/
@ Scientifi
o2 Resoaren

0.:. Publishing

American Journal of Analytical Chemistry, 2019, 10, 504-512
https://www.scirp.org/journal/ajac

ISSN Online: 2156-8278

ISSN Print: 2156-8251

Low Temperature Electrical Transport Studies
of the Conducting Polymer Versicon™

Peter K. LeMaire

Department of Physics & Engineering Physics, Central Connecticut State University, New Britain, CT, USA

Email: lemaire@ccsu.edu

How to cite this paper: LeMaire, P.K.
(2019) Low Temperature Electrical Trans-
port Studies of the Conducting Polymer
Versicon™. American Journal of Analytical
Chemistry, 10, 504-512.
https://doi.org/10.4236/ajac.2019.1010036

Received: September 17, 2019
Accepted: October 27,2019
Published: October 30, 2019

Copyright © 2019 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

Thermal analysis and low temperature D.C. electrical transport measure-
ments of the conducting polymer Versicon™ were carried out between 20 K
and 300 K. The material was found to be stable up to 498 K (225°C), with a
glass transition at 210 K (-63°C), and a crystalline transition at 436 K
(163°C). The electrical resistivity data best fitted the Fluctuation Induced
Tunneling (FIT) model, suggesting that at low temperatures, the electron
transport is by tunneling through thermally modulated barriers. The high
temperature data best fitted the thermally activated hopping model, with an
activation energy of 0.015 eV, suggesting that the thermally activated hopping
may be a parallel transport process to fluctuation induced tunneling, becom-
ing dominant at higher temperatures. From the FIT model the inter-particle
distance was estimated to be 12 A. The electrical transport results were also
consistent with the assertion that Versicon™ forms spherical aggregates,
creating conducting pathways even in an insulating matrix.
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1. Introduction

Polymers have found numerous technological applications, such as in automo-
bile parts, sports equipment, electrical insulation, windshields for fighter jets,
adhesives, paints and wood substitutes for construction among others. Until the
Nobel Prize winning work of Alan J. Heeger, Alan G. MacDiarmid, and Hideki
Shirakawa, polymers were synonymous with insulators. The need for more
versatile and lightweight conductors for use in rapidly changing technologies,

especially in miniature applications, fueled the drive to look to polymers for
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answers. Polymers are lightweight, easily cast into films and thus have the re-
quisite properties for the numerous miniature and lightweight applications in
practically all areas of current technology from the health fields [1] to commu-
nications. The numerous practical applications have brought about a truly mul-
tidisciplinary approach involving Physicists, Chemists, Materials Scientists and
Engineers to the study and development of polymers, and to discover and syn-
thesize electrically active polymers for a wide range of applications including
energy storage systems (batteries and fuel cells), piezoelectric and pyroelectric
applications such as actuators, and a wide range of sensors [2] [3]. Conducting
polymers have also found uses in anti-static or electromagnetic shielding appli-
cations in the form of paints. Research continues in the study of conducting
polymers for use in aircrafts for shielding, energy dissipation, and corrosion re-
sistance applications [4] [5]. For example, wiring on airplanes uses metals which
have much higher mass densities than conducting polymers. Thus, if eventually
airplanes and other transportation vehicles are wired using conducting poly-
mers, the total payload would be drastically reduced leading to subsequent sig-
nificant savings in fuel and cost. These efforts have led to a large number of
electrically active polymers.

Due to the linear nature of polymers, electrical conductivity in polymers, which
takes place as a result of doping a polymer backbone, is often non-isotropic [6].
Thus, processing of conducting polymers, in the form of powders for use in var-
ious applications, leads to a reduction in the optimum conductivity. The prob-
lem is exacerbated when such conducting polymers are used as fillers in prepar-
ing conducting blends, as there is often non-uniform conductivity throughout
the blend. One of the most promising polymers for electroactive applications is
polyaniline (PANI) [7]. A number of years ago, Allied Signal reported a con-
ducting polymer composed of submicron particles with a bulk conductivity of
about 2 - 4 ohm™.cm™ and specific gravity of 1.36. This conducting polymer
originally with the trade name Versicon™, is a polyaniline (PANI) doped with a
proprietary organic sulfonic acid [7]. It was reported to have a tendency to self
aggregate in blends, forming uniform conductive pathways in an otherwise in-
sulating matrix [8].

Conducting polymers are not just great for their numerous technological ap-
plications, they also make very interesting Physics and Chemistry. Most applica-
tions of conducting polymers involve some level of processing which in turn
may affect their properties. In line with the original assertion by Allied Signal
[7], Versicon was confirmed to self aggregate in an insulating matrix of PolyVi-
nylChloride (PVC) [9]. The Versicon in PVC work suggested that the Versicon
paricles in PVC were touching or almost touching particles, and also at low
temperatures, the I-V curves were non-ohmic. The latter was attributed to high
field effects, presumably brought about by the presence of the insulating PVC
layers, albeit very thin, between aggregates of Versicon. In the current work, the

electrical transport properties of pure Versicon in the form of pressed pellets,
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were studied to ascertain the validity of latter observations found in the Versi-
con-PVC blend, and provide more clarity and fundamental understanding of the

mode of transport of these conducting polymers in blends.

2. Experimental

Although most applications of conducting polymers are at ambient tempera-
tures, the electrical transport studies in our laboratory were done at low temper-
atures, since at low temperatures, thermal noise is reduced to allow for better
understanding of the mode of transport in these materials. Since thermal noise is
a temperature dependent signal which increases with temperature, low temper-
atures improve signal to noise ratio in measurements, leading to clearer observa-
tion of underlying phenomena. Pellets of powdered Versicon were pressed using
a standard lab press at various pressures from 4 psi to 10 psi, and at about 100°C.
The pellets were heated to reduce the effect of adsorbed moisture in the Versicon
powder and also to reduce trapped air in the samples during the pressing
process. The pressed pellets resulted in slightly varying densities between 1.25
g/cm’ to 1.32 g/cm’. A representative sample was thus used in this experiment.
The pellets were cut into rectangular shapes for density and resistivity mea-
surements. Thermogravimetric Analysis (TGA) and Differential Scanning Ca-
lorimetry (DSC) of the samples were done between —130°C and 300°C. Resis-
tivity measurements were carried out, using a Direct Current (D.C.) four lead
method in the temperature range of 20 K to 300 K. Voltage vs. current data
were collected at each temperature using a Keithley™ constant current source,
a Keithley™ digital multimeter, a LakeShore™ temperature controller, and a
CTI-Cryogenics closed cycle refrigerator. The data acquisition was done via a
computer-controlled data acquisition system using a home written data acquisi-

tion routine.

3. Results and Analysis
3.1. Thermal Analysis

The TGA measurements (Figure 1) showed small mass losses up to about 100°C
and no losses till about 225°C. The initial mass loss may be due to adsorbed
moisture, and the precipitous and significant (over 30%) mass losses after 225°C
indicates decomposition of the sample [10]. This suggests that Versicon is stable
up to 225°C.

From the DSC measurements (Figure 2), it can seen that there is a phase
transition at about —63°C (210 K), which we believe is a glass transition (7})
[11] suggesting that Versicon is in a rubbery state above this temperature
and goes into a glassy state below this temperature. This low 7, supports
Versicon’s commercial use in conductive paints and other ambient applica-
tions where the rubbery state of conductive polymers is desirable. Another
transition was observed at about 163°C, a possible crystalline transition (7}),

as seen from Figure 3.
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Figure 1. Thermogravimetric (TGA) Analysis of Versicon™ between 25°C and 300°C.
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Figure 2. Differential Scanning Calorimetry (DSC) of Versicon™ between 150 K
(-=123°C) and 290 K (17°C), showing a glass transition at about 210 K (-63°C). The con-
tinuous line is the heat flow and the dotted line is the derivative of the heat flow.

3.2. Electrical Transport

Conducting polymers have been known to have a number of conducting me-
chanisms and the mobile particles may be ions and/or electrons. The resistivity
data were analyzed using known electrical transport models. For ionic transport,
D.C. conductivity is non-ohmic, and the mode of transport may be by hopping
from site to site in the polymer host, or through a liquid-like motion [12]. The
hopping mode of ionic transport leads to a conductivity as a function of temper-
ature which is of the Arrhenius form given by o7 = Adexp(—E/kT), where Eis
the activation energy, and 7 is the temperature. The liquid-like mode of ionic

transport results in a conductivity vs. temperature function given by
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oT = Aexp(~B/(T~T,)). In an earlier work, Versicon blended in PVC was
studied in a similar temperature range as this work, and the electrical transport
data showed non-linear I-V characteristics at temperatures below 50 K [9]. In con-
trast, the electrical resistivity data, was ohmic over the entire temperature range, in-

cluding the low temperature range, as seen in Figure 4, ruling out ionic mobility as
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Figure 3. Differential Scanning Calorimetry (DSC) of Versicon™ between 90°C and
190°C, showing a crystalline transition at about 163°C. The continuous line is the heat
flow and the dotted line is the derivative of the heat flow.
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Figure 4. Voltage vs. Current data at and below 100 K.
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the mode of electrical transport in Versicon. Moreover, this suggests that indeed the
non-ohmic behavior of Version in PVC and the presence of the high field effect at
low temperatures can be attributed to the presence of the PVC layers between the
conducting Versicon aggregates. In addition, the data did not fit either of the ionic
transport models confirming Versicon as an electronic polymer.

The data were thus fitted to a number of electronic transport models—conduction
band, or hopping from localized state to conduction band which lead to resistiv-
ity given by p = p, exp(E/kT), variable range hopping [13] between localized
states near randomly distributed traps resulting in the conductivity given by
o=0,exp(-T,/T)" where n may be 1/2, 1/3, and 1/4, the Kivelson model [14]
which involves phonon assisted hopping between localized states associated with
randomly distributed dynamical defects and the conductivity is given by
o = AT", and the Fluctuation Induced Tunneling (FIT) model for composites
consisting of spherical particles in which the transport is by tunneling with a
potential barrier modulation by thermal fluctuations and the resistivity given by
p=p,exp(T/(T+T,)).

The best fit was obtained for the FIT model (see Figure 5) as was obtained in
Versicon in PVC [9], for all the samples studied. For the representative sample, the
fit gave 7; = 417 K, 7, = 94 K and p, = 0.2133 ohm-cm. From the FIT model, the
inter-particle distance is given by s = [25 (1T, )} / n, where = (2meVa / w )71/2 )
and V, is the barrier potential, m,, is the electron mass, and h is Planck’s con-
stant divided by 2m. The fit parameters yielded an inter-particle distance of 12 A,
using an estimated potential barrier of 0.2 eV as was done for Versicon in PVC
[9]. As can be seen in Figure 6, the high temperature data (above 120 K) fits the

thermal activation model very well, with an activation energy £= 0.015 eV.
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Figure 5. Log of resistivity versus 1/T. The circles are measured data. The solid line is the
fit to the Fluctuation Induced Tunneling model.
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Figure 6. Log of resistivity versus 1/T for the high temperature data. The solid line is the
fit to the thermal activation model.

The activation energy for hopping obtained £ = 0.015 eV in this work as
compared to the £= 0.018 eV obtained for the Versicon in PVC, as well as the
estimated inter-particle distance of 12 A as compared to 13 A, both suggest that

Versicon has a strong tendency for aggregation even in an insulating matrix.

4. Conclusions

Versicon is stable and can be used for applications between temperatures of
—63°C and 163°C. It forms conducting aggregates with inter-particle distance of
12 A. This compares with 13 A obtained for Versicon in PVC [9] suggesting a
strong tendency for aggregation to form conductive pathways in this material.
Thermal activation as a means of electron transport is a parallel process to
tunneling through the barrier, with the thermal fluctuations having the effect of
lowering the activation energy [15]. As a result, at high enough temperatures,
the thermal activation may dominate the mode of electrical transport in mate-
rials in which the FIT model is observed at low temperatures. Thus, as seen from
Figure 6, thermal activation dominates the mode of electron transport in Versi-
con at high temperatures.

Other modes of electrical transport such as the variable range hopping model
[9] [16] have been observed in polyanilines (PANI), suggesting that processing
seems to affect the mode of electrical transport that eventually results in applica-
tions. It is thus imperative that the desired conductivity for specific applications
be studied after the requisite processing. These results also suggest that Versicon,
and other conducting polymers like it, can be easily incorporated in otherwise
non conducting commercial paints to produce large scale conducting paint blends

for various applications, with very little loss in conductivity.
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