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The dielectric properties of powdered poly(acenequinone) radical polymers (PAQR) were investigated under ambient pressure conditions using a specially
designed sample holder. The study utilized dielectric and conductivity measurements over an intermediate frequency range (10²-105 Hz) with the
temperature and the DC electric field bias on the sample taken as variable parameters. The activation energies and the average molecular lengths show good
agreement with existing models and theories on the conduction process in these polymers.

PAQR polymers are black, powdered, long-chain aromatic compounds prepared by the condensation of
monomers of the anthrone or anthracene types as well as pyrene, or chloroanthraquinone types, with aromatic
anhydrides using ZnCl2 as a catalyst. The preparation of these polymers has been described (1). These polymers
have very unusual properties such as relatively high dielectric constants, very long relaxation times (on the order
of 10-4 s), a unique characteristic behavior in the presence of an externally applied DC electric field bias, and an
unusually high ratio of AC to DC conductivity (2). Most of these properties have been discovered while the
polymers were under elevated pressures that avoid problems arising from their powdered state (3-8).

This report presents an account of dielectric and conductivity measurements performed on a select group of
PAQR polymers. These measurements were successfully done for the first time under ambient pressure
conditions. A specially designed chamber/sample holder module, with very low background capacitance, was
constructed to conduct these measurements.

The temperature dependence of the conductivities allowed the determination of the activation energies,
while the frequency dependence of the AC conductivity resulted in the value of the exponent S in the empirical
formula σAC ∝  ωS. The dependence of the DC conductivity on the DC electric field bias showed perfect
agreement with the empirical formula already established by Rosen and Pohl (5) and yielded parameters which
enabled the determination of the average molecular lengths for these polymers.

EXPERIMENTAL METHODS

To conduct dielectric measurements on prepressed samples from the powdered polymers under ambient
pressure, a special chamber/sample holder was constructed with a variety of provisions for studies of
dependence of properties on temperature and DC electric field. The main idea behind the design was to hold the
sample between the capacitance plates of the measuring module under a predetermined amount of contact
pressure that is accurately reproducible.

These requirements were met in an all brass chamber shown in Fig. 1. The principle of operation is based
on the constant pressure C-clamp design of Chester and Jones (9). In this modified adaptation, the addition of a
guard electrode (G) was incorporated as an integral part of the chamber body to lower its overall capacitance.
Three hard vinyl screws (S) keep the "hot" electrode mount (M) fixed in place by attaching it to the top section
of the guard electrode frame (F). Two steel side screws (N) lock the shaft (V) in its right position once the
proper tightening pressure on the polymer sample (P) is attained. The capacitance module itself features a
removable high-voltage electrode (A) that fits via a shoe mount (O) onto the shaft (V) of the main advancement
screw. The greatest advantage of this design is that the whole chamber (with the hot capacitance plate (A)
removed) may be regarded as part of the background capacitance. Thus, the total capacitance equals the
background plus the capacitance of the module holding the dielectric sample (2, pp. 69-70).
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A thermocouple junction (T) is fitted on the side of the anvil
to monitor the temperature accurately to within ±2 K. A 105-W
heater (W) encases the lower half of the anvil. A pyrex glass
enclosure (E) allows us to control the environment around the
sample for either a nitrogen flow or vacuum.

The techniques used in the measurement of the capacitance
with loss are the ones employing a standard impedance bridge. For our purpose, a General Radio (Schering
type) impedance bridge Model 716-C operating in the series mode was used. The system also employed a guard
circuit Model 716-P4. The adaptation of the Schering bridge to perform impedance measurements under DC
electric field bias has been discussed in the literature (2, pp. 84-86). DC conductivity measurements were
conducted using a Keithley DC electrometer in series with a standard 10-V regulated power supply.

The dielectric samples were prepared in the form of pellet-shaped discs by compressing a Teflon ring filled
with the powder between special carbide anvils to a pressure of 2.5 kbar using a hand-operated hydraulic press.
This eliminated voids in the samples.

The PAQR polymers were made by combining 1,2,4,5-benzenetetracarboxylic dianhydride, ZnCl2, and an
aromatic component in 1:1:2 mole ratio; the aromatic component was violanthrone for production of LD-97 and
LD-104, anthracene for LD-95, and pyrene for LD-94. LD-14A was made by combining 19.42 g of anthrone and
300 g of polyphosphoric acid. Details of the syntheses are available in references 1, and 2 (pp. 103-104).

RESULTS AND DISCUSSION
The polymers studied in this research exhibited the typical low-frequency relaxation characteristic of

eka-conjugated systems (4,6). The greatest drop in the value of the dielectric constant always occurred around
103-104 Hz (Table 1). The data were obtained from measurements on pre-pressed
Proc. Okla. Acad. Sci. 71:21- 24 (199 1)



23                                                     DIELECTRIC PROPERTIES of PAQ RADICAL POLYMERS

pellets at room temperature and pressure over a frequency range
of three decades (10² - 105 Hz). The frequency response of  the
AC conductivity, σAC displayed the well known power law σAC =
B0 ωs, where B0 is a constant and the exponent S is between 0.40
and. 0.80 (Table 2). These values of S are an indication that the
relaxation times are widely dispersed, which is a consequence of
the amorphous nature of these materials (10). Fig. 2 shows a
typical frequency response of the AC conductivity for polymers LD-104 and LD-95. The straight lines in the
figure are the best linear fit derived from a least squares method. The exponent S in Table 2 is determined from
the slope of these curves.

The activation energies, denoted as ΕAC and E for AC and DC conduction respectively, are also given in
Table 2. Generally, these are obtained from the semilogarithmic plots of the real part of the AC conductivity and
the DC conductivity, σ versus (kT)-1. The activation energy is then determined as the absolute value of the
average slope of the approximate straight line in the resulting plot. However, for these particular polymers it
was found that the total conductivity, σ' = σAC + σ is much greater than σ. Therefore, we are justified in plotting
σ' instead of σAC; it is σ' which is directly measured while σAC is obtained as σ' - σ.

In Fig. 3, the total conductivity is plotted versus (kT)-1 for two different frequencies as obtained from the
polymer LD-97. The average slopes of the curves in, this figure corresponding to the frequencies 1 kHz and 10
kHz are 0. 14 ± 0.02 eV and 0. 17 ± 0.02 eV, respectively. We note from the plot in Fig. 3 that the AC
activation energy is independent of the frequency of the measurement and has been observed to be the case over
the frequency range studied (10² - 105 Hz). This is expected on theoretical grounds since the activation energy,
whether AC or DC, represents the net contribution of several energies, such as energy gaps and potential energy
barriers, which are independent of frequency. Figure 4 shows a typical behavior of the DC conductivity versus
(kT)-1 for LD-97. A comparison of Figs. 3 and 4 shows
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an appreciable difference between the magnitudes of these two conductivities.

Table 2 gives a summary of the basic results obtained from the five polymers studied. Included in this table
are the average molecular lengths derived from the dependence of σ on the DC electric field bias given by the
Rosen-Pohl formula (5), whereby a linearized plot is used to determine these values very accurately for each of
the five polymers studied (2, pp. 225-235).

Most of our reported results contained about an 8-12% standard deviation in both the dielectric constant (εr)
and the loss factor (DM). The DC conductivity had an average error of 8% resulting from the combined errors in
the electrometer readings and the calculation of the geometry of the sample. Moreover, reproducibility of the
results on any given polymer was within the experimental margin of error.

In Table 2, it is no coincidence that the data for LD-104 and LD-97 are similar. These two samples are
separate preparation batches of the same polymer but disguised under different code names to verify the
reproducibility of the measurements as well as that of the chemical process.

The measurements obtained under ambient pressure have shed new light on some of the properties of these
polymers. The most interesting observation from this research is that the ratio of the AC to DC conductivity is
quite large (Table 2). This phenomenon would be somewhat obscured in high-pressure measurements because
the DC conductivity increases much faster with pressure than the AC conductivity (2, pp. 144-190). Hence, the
ratio decreases and becomes less apparent at high pressures.

This research has provided important information concerning the ambient pressure properties of these
polymers which is needed in determining their potential electrical engineering applications.

ACKNOWLEDGMENTS
The authors thank Dr. Warren T. Ford and Dr. Lee Dunn in the Department of Chemistry at Oklahoma

State University, for the synthesis of these polymers. This work was partially supported by the U.S. Army
Special Grants fund, by Dr. William Hughes, former head of the Engineering Energy Laboratory at Oklahoma
State University, and by the Department of Physics at this University.

REFERENCES

1. Dunn, L., Ford, W., Hilal, N., Vijayakumar, P.S., and Pohl, H., Synthesis and Conductivity of Poly Acene Quinone Radical
 Polymers. J. Polym. Sci. 22 (Poly. Phys. Ed.), 2243-2260 (1984).

2. Hilal, N.A., "Electronic Transport Processes in Some Highly Insulating and Semiconducting Polymers". Ph.D. Diss., Oklahoma State Univ.,
Stillwater, OK (1988).

3. Pohl, H.A., and Engelhardt, E.H., Synthesis and Characterization of Some Highly Conjugated Semiconducting Polymers. J. Phys. Chem. 66,
2085-2095 (1962).

4. Hartman, R.D., and Pohl, H.A., Hyperelectronic Polarization in Macromolecular Solids. J. Polym. Sci. 6-A1, 1135-115Z (1968).

5. Rosen, R., and Pohl, H., Some Polymers of High Dielectric Constant. J. Polym. Sci. 4-A1, 1135-1149 (1966).

6. Wyhof, J.R., and Pohl, H.A., Hyperelectronic Polarization, A Physical Property of EKA-Conjugated Polymers. J. Polym. Sci. 8-A2, 1741-1754
(1970).

7. Pohl, H., Rembaum, A., and Henry, A., Effects of High Pressure on Some Organic Semiconducting Polymers. J. Am. Chem. Soc. 84, 2699-2704
(1962).

8. Pohl, H., Borman, J., and Itoh, W., In Organic Semiconductors (Brophy, J., and Buttrey, J., Eds.), Macmillan, New York (1962) pp. 142-145.

9. Chester, P., and Jones, G., Superconductivity at Very High Pressures. Phil. Mag. 44, 1281-1290 (1953).

10. Mott, N., and Davis, E., Electronic Processes in Non-Crystalline Materials, Clarendon Press, Oxford (1958).

Proc. Okla. Acad. Sci. 71:21-24 (1991)


