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Electronic conduction in polyaniline-polyethylene oxide and polyaniline-Nafion blends: Relation
to morphology and protonation level
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We present a comprehensive study of the transport properties in polyaniline-Nafion and polyaniline-
polyethylene oxide, lithium trifluoromethane sulfonimide complex blends, together with a careful character-
ization of the morphology and the polyaniline protonation level. They include conductivity measurements as a
function of both the polyaniline content of the blends and the temperature for a given composition. We show
that percolation theory can account for the data provided that hopping and tunneling are taken into account.
Moreover, in the polyaniline-Nafion blends, the variation of the polyaniline protonation level with the blend
composition appears as a crucial parameter. The leading conduction mechanism is shown to be a hopping
process between highly conducting polyaniline grains, the parameters of which are determined by the blend
composition, and the protonation level.@S0163-1829~97!07031-8#
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I. INTRODUCTION

Electrical conduction in insulator-conducting composit
including electronically conducting polymers, has been
subject of many experimental and theoretical studies.1–11

From a technological point of view, these materials are v
interesting because they combine electronic conduction
the desired mechanical properties of the insulating mat
Recently, a new class of homogeneous, stable and pro
sible polymer blends based upon polyaniline~PANI! has
been synthesized. In these materials, the threshold for
onset of the electrical conductivity can be reduced to v
low volume fractions of PANI and the increase of the co
ductivity above the threshold is very smooth. Therefore, c
ducting polyblends can be obtained with controlled levels
electrical conductivity, while retaining the mechanical pro
erties of the matrix polymer.8–11

Among these materials, the blends in which polyaniline
associated with an ionic matrix are of particular intere
First, the doping/undoping process kinetics of a mass
electrode are strongly improved by the greater proximity
the required ions to the polyaniline chains in the case of s
blends, as compared with that case of a pure PA
electrode.12 This property is very attractive for application
using the electrochemical properties of an electronically c
ducting polymer~ECP!, such as energy storage devices.

Besides, from a fundamental point of view, the study
the electrical conductivity of these composites can shed l
on the particular nature of the percolation phenomena in s
types of blends, as well as on the role played by the dop
in the conduction mechanisms of the pure material.13,14 New
information is expected~i! on the changes in the classic
percolation threshold and exponent resulting from hopp
and tunneling processes,~ii ! on the influence of a correlatio
between the composition and the protonation level on
560163-1829/97/56~8!/4604~10!/$10.00
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theoretical scaling laws, as well as on the ability of the do
ant to act as a tunneling bridge between neighboring cha

In this paper, we are interested in the transport proper
of two such blends based on polyaniline: polyaniline in po
ethylene oxide, lithium trifluoromethane sulfonimide com
plex ~PANI/PEO!, and Nafion-doped polyaniline~PANI/
NAFION!. Nafion is a registered trademark for an ionom
made up of a hydrophobic perfluorinated skeleton on wh
are grafted lateral chains terminated by sulfonate groups.13,14

The PANI/PEO mixture has been mainly used in solid st
batteries,15 while the PANI/NAFION one has been studied
batteries,15,16 electrocatalysis,17 sensors,18 and electrochro-
mic devices.19 We present here a study of the electron
transport processes in these blends, which has been ca
out in close relationship with both the distribution of th
PANI phase in the two different matrices and the organi
tion of the doped and undoped parts of the ECP in
blends.

We paid special attention to the blend preparation in or
to obtain molecular scale mixtures and to minimize the h
erogeneities during the protonation process. This w
achieved using a method based upon the emeraldine
~EB! property to dissolve in polar solvents20 and on its liquid
phase protonation.21 Well-characterized samples of thes
blends with different compositions have been studied wit
particular look at the morphology and the PANI protonati
levels. We have measured the variation of room tempera
conductivity as a function of the PANI composition, as we
as the temperature dependence of the conductivity for dif
ent compositions.

We show that PANI/PEO blends behave similarly to n
merous polymer mixtures already reported in the literat
and can be approximately described by percolation mod
The observed deviations from the basic theory may be att
4604 © 1997 The American Physical Society
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56 4605ELECTRONIC CONDUCTION IN POLYANILINE- . . .
uted to doping heterogeneities and to hopping and tunne
conduction processes.

The PANI/NAFION displays a more original behavio
which comes from the correlation between the doping le
of polyaniline and the blend composition. From the therm
variation of the conductivity it appears that hopping pr
cesses between conducting clusters govern the trans
mechanisms. Special attention is paid to a particular PA
NAFION blend, containing a low volume fraction of highl
doped polyaniline, in which the conductivity displays a sp
cific temperature dependence that is ascribed to a dis
nected pathway between very large conducting grains.

II. EXPERIMENTAL SECTION

A. Sample preparation

The PANI/PEO preparation consists of the dissolution
N-methyl-2-pyrrolidinone~NMP! at 40–50 °C of varying
proportions of EB, PEO, and lithium trifluoromethane s
fonimide ~LiTFSI!. The protonation of EB is achieved b
addition of trifluoromethane sulfonimide acid~HTFSI! in the
NMP solution, in suitable proportions to obtain a 50% do
ing of the aniline units by the TFSI anions. Solutions co
taining 20, 40, 60, 70, 90, and 100% weight fraction of PA
have been prepared.22 These fractions correspond to the ra
of the mass of emeraldine~EB! to that of all the component
~EB, PEO, and LiTFSI! of the mixture. The molar ratio o
PEO to LiTFSI is kept constant and corresponds to 20 mo
oxygen for 1 mol of lithium.21 Films are obtained after hea
ing the solutions deposited on a flat surface from 60 °C
120 °C under vacuum, with an increase of 5 °C every ho
The volume fractionsf of PANI in the films, 14%, 31%,
50%, 61%, 86%, and 100%, are calculated taking
densityPANI51.4 ~Ref. 20! and densityPEO50.95.23

Stable solutions of Nafion-doped polyaniline have be
obtained and described elsewhere.13,24 Various quantities of
the acid form of Nafion are added to a solution of emerald
base in NMP. The protonation of the emeraldine base by
sulfonic groups of Nafion is shown by the change in co
from blue to dark green. The PANI/NAFION solutions co
tain 7, 15, 20, and 30% weight of PANI relative to the ma
of the two polymers. The PANI/NAFION films are prepare
in the same manner as the PANI/PEO films. The volu
fractions f of PANI in the films, 10%, 20%, 26%, and 38%
are calculated taking the densityNAFION52.21 More details
are given in Refs. 21 and 22 for the preparation of PAN
NAFION and PANI/PEO, respectively.

B. Characterization methods

The morphology of the PANI/PEO has been observ
with a scanning electron microscope~SEM! model Jeol 840.
Transmission electron microscopy~TEM! observations have
been made on the PANI/NAFION with a Philips Model C
120 microscope on ultramicrotomed sections of dry fil
labeled by exposure to OsO4 vapors.

UV-visible near-infrared spectra of the 100-mm-thick
films were recorded in the range 250–1000 nm with a Pe
Elmer spectrophotometer Lambda 9.
g

l
l

-
ort
I/

-
n-

-
-
I

f

o
r.

e

n

e
e

r

s

e

/

d

s

in

C. Electronic conductivity measurements

The room-temperature conductivity was measured by
collinear four-probe method. Several samples of each c
position were used in order to evaluate the mean value of
conductivity and standard deviations. As concerns the te
perature dependence of the conductivity, a conventio
four-probe method was applied by mechanically press
films of typical size 83530.05 mm3, on four parallel gold
wires.

The dc current was provided by a Keithley 220 curre
source and two Keithley 617 programmable electrome
with an input impedance of 1014 V were used to measure th
voltage drop between the inner contacts. The linearity of
voltage versus current characteristics was systematic
checked on a one order of magnitude current range. Pos
thermoelectric effects were excluded by measurements
both current senses.

The measurements were performed in an Oxford Ins
ment cryostat in the range 15–300 K. The cell was plac
into a closed chamber filled with a low pressure of He as
exchange gas. The maximum average power dissipated in
sample from the generator was 5mW. The sample tempera
ture was measured using a calibrated platinum resistor in
range 300–40 K or a calibrated carbon glass resistor in
range 40–15 K.

III. RESULTS AND DISCUSSION

A. Morphologies and protonation levels

1. PANI/PEO

When HTFSI is added to the solution of EB, PEO, a
LiTFSI, as mentioned in the preparation above, the fil
prepared from that mixture exhibit a continuous backgrou
as shown by SEM micrographs and thus a homogeneous
compact structure at the micrometer scale whatever the c
position @Fig. 1~a!#. On the contrary, the micrographs o
films obtained from a mixture of EB, PEO, and LiTFSI on
show a strong porosity, which indicates segregation of
two polymers@Fig. 1~b!#. Hence, the HTFSI protonation o
the emeraldine base in the solution leads to a dense mat
and we expect a homogeneous distribution of the ECP in
polyether matrix. The analysis of this material by Fourie
transform infrared~FT-IR! spectroscopy has shown that th
entanglement of the PEO and the PANI chains hinders
return of the PEO to its more stable helicoidal form.21 Be-
sides, we have noticed that the PEO moiety of the materia
not soluble in the classical solvents of PEO. The HTF
doped PANI interacts strongly with the polyether comple
Thus, in order to synthesize blends, the higher the dop
level of the PANI chains, the greater the affinity between
two polymers and the more homogeneous the polymer m
ture.

The protonation level of PANI, defined as the proporti
of counterions per aniline ring has been deduced from x-
photoelectron spectroscopy~XPS! measurements.21,22It must
be emphasized that protonation in pure EB leads to the
mation of 50% protonated conducting islands, which coex
with unprotonated insulating regions and thus the maxim
protonation level is actually 50%. From the deconvolution
the N 1s core-level spectra into contributions correspondi
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FIG. 1. SEM micrographs of
PANI/PEO films ~a! issued from
the HTFSI protonation of PB in
solution in NMP;~b! issued from
a mixture of EB, PEO, and
LiTFSI only.
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to different species of nitrogen atoms, the protonation le
is obtained as the sum of the contributions associated
positively charged species coming from the protonation
amine~—NH—! and imine~—Nv! nitrogen species of EB
chains. The results are given in Table I for blends with
and 61 vol% of PANI. The protonation level is about 43
61.0%, whatever the proportion of the ECP in the mixtu
which is typical of a fully protonated conventional PAN
sample.

Figure 2 shows the characteristic UV-visible near-infrar
spectrum of PANI/PEO films with 31 and 61 vol% of PAN
The electronic structure does not vary with the PANI volum
content, which means a constant level of PANI protonat
with composition as shown by XPS measurements. T
peaks attributed to the protonated state are situated nea
and 870–890 nm~Ref. 25! and a shoulder, typical of the
emeraldine base form, is visible at 620–630 nm.26 The co-
existence of the peaks close to 640 and 900 nm, charact
tic of the undoped and doped states, respectively, shows
various states of protonation of the ECP chains. The ab
results give support to the idea that the microscopic org
zation of the blend remains the same whatever the comp
tion.

2. PANI/NAFION

In the blends with 20 and 26 vol% of PANI, TEM micro
graphs show large islands composed of 20–30 nm interc
nected PANI areas embedded in the NAFION net13 ~Fig. 3!.
For a low PANI content~10%!, we observe similar island

TABLE I. Protonation level of PANI in different PANI/PEO
films as determined by the deconvolution of the N 1s core-level
spectra. The uncertainty on the binding energies is of60.1 eV.

PANI volume content,f (%) 31 61

Unprotonated imine~—NH—!
Nitrogen ~%!a

22.3 17.6

Unprotonated amine~—Nv!
Nitrogen ~%!b

34.6 38.8

Protonation level~%!c 43.1 43.6

aComponent at 398.8 eV.
bComponent at 399.8 eV.
cSum of the proportions of the radical cation, protonated imine,
protonated amine forms of PANI~components at 400.7 and 401
eV!.
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separated by a larger ionomer phase. This suggests tha
ionic interactions between the sulfonate groups of NAFIO
and the protonated nitrogen atoms of the PANI chains g
ern the organization of the ECP and shows that the distr
tion of the polymers does not vary much with the compo
tion of the films in the explored composition range.

Elemental analyses have shown that the average do
level d, reported in Table II, varies from 0.19 to 0.4 depen
ing on the ratio of the number of sulfonate groups to t
number of aniline units:24 in the blend with 38 vol% of
PANI, nearly all the sulfonate groups participate in the do
ing process, while in the blend with 10 vol% of PANI, the
are in strong excess. The fact that all the sulfonate groups
as doping agents until their concentration becomes in ex
is a strong indication in favor of a good dispersion of t
ECP in the ionomer.

Figure 4 shows the characteristic UV-visible spectra
PANI/NAFION films as a function of the PANI volume con
tent. The two peaks, situated at 420–450 and 860–960

d FIG. 2. UV-visible near-ir spectra of PANI/PEO films for dif
ferent PANI volume contents. The discontinuity observed arou
850 nm comes from a change of the spectrophotometer setting
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56 4607ELECTRONIC CONDUCTION IN POLYANILINE- . . .
result from the formation of a polaronic network.25 A shoul-
der is also observed at 620–660 nm,26 which increases in
intensity with the rise in the PANI concentration. This i
crease indicates, as expected, a growing undoped phase
coexists with a highly doped phase in the films. When
PANI volume fraction reaches 38%, one could expect a s
regation of the PANI phase due to a lack of electrosta
interactions between the sulfonate groups of the ionomer
the PANI chains in excess.

The above characterization of the materials gives inf
mation about the distribution of the PANI in the two diffe
ent matrices. Creating interactions between the ECP an

TABLE II. Protonation levels of PANI determined by element
analysis in the PANI/NAFION films of varying compositions.

PANI volume content
f ~%!a SO3

2/anilineb Average doping levelc

10 1.1 0.4
20 0.5 0.27
26 0.33 0.26
38 0.2 0.19

aPANI volume fractions calculated from the ratio of the polyem
aldine volume to the volume of all the components~PB, PEO, and
LiTFSI! in the mixture.

bCalculated from the ratio of the number of sulfonate units to
number of aniline units in the mixture.

cAverage doping level measured by elemental analysis~Ref. 21!.

FIG. 3. TEM micrographs of PANI/NAFION films with 20 o
26 vol% of PANI ~a! before and~b! after labeling the NAFION
phase with OsO4 vapors.
that
e
g-
c
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ionic polymer matrix by protonation of the emeraldine ba
seems an interesting way to obtain PANI-based blends
spite of the steric effects that can limit the process. B
mixtures appear as very disordered materials including d
ing heterogeneities of the ECP, and we expect that suc
structure will determine the transport properties. Then, o
can see that, while the PANI/PEO films have a high b
constant level of protonation, the specificity of the PAN
NAFION ones lies in the correlation between the PANI do
ing level and the composition. A particular evolution
transport properties with the PANI content is thus expec
in the PANI/NAFION blend.

B. Electronic conduction

1. PANI/POE

The room-temperature dc conductivity shows a contin
ous increase as a function of the volume content of pol
niline, f , as can be seen in Fig. 5. From different samp
with the same polyaniline content, we have estimated
relative uncertainty on the conductivity values to be ab
15%. To test the predictions of the percolation theory,
data have been fitted with the scaling law:

s~ f !5Cu f 2 f cu t, ~1!

wheref c is the percolation threshold,C a constant, andt the
critical exponent.27 One can see in Fig. 5 that the agreeme
between the data and this theoretical law is qualitativ
good on the whole range of composition while it is expec
to be valid only near the percolation threshold. Yet, it mu
be pointed out that the small amount of data and the ra
large conductivity uncertainties prevent any accurate de

-

e

FIG. 4. UV-visible spectra of PANI/NAFION films for differen
PANI volume contents.
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mination of both the percolation threshold and the criti
exponent and thus of the critical region. In addition, on
fundamental point of view, very little is actually know
about the extent of this region and, experimentally, the
lidity of the scaling law~1! on the entire concentration rang
has already been found in carbon black composites.10,28

When the fit is restricted to the data near the percola
threshold and when the conductivity uncertainties are ta
into account, approximate values fort and f c , 2.2,t,2.5
and 3.5%, f c,5.5% can be determined. Despite this unc
tainty, t appears to be quite different from its universal th
oretical value27 t52.

We have tried to fit the thermal evolution of the condu
tivity with a law characteristic of a hopping-type mechanis

s5s0exp@2~T0 /T!a#, ~2a!

with s0 a constant. As shown in Fig. 6, the exponenta51/2
leads to good fits for the whole data set. The experime
data and thus the variation of the conductivity are rather w
described by the following law:

s5s0exp@2~T0 /T!1/2#. ~2b!

Such a temperature dependence has been observed in
HCl-doped polyaniline and many PANI blends obey t
same relation.29 The parameterT0 , which corresponds to the

FIG. 5. Variation of the decimal logarithm of the room
temperature conductivity of the PANI/PEO blends as a function
the volume content of PANI.~---!: best fit obtained with Eq.~1!.

FIG. 6. Logarithmic plots ofs vs 1/AT for the PANI/POE
blends.
l
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slope of the former curves, decreases with increasing volu
contents of PANI fromT055.53104 K ~13,6 vol% PANI! to
T0513104 K ~100 vol% PANI!.

2. PANI/NAFION

The room-temperature conductivity is reported in Fig.
in a logarithmic scale as a function of the volume content
PANI. The relative uncertainty on the data was estimated
30%. The conductivity displays a maximum,s'0.1
Siemens/cm~S/cm!, for the blends with 20–26 vol% o
PANI.

As concerns the samples with 20, 26, and 38 PANI vol
the best fit to thes(T) data was achieved witha51/2 @Eq.
~2b!# as shown in Fig. 8. The variation ofT0 as a function of
the content of conducting polymer is reversed as compa
to PANI/POE. The blend with 38 vol% of PANI has a stro
ger temperature dependence and a higherT0 value (T0
543 700 K! than the samples with 26 or 20% PANI (T0
529 600 and 21 900 K, respectively!.

As shown in Fig. 9, the same law does not fit the data
the case of the blend with 10 vol% of PANI, neither does a
law of the type described by Eq.~2a!. On the other hand, the
fluctuation-induced tunneling~FIT! model of Sheng,30 dedi-
cated to the case of large conducting grains accounts q
well for the data. In the framework of this model, the co
ductivity is given by

f
FIG. 7. Variation of the decimal logarithm of the room

temperature conductivity of the PANI/NAFION blends as a fun
tion of the PANI volume content.

FIG. 8. Logarithmic plots ofs vs 1/AT for the PANI/NAFION
blends with 20, 26, and 38 vol% of PANI.
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s5s0expS 2
T1

T1T0
D , ~3!

wheres0 , T1 , andT0 are constants. As shown in Fig. 1
good agreement is obtained on a wide temperature ra
usingT156300 K,T05280 K, ands0532 S/cm.

C. Discussion

1. PANI/PEO

In the framework of percolation theory, the geometric
aspect of the conducting network, and its intrinsic cond
tivity appear as separate variables@Eq. ~1!#. Therefore, the
discussion will be concerned first with the geometrical asp
through the variation ofs with the volume content of PANI,
and then with the conductivity of the network through
temperature dependence.

a. Room-temperature conductivity versus volume con
of PANI. A nonuniversal value of the exponentt has already
been observed in blends containing conducting polymers
value oft below 1.53 was reported in camphor sulfonic ac
~CSA! doped PANI blends and attributed to hopping b
tween disconnected parts of the conducting polym
network.31,32 A case more similar to the present one witht
.2 was observed in polypyrrole/PEO blends.33 To explain
such a discrepancy with the predictions of the usual perc
tion model, more realistic percolation models can be invok

FIG. 9. Logarithmic plot ofs vs 1/AT for the PANI/NAFION
blend with 10 vol% of PANI.

FIG. 10. Variation ofs vs T for the PANI/NAFION blend with
10 vol% PANI, and best fit obtained with Eq.~4!.
e,

l
-

ct

nt

A

-
r

a-
d

that take into account hopping and tunneling processes
the classical model, two sites are considered to be conne
when they are nearest neighbors. In this case the conduct
between two sites depends neither on the distance nor on
energy levels of the sites and can only take the two extre
values 0 or 1. On the contrary, in the modified models,
tween sites one considers the possibility for hopping a
tunneling processes through energetic barriers. This imp
that the conductance between two sites is no longer of
binary type. We emphasize that such hopping processes
vail in bulk disordered conducting polymers. In the follow
ing it will be shown that it is actually the case in the co
ducting network of our PANI/PEO. Deviations from th
universal scaling dependence are thus expected34,35 and the
material may conduct before continuous paths extend
through the material are established. In the case of sphe
particles in a polymer matrix, it was demonstrated throu
Monte Carlo simulations thatt is increased above its theo
retical value.35 Moreover, the critical concentrationf c no
longer means the formation of an infinite cluster of condu
ing particles in close contact but the formation of an infin
cluster for hopping conduction.

A particular type of such a model has been proposed
Ezquerraet al. for polypyrrole/PEO blends.33 If the tempera-
ture is high enough so that the transition rates between
sites are mainly controlled by the distances between the s
a linear dependence of ln(s) versus f 21/3 should be con-
tained in the case of spherical particles. As shown in Fig.
such a law does not account very well for our data. This
probably due to the fact that the morphology of the PAN
PEO, as observed by SEM, has nothing to do with spher
particles of PANI embedded in the PEO matrix.

Finally, one should mention that deviations from the cla
sical percolation problem are expected in the case of a m
ture of good and bad conductors. It has been shown tha
conductivity does not vanish at the percolation threshold29

and therefore that Eq.~1! is no longer valid. Doping hetero
geneities in PANI/PEO blends revealed by UV VIS NI
spectroscopy could result in a distribution of the local co
ductivity of the PANI chains and therefore slightly contrib
ute to the difference of the exponentt of Eq. ~1! from its
theoretical universal value.

Nevertheless, the percolation phenomenon most lik

FIG. 11. ln(s) vs 1/f 1/3 for the PANI/POE blends, wheref is the
PANI volume content.
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controls the conductivity of PANI/PEO blends provided th
hopping and tunneling processes are taken into acco
Therefore, from a strict point of view,f c cannot be consid-
ered as a percolation threshold. One should rather sp
about a conductivity threshold which obviously is expec
to occur at a lower volume content than the classic perc
tion one. Actually,f c is located at around 4% in the PAN
PEO blends. While this value largely exceeds the very l
ones ~,1%! reported for CSA doped PANI-base
blends,31,32 it is clearly lower than the theoretical value o
16% for the percolation threshold in the case of globu
conducting particles.36 This rather low value is certainly a
additional signature of the good interpenetration of the t
polymers resulting in an entangled structure.

b. Temperature dependence of the conductivity.Let us
now consider the temperature dependence of the condu
ity and to the conduction mechanism that prevails in
conducting network of PANI. We stress the fact that t
behavior described by Eq.~2b! may refer to several theore
ical approaches that are based on very different microsc
pictures of the material. Among four models that lead to
same functional dependence, three are dealing with a ho
geneous picture of the conducting material37–39 while the
fourth one is based on a heterogeneous picture.14 This latter
approach is the only one consistent with the UV visible sp
troscopy data and the previous discussions that have sh
that the PANI/PEO blends are actually heterogeneou
doped. Besides, even in the case of bulk PANI, except
the highly conducting PANI protonated with surfactants li
CSA, most of the data analysis of the electronic transp
properties conclude in favor of a heterogeneous pictu
Then, the same arguments used for ruling out the other m
els should lead to the same conclusion in the present dis
sion. However, one has to mention the model of hopp
restricted to a homogeneous fractal sublattice,38 of particular
interest for the blends of conducting polymers. This mo
leads to an exponenta53/7 in Eq.~2a!, which is very diffi-
cult to distinguish experimentally froma51/2. However, the
different behavior of the conductivity expected at low te
perature in this model is not experimentally observed.

Let us now consider the conducting islands model p
posed by Zuppiroliet al.14 for highly disordered conducting
polymers, as an extension of the work of Sheng, Abeles,
Arie40 on granular metals. This model has been successf
applied to various PANI blends29 and to various conducting
polymers like polypyrrole doped with polyelectrolytes i
volving tunneling effects through the dopant species.14 It
takes into account the disorder present in the polymer
the polaronic ground state characteristic of many conduc
polymers rather than its quasi-one-dimensional struct
Conduction is supposed to proceed from hopping betw
small polaronic conducting grains separated by insula
barriers. The origin of such a heterogeneous structure c
be in the nonuniform distribution of the counter-ions. In th
model, the parameterT0 @Eq. ~2b!# is given by
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whered is the average diameter of the conducting clustes
the average distance between the clusters, andU the on-site
Coulomb repulsion with an estimated value of about 4 eV41

The electronic transport through the sample is character
by the charging energy between the conducting clust
which is the electrostatic energy required to create a posit
negative charged pairs of grains. The model applies for c
ter sizes small enough so thatEc is larger than the therma
energykT.

In summary, this model takes into account both the h
erogeneous structure revealed by the percolation phenom
and the doping heterogeneities inside the conducting p
way in the blends. Concerning the PANI/PEO blends, all
samples have a PANI volume fraction above the percola
threshold and transport occurs in a fully connected PA
pathway. But inside this pathway, there are doping hetero
neities and the conduction must be described with hopp
Since the doping level remains unchanged when the volu
content of PANI is varied, the on-site Coulomb repulsionU
can be regarded as constant with composition. In the fra
work of the model, the evolution of the parameterT0 thus
reflects changes in the geometry through the ratios/d. This
ratio increases from 0.13 to 0.35 when the PANI volum
content is decreased from 100% to 20%. In other words,
fraction of highly conducting PANI in the conducting path
way shrinks when the PEO volume increases. This eff
cannot be attributed to a change in the doping level.

2. PANI/NAFION
a. Room-temperature conductivity versus volume con

of PANI. Contrary to the case of PANI/PEO, the room
temperature conductivity of PANI/NAFION is not a monoto
nous increasing function of the PANI volume content~see
Fig. 7!. Obviously, such a behavior cannot be accounted
by percolation models and one can wonder about the e
tence of any percolation threshold.

However, ac impedance spectroscopy measurements
a large improvement of the electroactivity combined with
disappearance of the resistive behavior in electrochemi
experiments above 10 vol% of PANI have strongly su
gested that a percolation threshold actually exists, wh
takes place around 10 vol% of PANI.13

Until now, the fact that the doping level is changing wi
the composition of the blend has not been taken into acco
in the discussion. As already mentioned in the framework
percolation theory, the geometrical aspect of the conduc
network is responsible for the scaling term in Eq.~1!, while
the intrinsic conductivity of the material constituting this ne
work appears in theC term of Eq.~1!. It is therefore very
tempting to normalize the conductivity of each sample w
respect to that of the bulk PANI having the same dop
level. From the variation of the conductivity in PANI as
function of the doping level,42 we have taken the following
values: sPANI(40%)51 S/cm, sPANI(30%)50.1 S/cm,
sPANI(20%)55.1024 S/cm. The normalized conductivity
RA( f )5s( f )/sPANI( f ), wheres~f ! is the room-temperature
conductivity of the blend andsPANI( f ) the conductivity of
pure PANI for the corresponding doping level, is plotted
Fig. 12 on a logarithmic scale versus the volume conten
PANI. As one can see, the variation of RA looks like th
expected in a percolation phenomenon. Thus, the condu
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ity of the PANI/NAFION blends can be qualitatively de
scribed by the relation

s}sPANI~ f !~ f 2 f c!
t, ~5!

wheresPANI( f ) represents the conductivity of the percola
ing material, which is indirectly dependent on the volum
content of PANI through the doping level. The best fit lea
to 10%, f c,15%. The opposite variation ofsPANI( f ) and
( f 2 f c)

t as a function of the PANI volume contentf leads to
the experimental bell-shaped curve given in Fig. 7.

From the above analysis, it appears that all the blends
characterized by a fully connected pathway including dop
heterogeneities except the one with 10 vol% of PANI. D
spite its higher doping level, the latter blend is considera
less conducting than the 20 vol% one because it is just be
the percolation threshold.

b. Temperature dependence of the conductivity above
percolation threshold.In contrast to PEO in the PANI/PEO
the Nafion ionomer acts both as an insulating polymer an
a counterion in the doping process. The conducting path
should thus necessarily be made up of a mixture of NAFIO
and PANI. It should correspond to the connected d
domains observed with TEM. Inside this pathway, t
thermal variation law of the conductivity, s(T)
5s0exp@2(T0 /T)1/2#, strongly suggests that the transpo
process is governed by doping heterogeneities that may
been generated by topological constraints on the iono
~Fig. 8!. In the highly conducting regions, the sulfonat
groups of NAFION are likely to act as dopants and theref
as bridges between the PANI chains, thus enhancing the
terchain transfer. On the contrary, in the clear regions of
TEM pictures of Fig. 3~a! the pure phase of the ionome
could constitute an insulating barrier. To proceed furth
with the interpretation of the data, we have to discuss
variation ofT0 with the PANI volume content in the frame
work of the conducting islands model.14 The on-site Cou-
lomb repulsionU can no longer be definitely regarded
constant since the doping level varies with the compositi
One could expect that electrostatic interactions are, to a
tain extent, less screened and thatU is increased when the
doping level, and thus the conductivity, are decreas

FIG. 12. Variation of the ratio, RA, of the room-temperatu
conductivitys of the PANI/NAFION blend to the conductivity o
pure PANI,sPANI , for the corresponding doping level, as a fun
tion of the volume content of PANI~see text!.
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Therefore, the slight decrease ofT0 , from 4.4310 4K to
2.23104 K for decreasing PANI volume contents, cannot
exclusively attributed to a decrease of the ratios/d and ac-
cordingly to an increase of the volume fraction of high
conducting regions inside the conducting pathway.

c. Temperature dependence of the conductivity below
percolation threshold.As regards the specific case of th
blend with 10 vol% PANI, we are dealing with the FIT typ
of variation of the conductivity, s(T)5s0exp@2T1 /
(T1T0)#. Such a dependence has already been observe
highly conducting polymers and in PVC-carbo
composites.30,43–46But here the point is that the conductivit
of the blend is significantly lower than the ones reported
this work.

The FIT-type dependence prevails in heterogeneous
tems where large conducting regions are separated by
insulating barriers. When the average diameter of the c
ducting islands is large enough, the charging energy beco
negligible as compared to the thermal energy. Thus, the c
ductivity is only limited by the probability of the charg
carriers to hop over or through the barriers. At this point, t
mechanisms may be considered that lead to the same
perature dependence of the conductivity as given by Eq.~3!.
On the one hand, the FIT model of Sheng says that the v
age across the barriers may be subject to large thermal
tuations leading to a modulation of the tunneling probabili
The analysis ofT0 and T1 based on the simple relation
derived by Paasch, Lehman, and Wuckel44 yields unrealistic
values for the width and the mean area of the barrier. On
other hand, Schimmelet al.46 proposed a phenomenologic
model that can account for the same variation law. At lo
temperature, hopping occurs via tunneling through the ba
ers, while thermal activation over the potential barrier dom
nates at high temperature. Within this approach, the heigh
the barrier is given by

DE5kBT1 , ~6!

while its width s is related toT0 andT1by

T1

T0

5A2mDE
2s

\
. ~7!

In the framework of this approach, the analysis leads ts
'25 Å andDE'0.5 eV, which are reasonable values. T
numerical values ofT1 and T0 are usually much lower in
bulk conducting polymers and thus the corresponding ba
ers are much lower. As pointed out by Sheng30 and Paasch
et al.,44 the consistency of the Schimmel model and t
domination of thermal activation mechanism requires la
junction areas in which the barrier height is not significan
reduced by thermal fluctuations. This condition can be ea
fulfilled by considering large conducting grains, which a
likely to be present in this blend as explained above.

In the particular blend that is located just below the p
colation threshold, the conducting pathway made up of PA
and NAFION is expected to be disconnected. Neverthel
most of this interrupted conducting pathway is made up
highly conducting regions. The high doping level in th
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sample is associated with rather large but disconnected
ducting islands. The junctions between these clusters
very large too.

IV. CONCLUSION

In the present work, the electronic transport processe
PANI/PEO and PANI/NAFION blends have been studied
relationship to the organization of the PANI phase and
PANI protonation levels.

The doping levels of PANI have been determined fro
elemental analysis and XPS measurements. Despite the
uid phase protonation of the emeraldine base chains, spe
scopic measurements have shown that doping heterog
ities are still present in PANI. Concerning the PANI/PE
blends, the average doping level of PANI does not depend
the composition. We have shown that the percolation the
can describe the variation of the room-temperature cond
tivity with the PANI volume content provided that hoppin
and tunneling processes and doping heterogeneities are
into account. The transport process can be explained in
framework of a hopping model between highly conducti
clusters embedded in the PANI fully connected pathway.
increase of the PEO concentration results in a decrease o
fraction of the highly conducting regions inside the PA
pathway.

In the PANI/NAFION blends, the situation is quite diffe
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