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Ionic Conduction in Polymers 

B. W. CHERRY, Z. H. STACHURSKI, and P. H. WRIGHT 

Department of Materials Engineering 
Monash University 
Clayton, Victoria 3168 
Australia 

A B S T R A C T  

The mechanism of ionic current flow through three  polymer 
fi lms immersed in electrolyte was investigated using current-  
voltage measurements. Results suggest that conductivity 
changes result from changes in the dissociation energy of 
ionogenic groups on ingress  of water. 

I N T R O D U C T I O N  

The work which forms the subject of this paper is concerned with 
a study of the mechanism by which an electric current can flow 
through solid cross-linked polymer systems which contain some 
ionizable groups when such systems are immersed in water. The 
ultimate objective of this work is a determination of the way in 
which the structure of a polymeric insulant controls its ability to 
oppose current flow when exposed to moisture. 

The conductivity of a l l  polymers appears to be dependent on the 
applied electric field, increasing with increasing field strength [ 11, 
and over recent years  there  has been a great deal of work carr ied 
out to  t ry  and relate this non-ohmic behavior to  the conduction 
mechanism [ 2- 51. 
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798 CHERRY, STACHURSKI, AND WRIGHT 

Three mechanisms of steady-state conduction may be postulated to 
explain the conductivity of organic polymer membranes. 

1) Electronic conduction as in a semiconductor with a large energy 

2) Ionic conduction as an activated diffusion process. 
3)  Aqueous conduction of ions through "virtual pores" when the 

gap- 

polymer is in an aqueous environment. 

Some polymers, notably polyethylene terephthalate and polytetra- 
fluoroethylene [ 2, 31, under conditions of low humidity, do behave as 
semiconductors with large energy gaps. The voltage-current curves 
for these polymers suggest that the main current ca r r i e r s  are 
electrons injected from the contacting electrodes. The extremely 
high volume resistivity of these polymers (greater than 10" ohm-cm) 
puts them in a class  by themselves, and it is not surprising that the 
conduction mechanism may be different from that in the polymers 
studied here with resistivities of the order of 1013 to loL4 ohm-cm. 

For nylon [ 51 and cellulose [ 61 under conditions of low humidity 
and high temperature, evidence has been put forward to show that 
the main current ca r r i e r s  are ions from the thermal breakdown of 
the polymers. This evidence is based on analysis of the gas given 
off at the contacting electrodes from the discharged current-carrying 
ions. 

resistant paints have been examined by a number of authors [ 7-10] 
using aqueous electrodes. Although these resins a re  permeable to 
both ions and water molecules, it has been shown [ 7, 81 that it is 
possible to  differentiate between an activated diffusion process and a 
process involving aqueous conduction through virtual pores on the 
basis of the temperature coefficient of resistance of the polymer. 
Thus, whereas the temperature coefficient of resistance of a membrane 
in which the conduction process was substantially aqueous conduction 
and was through virtual pores would be expected to be of the order  
of that for electrolyte solutions, e.g., about 1.6 x lo-' OC-', the 
temperature coefficient of resistance of the membranes examined b 
Cherry and Mayne [ 71 was often found to be of the order  of 9 X 10- 

This  higher value for the temperature coefficient of resistance 
would correspond to an activation energy of the order  of 1.3 eV/ion 
( 30 kcal/mole) and so it was suggested that activated diffusion was 
the conduction mechanism in these systems. Sat0 [ 81 confirmed 
these findings by measurement of diffusion coefficients using a 
radioactive t racer  technique, and Mayne and Scantlebury [ 101 showed 
that under many conditions both types of conduction mechanism could 
coexist. It is, however, assumed, on the basis of the results presented 

Thermosetting resins of the type used as the vehicles for  corrosion- 

Y 
OC-I. 
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IONIC CONDUCTION IN POLYMERS 7 99 

by Cherry and Mayne [ '71, that in the more highly resistant films the 
predominant mechanism of ionic current flow is activated diffusion. 

The process of activated diffusion may most easily be visualized 
in te rms  of "counterions" becoming dissociated from the ionic groups 
which are attached to  the polymer network; each counterion then 
diffuses through the polymer network until it is attracted to a second 
fixed ion. This counterion "hopping" can be described by the follow- 
ing model. It is assumed that the polymer consists of material of low 
dielectric constant, Do ~ and throughout this material, there are 
uniformly distributed No ionogenic groups, each of which can give rise 
to a mobile counterion and a fixed ion  Associated with each fixed ion 
is a region of higher dielectric constant due to  molecules of water 
attracted to  the ion. 

sidered, then for an ion moving from P to Q there is a potential 
barr ier  which must be surmounted (Fig. 1). If it is assumed that the 
activation energy AG for an ion moving from P to Q is constant over 
all ionogenic si tes (this may not be the case, but for certain distribu- 
tions of AG over the No available sites will not affect the following 
argument), the number of counterions capable of moving from one 
site to the next at any moment will be given by Eq. (l), where f is a 

If two ionogenic sites, P and Q, separated by distance d are con- 

No AG 
n = -  f exp( -=)  

partition function for translational motion, and k is Boltzmann' s 
constant. 

When a uniform electric field E in the direction PQ is applied, 

FIG. 1. Potential energy of counterion (no  applied field). 
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800 CHERRY, STACHURSKI, AND WRIGHT 

the potential energy barrier to  the right of P will be lowered by an 
amount Eed/2D, and the barrier to the left of P will be raised by a 
similar amount. Therefore the net current flowing through a 
specimen of thickness x with a voltage V applied will be given by 

where K is a constant. 

( 2 )  may be written as 
For a given polymer system examined a t  a fixed temperature, Eq. 

i = A sinh B V ( 3) 

and the fit of the observed current-voltage relationship to this  re- 
lationship will indicate the extent to which the proposed mechanism 
represents an adequate picture of the process of ionic conduction. 
From changes in the values of A and B measured under a ser ies  of 
known conditions, it should be possible to  determine the way in which 
the structure of the system controls its electrical resistance. 

E X P E R I M E N T A L  

In the present work, three polymer systems were studied: 

1) A pentaerythritol alkyd varnish formed by the condensation of 
phthalic anhydride and pentaerythritol and modified by the addition 
of linseed oil. 

2) A phenol formaldehyde varnish formed by the polymerization 
of the condensation product of p-tert-butyl phenol and formaldehyde 
and modified by the addition of tung oil. 

3) A polyamide-cured epoxy resin formed by the condensation 
of epichlorhydrin with dihydric phenol and cross-linked with the 
addition of polyamides formed from the reaction of dibasic unsat- 
urated acids with ethylene diamine. 

Films 2-3 X cm thick were prepared from these resins 
and mounted as described previously [ 7, 91 in cells in which the 
film formed the boundary between two half-cells, each of which 
could be filled with electrolyte, Any soluble low molecular weight 
products were leached out and the films were brought to a standard 
state by filling the cells with 0.001 N hydrochloric acid and 
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IONIC CONDUCTION IN POLYMERS 80 1 

maintaining the system at 65" C for  50 hr. The cells were then filled 
with new electrolyte, and electrical  contact with the membranes was 
made through this  electrolyte using silver/si lver chloride electrodes 
dipping into the solutions. 

determined by measuring the diffusion potentials set  up when a polymer 
membrane separated solutions of 3 and 0.001 N potassium chloride. By 
using Planck' s equation [ 111 the transport  numbers of the cations and 
anions in the membrane could be calculated. The results are shown 
in Table 1. 

The sign of the fixed-ion attached to the polymer network was 

TABLE 1. Diffusion Potentials 

Transport  Nos. Fixed ion Diffusion 
Membrane potential (mV) t, t- charge 

Linseed oil 
Pentaerythritol alkyd +128 0.833 0.167 - 
Tung oil 
Phenol formaldehyde +188 0.980 0.020 - 
Polyamide 
Epoxide -168 0.063 0.937 + 

It is assumed that, whereas the pentaerythritol alkyd system and 
the tung oil-phenol formaldehyde system contained carboxyl groups 
which were capable of ionizing on ingress  of water t o  yield hydrated 
protons capable of diffusing through the membrane and carboxyl 
groups attached to the polymer framework, the polyamide cured- 
epoxide system contains substituted amines which can yield quaternary 
ammonium salts,  which in turn can ionize t o  give anions capable of 
diffusing through the polymer system and cations attached to  the 
polymer framework 

These membranes demonstrated an effect noted previously that 
the resistance of the  membranes increased as the concentration of 
electrolyte in the cell increased. This  has  been explained [ 7, 91 
as resulting from the fakt that the lower water activity of the more 
concentrated solution means that the membrane cannot absorb as 
much water from the solution and ionization of the ionogenic groups 
was suppressed. In polymers with a lower degree of cross-linking 
this effect has been found to  be absent and the conductivity of the 
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802 CHERRY, STACHURSKI, AND WRIGHT 

membrane has  followed that of the solution [ l o ] .  However, polymers 
in this state generally have a lower resistance than those €or which 
the resistance of the membrane runs counter to that of the solution, and 
so systems of this type were neglected in the present study. In order  to 
avoid any effects due either to changes in water activity of the surround- 
ing electrolyte o r  to changes in the nature of the counterion species due 
to ion exchange effects [ 71, all initial measurements were carr ied out 
with the membrane immersed in 0.001 N hydrochloric acid. 

Determinations of the current-voltage relationship for these mem- 
branes were made using a Vibron 338 electrometer in conjunction with 
an A33B resistance and current measuring unit. The voltage supply to  
the cell consisted of a series of dry cells and, because the resistance of 
the electrolyte solutions in the conductance cell were many orders  of 
magnitude less than that of the membrane, the electric field was es- 
sentially uniform over the whole of the membrane. This field could be 
varied in steps of 0.2 MV/m up to  10 MV/m. The variation of current 
with applied potential for the three systems is shown in Figs. 2, 3, and 4 
for 0.001 N hydrochloric acid as the surrounding electrolyte. 

FIG. 2. Linseed oil-pentaerythritol alkyd varnish. 
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FIG. 3. Tung oil-phenol formaldehyde varnish. 

In order  to examine further the nature of the change in the con- 
ductivity brought about by changing the water activity of the external 
solution, current-voltage curves were plotted for  the pentaerythritol 
alkyd membrane with solutions in the cell of calcium chloride of 
known water activity. 

R E S U L T S  

The resul ts  for the variation of current with applied potential 
for the three membranes are shown in Figs. 2, 3, and 4. These 
were fitted to the theoretical curve of Eq. ( 3) by setting up the 
function 

i' = A, sinh B, V ( 4 )  
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804 CHERRY, STACHURSKI, AND WRIGHT 

using the experimental values for V and arbitrary values of the 
constants A ,  and B,. The values for A and B which give the curve 
which l ies  closest t o  the experimental points may then be found by 
determining the minimum value of the function 4, where 4 is 

APPLIED E M F (Volts) 

FIG. 4. Polyamide-epoxide varnish. 

given by 

$ =  Z(i - it)' = Z ( i  - A, sinh B, V)' ( 5) 

and i is the experimentally determined value of the current. For a 
minimum value of 4, 
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IONIC CONDUCTION IN POLYMERS 80 5 

d$/dB, = CV cosh B, V ( i  - A, sinh B, V )  = 0 ( 6b) 

are used. Hence, Eq. ( 7 )  is obtained by eliminating A,. 

C V i  cosh B, V 

C V  cosh B V sinh B V 

C i  sinh B, V 

C sinh' B, V 
- = o  

Equation (7)  was solved fo r  B, using a digital computer and then 
this value of B, was used to calculate a best value for A, from the 
relationship of Eq. (6b) (Eq. 8). 

CVi cosh B V 

C V  cosh B V sinh B V 
A =  

The resul ts  for  the three systems are shown in Table 2 and the 
theoretical curves a r e  plotted as dotted l ines in Figs. 2, 3, and 4. 

TABLE 2. Counterion Jump Distance 
~~ 

Limiting Jump 
resist ivity A B di stoanc e 

Membrane (ohm-cm) ( A )  W - I )  d ( A )  

Linseed oil 
Pentaerythritol alkyd 1.64 x 1013 3.69 x lo-' 9.71 x 400 

Tung oil 
Phenol formaldehyde 4.70 x lOI4 2.50 x lo-'' 3.54 x 1700 

Polyam ide 
E poxide 1.65 x loL3 2.82 X 10-9 7.40 X 440 

Also included in Table 2 is an estimate of the value of d in Eq. (1) 
assuming a value for Do, the average dielectric constant of the in- 
tervening a r e a  of low dielectric constant, of 4. This  value of Do 
is almost certainly in e r r o r ,  but assuming this value enables the 
trend between systems to  be observed. 

F o r  the pentaerythritol alkyd resin a number of current-vo€tage 
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806 CHERRY, STACHURSKI, AND WRIGHT 

TABLE 3. Linseed Oil Pentaerythritol Alkyd [ 131 

Specimen A B 
Molality of Water resistance ( x  ( X  

CaClo solution activity (a t  20 V) (ohm) ( A )  ( V - l )  

Distilled water 1.000 4.6 X lo9 2.26 9.56 
0.5 0.974 4.8 X lo9 2.24 9.31 
1.0 0.942 5.2 x lo9 2.06 9.27 
1.3 0.922 5.8 x lo9 1.61 10.81 
1.7 0.887 6.7 x lo9 1.62 9.26 
2.0 0.860 8.3 x lo9 1.51 8. Of 

curves were obtained at different levels of absorbed water in order 
to determine whether the activation energy term or the ionic jump 
distance dependent term changes with changes in absorbed water. 
The amount of water absorbed by the polymer was controlled by 
having solutions of differing water activities in the conductance 
cell. The results a r e  shown in Table 3 and Figs. 5 and 6. 

DISCUSSION 

The very close fit of the experimental points to a theoretical sinh 
relationship appears to afford considerable evidence in favor of the 
activated diffusion mechanism proposed earlier in the paper. It 
s e e m s  unlikely, however, that the mechanism proposed can be 
completely described by Eq. ( 2 )  as the distances obtained for the 
interionic jump distances seem too large ( in  the case of the t u g  
oil-phenol formaldehyde system-far too large) to be realistic. No 
explanation can currently be offered for this result, although it 
might imply that the ionogenic sites occur in clusters. 

From Table 2 there appears to be a correlation between the 
limiting resistivity and the ionic jump distance of the polymers, 
although the exact nature of this relationship has not been 
determined. 

The results shown in Figs. 5 and 6 and Table 3 suggest that the 
effect of increased uptake of water is to lower the activation energy 
for ionization for those groups which are already active in the 
conduction process rather than to increase the number of such 
groups by facilitating the ionization of groups which previously had 
played no par t  in the conduction process. 
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1.0 1 
0.85 0.90 0.95 1.00 

Water Activity- 

FIG. 5. Values of A for linseed oil-pentaerythritol alkyd. 

- 7  

0.85 0.90 0.95 1.00 
Water Activity - 

FIG. 6. Values of B for linseed oil-pentaerythritol alkyd. 
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808 CHERRY, STACHURSKI, AND WRIGHT 

The pentaerythritol alkyd resin at 25°C and 10% r.h. will absorb 
2.50% of its own weight of water [ 121. The vapor pressures of the 
salt solutions are directly proportiunal to the water activities of 
the solutions, and thus is may be assumed that the amount of water 
absorbed by the polymer is approximately proportional to the water 
activity of the external solution. Thus water activities in the range 
1.000 to  0.860 imply water absorption by the polymer in the range 
2.50 to 2.15%. This small  change in the moisture content brings 
about a large change in the electrical resistance of the polymer, the 
resistance (at 20 V )  changed from 4.6 X lo0 to 8.3 X lo9 ohms. Using 
the values of A from Table 3, the change in the activation energy, 
AG, can be calculated, and it is found to change by 1.0 X lo-' eV. If 
the activation energy calculated from the temperature coefficients 
of resistance [ 91 is correct (i.e., 1.3 eV) ,  this implies a change in 
activation energy of the order  of 0.8%. 

Thus it may be seen that decreasing the moisture content of the 
film by 14% increases the activation energy only 0.8% , but this in- 
creases the electrical resistance of the polymer by 80%. 

These initial calculations imply that the electrical resistance of 
the polymers may be improved greatly just by improving their 
resistance to  moisture absorption. (This  is consistent with the ob- 
servation that polyethylene terephthalate and polytetrafluoroethylene 
are both hydrophobic. ) 

These results must be confirmed by measuring the temperature 
coefficient of resistance of membranes immersed in solutions of 
varying water activity, and such measurements are currently in 
progress and will be reported at a later date. 
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