponent s can be
determined for each region from the slope of the plot of
logo,. versus logw. The calculated values of s increases
with temperature and it is less than unity for both regions.
However, the change in the slope takes place at a particular
frequency which shifts to a higher frequency with an
increase in temperature.

In order to investigate the dielectric processes in more
details, the dielectric permittivity and the electric modulus
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Fig. 9 Variation of ac conductivity with frequency at different
temperatures

were determined from the measured values of the imped-
ance using the following relations [15]:

M* _ (8*)71=M/ _ l-MN
where ¢ = ¢ — i¢”

_ Z/l

/

d=—
(27 +Z")Cy
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" _ _Zl/
(27 +Z")Cy
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" __ 8//
- (8/2 4 8//2)

Fig. 10 shows the frequency—dependent of the real part of
the complex dielectric constant at different temperature in
the frequency range 0.1-10° Hz. At low frequency, the
values of the real part (¢') are sharply increases with
decreasing frequency. However, a similar behavior of
dielectric loss (&) was observed as shown in Fig. 11.

The high values of ¢ and ¢’ at low frequency may be
interpreted as the accumulation of charges at the interface
between the sample and the electrodes which gives a space
charge polarization [31, 32]. With increasing frequency,
the dipoles in the sample cannot reorient themselves fast
enough to respond to the applied electric field resulting in
the decrease of both & and ¢’. Therefore, no relaxation
peak was observed in the plot of & with frequency as
shown in Fig. 11. In order to observe the relaxation peak
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Fig. 10 Variation of dielectric loss (¢') with frequency at different
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the effect of electrode polarization and conductivity
relaxation time must be extracted. This can be achieved by
following the electric modulus approach, since the electric
modulus corresponds to the relaxation on the electric field
in the material when the electric displacement remains
constant. This approach can be effectively used to separate
out electrode effects which mask the dielectric relaxation.

Figure 12 shows the plot of M’ with frequency at dif-
ferent temperatures. At temperatures above 60 °C, the
value of M’ approaches zero in the low frequency region
and increases with increasing frequency to attain nearly a
constant value corresponding to M, for all temperatures.
This is however, supports the conduction phenomena due
to short range mobility [33]. This conclusion may further
explain the dramatic increase in &’ at low frequency which
overlap any relaxation process.

Figure 13 shows M as a function of frequency at dif-
ferent temperatures. A well-defined broad relaxation peak
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together with a systematic shift in frequency maximum to
higher frequency with increasing temperature were
observed, indicating that the active conduction is associ-
ated with dipole orientation.

Conclusions

The dielectric behavior of ethylene-carbon monoxide (E-
CO)/propylene-carbon monoxide (P-CO) terpolymer with
69% E-CO units (EPEC-69) reveals two distinct regions.
The first region is characterized by the slightly change in
the ac- and dc- conductivity with temperature and fre-
quency at temperatures less than its 7;,. Above this tem-
perature (the second region), a dramatic change in all the

dielectric variables with frequency and temperature was
observed. The electric modulus approach reveals the
relaxation process which was masked in the intermediate
frequency in the plot of the dielectric loss. Moreover,
the low frequency relaxation was only observed if the
imaginary part of admittance is plotted as a function of
frequency.
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