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Frequency Dependent Conductivity 
of Emeraldine: Absence of Protonic 
Conductivity 
H. H. S. JAVADI AND F. ZUO 
Lhpemnent of Physics, The Ohm State UniveMy, Columbus, Ohio 43210-1 106 

and 

M. ANGELOPOULOS AND A. G. MACDIARMID 
Depment  of Chemistry 
Univemit of Pennsylvania 
Philadelphia, PA 19104-6323 

and 

A. J. EPSTEIN 
Department of Physics and Lhparbnent of Chemistry, The Ohio State UniveMy, 
Columbus. Ohio 43210-1 106 

An experimental study of the frequency dependence of the conductivity of emeraldine 
polymer as a function of moisture content and protonation level is presented. A 
decrease in the conductivity and dielectric constant are observed to OCCUT with pumping. 
The detailed frequency and composition behavior of these data are inconsistent with 
the proposed proton exchange assisted conduction of electrons (PEACE). The ex- 
perimental results are shown to be consistent with the role of charging energy limited 
tunneling among small granular polymeric metal particles formed upon protonation 
of emeddine. 

1. INTRODUCTION 

Polyaniline is a family of polymers that has been under intensive 
study recently because the electronic properties can be modified through 
variations of either the number of protons, the number of electrons, 
or both.'-= These materials provided an opportunity to study unu- 
sual electronic defect states including the presence of sol i t~ns, l~- '~  
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226 H. H. S. JAVADI d d. 

polar on^,^^*^^ bipolar~ns,’~J~ excitons:Js tw i~ tons ,~~  and confor- 
momrn Studies by Ginder, et of the magnetic susceptibility 
variation with protonation of the emeraldine base form of the polymer 
revealed a metallic Pa& susceptibility approximately linearly pro- 
portional to the percent protonation. A model of phase segregation 
to fully protonated “metallic” regions and unprotonated “insulating” 
regions was proposed. The transition to a metallic state was suggested 
to coincide with the change in electronic structure to form a polaronic 
metal. Optical absorption data and band structure calculations of 
Stafstrom, et a1.= support the formation of a polaronic metal upon 
protonation of emeraldine. The dc and electric field dependent con- 
ductivity, as well as thermopower studies, of protonated emeraldine 
polymer have been interpreted by Zuo, et aI.= in terms of charging 
energy limited tunneling between these metallic islands. 

It is well known that the resistance of films of both the emeraldine 
base and 50% protonated emeraldine hydrochloride polymer de- 
crease by a factor of -3-4 when exposed to water vapor. The resist- 
ance increases only very slowly on removing the water vapor under 
dynamic vacuum. The rapid increase in measured conductivity with 
exposure to water vapor and slow decrease of measured conductivity 
under dynamic vacuum was pointed out by Angelopoulos, et a1.24 as 
being consistent with the postulated2l*= structure of emeraldine hy- 
drochloride “islands” in a matrix of undoped or slightly doped ma- 
terial. However, recently Travers and Nechtschein have proposedZa 
that a conduction mechanism based on electron hopping between 
localized states, that is proton exchange-assisted conduction of elec- 
trons (PEACE), is the dominant mechanism for charge conduction. 
We summarize here the results of our recent studies of the frequency 
dependence of the conductivity of emeraldine polymer as a function 
of protonation level for frequencies in the range of dc and 10’ Hz 
through 10” Hz. The data are presented as a function of exposure 
to room atmosphere and dynamic pumping. The results indicate no 
change in the conductivity as the frequency is varied through the 
frequency for proton exchange. These data confirm that the proton 
exchange does not mediate the electronic conduction mechanism. Our 
results are shown to be consistent with charging energy limited tun- 
neling among the metallic emeraldine hydrochloride islands. 

11. EXPERIMENTAL TECHNIQUES 

The free standing emeraldine base films were prepared from chem- 
ically synthesized emeraldine base and subsequently treated with HCl 
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CONDUCTIVITY OF EMERALDINE 227 

over appropriate pH values to achieve the protonation level desired.2* 
The low field four probe temperature dependent conductivity ex- 
periments were carried out using a previously described technique.*' 
The audio frequency (10' through 105 Hz) measurements were per- 
formed using gold coated compressed polyaniline pellets with typi- 
cally 1 cm diameter circular gold coating as electrodes. Heating effects 
during the gold deposition were eliminated by using 500-11s pulses 
with a low repetition rate. A gold coated guard ring was used to 
eliminate possible fringe effects by employing a General Radio Ca- 
pacitance Conductance Bridge in its three terminal configuration.28 
The real and imaginary components of the microwave frequency (6.5 
x 109 Hz) dielectric constant were measured using the cavity per- 
turbation technique of Buravov and S h c h e g o l e ~ . ~ ~  The data were 
acquired using a Hewlett-Packard model 8350B Sweep Generator 
and a 6.5 GHz (TI&o) cavity, using a Janis Supervaritemp dewer 
for temperature control. Measurement of change of cavity frequency 
and Q together witb an experimentally acquired depolarization factor 
enables the calculation of E and IT. 

111. EXPERIMENTAL RESULTS 

We have measured the four-probe dc conductivity of films of emer- 
aldme salt before and after pumping. As previously reported by Zuo, 
et al. ,= the temperature dependence of the conductivity for samples 
after being pumped on varies as: 

u cc exp (- (T0/T)IR) (1) 

The constant To in the exponent was found to be nearly independent 
of concentration for [Cl]/[N] between 0.3 and 0.5. For [CI]/[N] < 
0.3, To began to increase rapidly. This result was interpreted in terms 
of percolation of the granular polymeric metal islands at a concen- 
tration of [CI]/[N] - 0.3 and the continued presence of barriers be- 
tween these granular metal islands as the protonation level was in- 
creased up through and including [Cl]/[N] = 0.5. The limiting To for 
heavily protonated samples was found to be To = 78OOK. 

In Figure 1 we present the temperature dependence of the four- 
probe conductivity of a sample of emeraldine salt ([Cl]/[N] - 0.5) 
before and after pumping for a period of >20 hours. The after pump- 
ing data is in agreement with our earlier reported data with u (UWIK) - 0.2 S/cm and To = 7800K. The data for the same sample without 
evacuation before cooling shows a higher conductivity at room tem- 
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FIGURE 1 Four-probe dc conductivity for emeraldine salt polymer film, [CI]I[N] 
= 0.5 vs. T-0.5 for film cooled to UX)K before evaluation and film evacuated at room 
temperature for -20 hours. 

perature (o(300K)- 1 S/cm) and a similar temperature dependence 
with a much weaker slope, To = 1400K. The small glitch in the 
temperature dependent conductivity reflects pumping on the sample 
at reduced temperature in order to better control the temperature. 
This pumping below temperatures of 200K is unlikely to lead to 
significant desorption of H,O due to the reduced vapor pressure at 
these lower temperatures. 

We have monitored the variation of the conductivity and dielectric 
constants with elapsed time for dynamic pumping at room temper- 
ature. Figure 2 shows the conductivity of a [CI]/[N] - 0.5 sample at 
microwave frequencies (6.5 x 10%~) as a function of pumping time. 
The microwave dielectric constant for the same sample as a function 
of pumping time is also shown. It is clear that the four-fold decrease 
in the microwave conductivity as a function of pumping is similar in 
magnitude as the decrease of the dc conductivity after evacuation of 
the sample. The time dependence of the dielectric constant is very 
similar to that of the dc and microwave conductivity although the 
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230 H. H. S. JAVADI et ol. 

r 1 - 1  I I I I I 1 I 1 I 
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FIGURE 3 Log of room temperature conductivity vs. log of frequency for emeraldine 
polymer of differing [CI]/[N] ratios. Where two sets of data are shown, [Cl]/[N] = 
0.50 and 0.30, the upper set are for unpumped samples, the lower curves are for 
samples pumped on for at least 6 hours. The data for the [Cl]/[N] = 0.08 and 0.0 
samples is taken after pumping for at least 6 hours. 

pumping on the sample especially at high protonation levels; (2) the 
time behavior of the conductivity is in agreement with earlier reported 
results of Angelopoulos, et al.” and other Detailed 
studies of the proton NMR in polyaniline as a function of exposure 
to water vapor has clearly demonstrated the presence of two types 
of water molecules: one indicated as a liquid phase and the second 
as a solid phase.=* Analysis of the NMR data indicated that the 
typical exchange time for protons to move between the solid to liquid 
phase was - loe3 seconds at 290K. On the basis of the presence 
of the water and the rapid exchange of protons, the Grenoble group 
proposedz* that there was a new conduction mechanism that was 
called proton exchange-assisted conduction of electrons or (PEACE). 

Our study of the frequency dependence of the conductivity provides 
a direct probe of the relevance of proton exchange to the actual 
electronic conductivity mechanism. We monitor the conductivity as 
a function of frequency for frequencies between 10’ to 1O’O Hz, span- 
ning from times long to times short compared to the proton exchange 
time. We observe in Figure 3 that the conductivity does not vary as 
the frequency is varied. This demonstrates directly that the electronic 
conduction mechanism is independent of the proton exchange be- 
tween the solid and liquid phases. 

The origins of the H,O dependence of the conductivity remain 
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CONDUCTIVITY OF EMERALDINE 231 

important. Since the temperature dependence of the conductivity still 
varies as exp(T,,lT)lR before pumping, it is proposed that the con- 
ductivity is still dominated by charging energy limited tunneling1 
between the granular metal regions in the protonated polymer. It is 
proposed that the presence of the H20 primarily affects the height 
and breadth of the bamer between the metallic regions. That is, with 
increasing H20 content, the apparent separation of the metallic is- 
lands andor the height of the barrier between the metallic islands 
decreses making tunneling much more favorable. A decrease in the 
dielectric constant with pumping is in accord with an increase of the 
width of the barrier and resulting change in the effective capacitance 
among the metallic grains. Note that the decrease of dielectric con- 
stant with decreasing temperature3* suggests the increasing role of 
disorder and localization within the metallic grains as the temperature 
is reduced. For very lightly protonated samples, the dominant con- 
duction mechanism will involve charge motion within the “unpro- 
tonated” regions, with the variation of the audio frequency conduc- 
tivity with light protonation supporting the presence of a small number 
of protonation induced charges within the “insulating” polymer re- 

The origin of the barriers among the granular polymeric metal 
particles is of fundamental importance. The presence of chain ends, 
crosslinks, protonated amine groups (NW+), or nonstoichiometric 
emeraldine (nonequal numbers of oxidized or reduced groups) may 
be the cause of these barriers. The preparation of materials without 
the barriers would enable the measurement of the transport properties 
of intrinsic protonated emeraldine. These properties may be sub- 
stantially different than those of the forms of polyaniline studied on 
to date. 

gi0m.33 

SUMMARY 

Both the dc and frequency dependent conductivity of fully protonated 
emeraldine polymer are observed to vary with the moisture level in 
the sample. A corresponding variation in the microwave frequency 
dielectric constant has also been observed. The frequency dependence 
of the conductivity is shown to be inconsistent with the proposed 
PEACE mechanism for conduction in this material. The observed 
behavior is consistent with the role of moisture sensitive bamers in 
charging energy limited tunneling among the granular metal particles 
formed upon protonation of emeraldine . 
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