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Transport properties of polyaniline-cellulose-acetate blends
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Transport properties of polyaniline~PANI!–cellulose acetate~CA! conducting blends have been investigated
at various length scales and temperatures. We report on the results of dc and ac conductivity measurements,
magnetoresistance and electron-spin resonance~ESR! performed on composite films with PANI weight frac-
tion p ranging from the percolation threshold—pc.0.1%—to a few percent. Three different PANI doping
agents have been tested, namely, camphor sulfonic acid~CSA!, di(i -octyl phosphate! ~DiOP! and phenyl
phosphonic acid~PPA!. The percolative behavior ofsdc resembles that of published results on PANI/PMMA
blends. The onset frequencyvj of the dispersion insac appears to follow the scaling law:vj}sdc

z with z
.1. The temperature dependence is of the form of lns(T)}2(T0 /T)g the exponent decreasing from 0.75 to 0.5
with increasingp. The microscopic metallic character of transport is found in ESR and microwave measure-
ments. Spin-dependent conductivity is inferred from the (B/T)2 universal behavior of magnetoresistance.
Those results are discussed in conjunction with the ongoing debate on the nature of disorder in conducting
polymers—homogeneous versus heterogeneous.@S0163-1829~98!01235-1#
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I. INTRODUCTION

The processability of doped polyaniline~PANI! in
m-cresol was discovered1 in 1992 and has led to a somewh
‘‘new polyaniline’’ with enhanced conductivity (s
>300 S cm21 at room temperature! and metallic behavior
@positive temperature coefficient of resistivity at appro
mately room temperature~RT!#. Numerous studies are de
voted today to the disorder-induced metal-insulator transi
in this conducting polymer~CP!.2–4 Disorder is indeed the
leading parameter of transport properties and it is in t
dramatically influenced by processing conditions.5

One way to influence the structural disorder at a supra
lecular scale is to mix the CP with an insulating polymer
a cosolvent.6,7 m-cresol is able to dissolve many tradition
polymers among which the widespread cellulose ace
~CA!. Note that the ‘‘PANI solution’’ might be an imprope
description,8,9 but at least a satisfactorily low degree of a
gregation in the dispersion is reached. It shall be a neces
condition to get a conduction threshold as low as 1023 in
weight fraction of PANI.

The purpose of this paper is to investigate transport pr
erties of conducting films of PANI blended with CA. Atten
tion has been paid probing a large range of length sca
Macroscopically, the percolative behavior of static cond
tivity shows that long-range correlations of the so-cal
PANI network do influence electronic transport. At the oth
end, the independence of microscopic conductivity ver
concentration, as probed by ESR, gives evidence that l
properties of PANI chains~or fibrils! are retained in blends

Marks of disorder are found in the variation of conduct
ity versus temperature and frequency. The thermal beha
is correctly described by generalized hopping models, but
exponentg is concentration dependent and greater than1

2 .
This fact has been attributed to superlocalization within va
able range hopping~VRH! theory elsewhere.6 A careful
analysis of granular conduction models provides anot
scheme to account for those values forg.10,11
PRB 580163-1829/98/58~12!/7774~12!/$15.00
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The paper is organized as follows: Sec. II describ
sample preparation and techniques; Sec. III presents and
cusses the results of measurements of conductivity as a f
tion of PANI contents, of temperature, of magnetic field,
frequency and finally gives ESR data; Sec. IV contains
general discussion and sums up the findings of the pre
study.

II. EXPERIMENT

A. Sample preparation

The preparation of the composite films used through
this study has been reported in detail in Ref. 7. A summ
follows. Polyemeraldine base with relatively high molecu
weight12 (Mn521 500 andMw571 000 g/mol! is mixed
with one of the protonating agents: camphor sulphonic a
~CSA!, phenyl phosphonic acid~PPA!, or dioctyl phosphate
~DiOP!, at 0.5 molar ratio of dopant molecule to PANI re
peat unit. From the suspension of this mixture inm-cresol at
0.5 wt % PANI content, the so-called soluble part~after cen-
trifugation! is extracted and its concentration determine
This solution is mixed in various ratios with a 5 wt %
m-cresol solution of CA and the plasticizers. Solutions a
subsequently cast onto a glass plate and the solvent slo
evaporated at temperatures of 50–60 °C, yielding hig
flexible and transparent films. Their thickness ranges from
to 80 mm. Thicker films are obtained for lower PANI con
tent, because the viscosity of the solution is higher and
spreading of the drop is not limited by walls.

It has been checked that the UV-vis-NIR spectra of
PANI solution and the solid films were quite similar, exhi
iting strong absorbance at long wavelengths together wi
small polaron peak in the 800–900 nm region.7 It proves that
~i! PPA and DOP confer to PANI~in m-cresol solution! the
same qualitative conformation, responsible for some delo
ization of the polaronic species, as that already known
CSA,1 ~ii ! the conformation is retained during the evapo
tion process. A significant amount ofm-cresol also remains
7774 © 1998 The American Physical Society
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For some specific ac-conductivity measurements a me
lic substrate was substituted for the glass plate. With st
the solution reacts chemically: oxidation traces are visible
the substrate after the film has been peeled off and the a
sive force is strong. This effect is also visible indirectly
the conductivity value. In a sandwich-type measureme
very sensitive to any ‘‘insulating’’ layer, the apparent co
ductivity is reduced by 1 or 2 orders of magnitude, compa
to that of the films evaporated on glass. Conversely, no
crepancy is observed in the longitudinal measurement~as the
standard four-probe! for which the bulk resistance is dom
nant because of the probes spacing being much larger
the film thickness. The capacitative effect is also observe
ac-conductivity. If, however, the substrate is gold plat
these effects vanish. The data presented and discuss
Secs. III D and III E correspond to glass substrates.

B. dc conductivity and magnetoresistance measurements

RT conductivity values have been obtained by the fo
probe method. The temperature dependence of the con
tivity was also measured by a four-contact device. Four p
allel gold wires of 0.1 mm diameter are pressed onto o
face of the rectangular sample. The voltage probes are 4
apart. To eliminate voltage offsets, conductivity was alwa
measured for both polarities of the current and linearity w
checked for each point. The current was supplied by
Keithley Model 220, the potential of the two voltage conta
was measured independently by two electrometers~Keithley
Model 6512, input impedance>2.1014 V). The probe head
was placed into a Oxford CF1200D continuous flow cryos
permitting operation between 5 and 300 K. Sample temp
ture was measured by a rhodium-iron resistance thermom
and regulated with an Oxford ITC503 controller.

Magnetoresistance experiments were performed in
magnetic field provided by a Oxford superconducting co
The field reaches 11.5 T and the sample can be cooled d
to 1.4 K by pumping over the helium bath. Below 4.2 K th
regulation was made by the equilibrium gas pressure.
temperature sensor was a Cernox, almost insensitive to
magnetic field. The probe head was identical to that of
conductivity, except that it could be rotated in the plane
the film for the field to be parallel or perpendicular to t
electric current. The signal-to-noise ratio is optimized by ta
ing the highest value of current from the linear part of t
V2I characteristics. At very low temperatures, the sam
heating is prevented by limiting the input power to less th
1 mW.

C. ac-conductivity measurements

The complex conductivity~or permittivity! was measured
between 10 Hz and 18 GHz on the same sample using
impedance meter HP4192A and two vectorial network a
lyzers HP4191A and Wiltron 37241A. A 7-mm-diam disk
punched out of the polymer film and inserted at the end o
coaxial line~APC7 standard! before the short. Electrical con
tacts are ensured by gold evaporation on each side of
sample; for the side of the inner conductor, gold is depos
only at the center of the sample in a 3-mm-diam disk. At lo
frequency (n<1 GHz) and small thickness (d<0.5 mm)
this setup is equivalent to a capacitance measurement
l-
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conductivity is extracted from the admittance or the refle
tion coefficient by the Marcuvitz approximation.13 In other
cases the propagation of the electromagnetic wave in
sample has to be considered and Maxwell’s equations so
for this geometry.14 Low-temperature measurements are p
formed in an Oxford CF1200D continuous-flow cryosta
Electromagnetic waves propagate in a rigid, airtight, st
coaxial line with characteristic impedance 50V up to
20 GHz, designed by Alpen. A one-point temperature dep
dent calibration is added to the standard RT short-open-l
in order to take into account the influence of low temperat
on the electrical characteristics of the line: reduced los
and phase rotation. A rhodium-iron resistance thermom
is placed as close as possible to the measurement cell.
cells have been designed that are—at least partly—mad
brass for a better thermal contact with the sample.

D. Electron spin resonance

The ESR experiments have been performed with an
200 Bruker ESR X band spectrometer. The sample in
quartz tube was placed inside the cavity and connected
pumping line. The ESR linewidth~the full linewidth at half-
maximum,DH1/2, and the peak-to-peak linewidth,DHpp)
could be recorded at various temperatures.

III. RESULTS

A. Percolation at room temperature

One of the most striking effects in conducting blen
made by the codissolution process described in Sec. II A
the percolative behavior of the conductivity as a function
the PANI weight fraction. It is illustrated in Fig. 1 for two
dopants: PPA and DiOP. Table I sums up the fitting para
eterspc and t of the scaling laws(p)5s0(p2pc)

t for dif-
ferent preparations. The lowest percolation thresholdpc
50.067% is obtained for the PPA dopant; but PANI~PPA! is
the least conducting of the three preparations. Some varia
ity is to be noted in the data ofa priori identical samples: in
fact, this reveals the crucial role of processing. For blen
prepared with unplasticized cellulose acetate, the conduc
threshold is, however, approximately 10 times higher.7

Comparable results have been obtained with PMMA a
matrix and the CSA dopant.6 In Ref. 6, the threshold is as
sumed to bepc50.3% despite the continuously gentle d
crease ofs(p) for p<pc . Similarly, low thresholds were
also observed with gels,15 blends of conducting polyme
nanoparticules,16 and carbon black composites.17 Because
their mixings seem to conduct at arbitrary low load conte
some authors prefer to exclude the percolation mechan
In our case, a real threshold is observed also in the lo
frequency dielectric constant: Fig. 2 shows for PANI~DiOP!/
CA, for which pc.0.520.6%, that«8 and «9 are low and
constant forp<0.4%, diverging at vanishing frequency fo
p>0.7% and intermediate forp50.5andp50.6%.

In each case, the key point is thought to lie on particu
aggregation processes yielding a loose network for
charge carriers to proceed. According to transmissi
electron-microscopy~TEM! observations,6,18 the solution
blending process~this work and Ref. 6! also results in a
self-assembling network derived from the liquid-liquid pha
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separation. Because the TEM sample preparation condit
are rather severe—dissolution of the host matrix while ke
ing the tenuous structure of PANI — those images have to
carefully interpreted but they remain the only ones availa
to date and therefore deserve attention.

These systems unfortunately seem quite far from mo
systems studied in the flourishing literature on~classical!
polymer blends; they are multicomponent~PANI, dopant,
host matrix, residual solvent, ‘‘compatibilizers’’!, diluted,
i.e., highly nonsymmetric, and may involve special type
polymer-polymer interactions due to the conjugated natur
PANI. A thermodynamic study thus remains a challenge
would provide clues for questions such as how to red
variability between preparations or whether there is an u
mate threshold, and for what molecular weight of the co
ponents. Equilibrium thermodynamics has already been

TABLE I. Percolation thresholdpc and scaling exponentt for
different series of PANI/CA blends.

Sample pc t

PANI~CSA!/CA first series 0.85% 2.960.3
PANI~CSA!/CA second series <0.1% 1.860.1
PANI~DiOP!/CA first series 0.4% 2.360.1
PANI~DiOP!/CA second series 0.6% 1.560.1
PANI~PPA!/CA first series 0.26% 2.360.1
PANI~PPA!/CA second series 0.07% 2.260.1

FIG. 1. Conductivitys vs weight fractionp of PANI in CA for
two polyaniline dopants:~a! Phenyl phosphonic acid;~b! dioctyl
phosphate. Insets show the percolation scaling law betweens and
p2pc for p>pc .
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forward in the context of ‘‘multiple percolation.’’19 In this
scheme, the conducting polymer percolates inside the
rich phase, itself percolating in the sample. Depending on
coexistence curve, the CP concentration in the rich ph
could reach the 16% value characteristic of the percolation
disordered isotropic objects.20 Ultralow thresholds, however
demand a very peculiar shape — strongly asymmetrical
of the coexistence curve. Finally, it has also been m
tionned that viscoelastic phase separation21,22naturally yields
a metastable network domain structure; instead of a glob
shape due to the surface tension driving forces, the viscoe
tic stress~meta!stabilizes an anisotropic interface and the m
nority phase develops elongated and connected structur

B. T-dependent dc conductivity

The temperature dependence ofsdc for PANI~CSA!/CA
blends is shown in Fig. 3. All of the curves have been fitt
according to

s~T!5s0expF2S T0

T D gG , ~1!

which accounts for hopping conductivity in disordered sy
tems. The fitting parametersg and T0 are obtained as fol-
lows: g is the linear slope of lnW versus lnT, where

W5
d lns

d lnT
.

T0 is extracted from the linear slope of lns versusT2g

~which is T0
g). The quality of these fits can be checked

Fig. 4. Slight deviations are sometimes observed in lnW ver-
sus lnT plots atT>250 K.

FIG. 2. Complex permittivity of PANI~DiOP!/CA blends for
compositionsp aroundpc : ~a! real part;~b! imaginary part.
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For the three PANI dopants and for various PANI co
tents, the fitted parameters are given in Table II. They
follow the general trend:g increases from 0.5 to 0.8 upo
dilution, andT0 is roughly insensitive top. A similar behav-
ior has been described by Reghuet al.6 Note, however, that
some hierarchy can be drawn: the conductivity of ‘‘pure
unblended PANI is the highest for the CSA dopant, then
DiOP and the lowest for PPA; correspondingly, typical v
ues forT0 in the blends are the lowest for CSA, intermedia
for DiOP, and the highest for PPA.

In the case of carbon black~C.B.! composites,17 a con-
stant g50.66 was attributed to superlocalization of wa
functions on the C.B. fractal network.23 This exponent is
found for 3d-VRH in the presence of a parabolic gap ateF
on the percolation cluster.

In our case we are looking for the origin of the variatio
of g with p. The 0.5 value of the sample with the highe
content of PANI is similar to numerous observations in d
ordered CP. It has been shown24 that the granular meta
model of Sheng adapted to CP by Zuppiroliet al.25 can ac-
count well for this behavior. It states that the local transiti
rate ~or conductance! results from the competition betwee
intergrain tunneling and some ‘‘charging’’ energy of th
grains, where the granularity is related to doping hetero
neities. In this model, the value ofT0 contains the geometri
cal parameters of the system, namely the size and dist
between the grains, and the Coulombic interaction ene
The value ofg is shown to depend on the distribution
grain size. Using the critical-path method, Sheng a
Klafter26 show thatg50.5 for a wide range of intermediat
temperatures and that a crossover to 0.5<g<1 appears at

FIG. 3. Reduced conductivitys(T)/s(295 K) plotted vs in-
verse temperature for various compositions of PANI~CSA!/CA
blends. Lines are fits to Eq.~1! obtained as explained in the text.
-
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some higherT. An effective medium treatment of the sam
model10,11also yields the conclusion thatg50.5 is submitted
to conditions on the distributions; more precisely, one sho
consider only the ‘‘efficient’’ part of the available conduc
tances, i.e., the maximum values of intergrain hopping d
tance and charging energy areT dependent. Moreover, th
actual energy of the grains contains a random part in addi
to the charging part proportionnal to the size. This accou
for fluctuations with size and shape of energy levels in sm
grains.27,28Relaxing some of those conditions leads tog val-
ues in the range 0.521. As a matter of fact, the real influenc
of electronic interactions is still a major question.29 In granu-
lar system, the potential disorder has to be large enoug
yield g50.5; in such a case this is the long-range part
Coulomb interaction~between charged grains! that enters the
transition rate, and not the on-site~Hubbard! part.

Finally, we have also tried to impose the exp(2T21/2)
dependence at the expense of a~smaller! T dependence of
the pre-exponential factor. It actually corresponds to
complete VRH formulation.30 The fitting function is thus

s~T!5s0S T0

T D q

expF2S T0

T D 1
2 G . ~2!

Because the exponential term is strongly varying, it is e
pected that changing fromg as given in Table II tog5 1

2

would dramatically modifyT0 . As a matter of fact, we may
correctly fit Eq.~2! to our data~see Fig. 5! with the general
observation thatT0 rapidly increases forp→pc

1 as well asq.

FIG. 4. Illustration of the fitting procedure fors(T): ~a! log-log
plot of the logarithmic derivativeW vs T; ~b! plot of lns/s0 vs
T2g.
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TABLE II. Fitting parameters to Eq.~1! for the thermal evolution of conductivity in different series
PANI/CA blends.

Dopant 100p s(RT)/S cm21 s0 /S cm21 g T0 /K

CSA first series 7.4 2.4 5.57 0.51 160
6.5 1.0 2.22 0.55 160
3.3 5.5 1022 0.15 0.54 225
2.4 2.0 1022 0.046 0.61 190
1.4 1.8 1023 0.005 0.71 255

DiOP first series 6.0 1.29 8.0 0.54 810
4.0 2.7 1021 1.14 0.63 450
1.0 4.6 1022 0.14 0.76 300
0.6 4.5 1024 0.0014 0.79 340

DiOP second series 3.9 2.0 1021 1.3 0.60 690
1.0 5.3 1023 0.02 0.70 370

PPA first series 10 0.13 9.3 0.54 3100
6.0 5.3 1022 2.1 0.58 2120
3.0 1.5 1022 0.34 0.64 1670
1.0 1.0 1023 0.027 0.67 1780
0.7 4.0 1024 0.01 0.69 1570
0.5 7.6 1025 0.004 0.68 1910
0.4 1.9 1025 5 1024 0.69 1870

PPA second series 5 0.18 2.15 0.61 1380
3.0 0.15 1.75 0.64 1320
2.0 4.8 1022 0.7 0.66 1250
0.9 5.1 1023 0.22 0.73 1040
0.6 2.0 1023 0.03 0.74 1010
0.4 6.2 1024 0.008 0.76 1020
0.28 2.4 1024 0.003 0.76 1110
0.13 1.0 1025
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Numerical values are: for PANI~CSA!/CA with p
57.4%,2.4%,1.4%,0.8%,q50.05,0.40,0.56,0.88 andT0
5400 K,780 K,1640 K,3400 K, for PANI~PPA!/CA with p
55%,0.9%, q50.71,1.89 andT055770 K,13950 K. But
this analysis is limited by two points. Firstly, as can be se
in Fig. 5, fits with, and without, the preexponential term a
very close, and could be differentiated only at lower te
peratures~higher resistances!; this will guide further mea-
surements. Secondly, it is not easier to interpret the dep
dence ofq with p than that ofg. Let us recall that the

FIG. 5. Comparison of two fitting procedures described by E
~1! and ~2! applied to PANI~CSA!/CA with p51.4%.
n

-

n-

percolation theory givesq50.5 for Mott’s three-dimensiona
~3D! VRH with g5 1

4 .30 Whether such a prefactor can b
invoked in the granular metal theory is also not known.

C. Magnetoresistance

The influence of a magnetic fieldB on the low-
temperature resistance has been investigated on se
samples with CSA and DiOP dopants. Samples with conc
tration very close to the percolation threshold show a
high resistance for theB dependence to be properly me
sured. Data for PANI~DiOP!/CA with p54% andT57.5 K
are plotted in Fig. 6. The quadratic dependence with the fi
is verified up to the highestB value, 11 T. This is a typica
behavior characteristic of all samples of the systems stud
More surprisingly, we found that the coefficienta defined by
ln(R/R0)5aB2, whereR[R(B) and R0[R(B50) depends
solely onT but neither on the concentration, nor on the ty
of dopant. The thermal dependence beinga(T)}T22, we
have checked~Fig. 7! that our whole set of data can b
represented by a universal function of the parameterB/T.

Chauvetet al.31 have reported on an identical behavior f
a series of disordered polypyrroles with various doping le
els. Moreover, their points fall on the same universal cur
without any scaling parameter, and the same (B/T)2 depen-
dence. This is recognized as a signature of spin-depen
conduction.
.
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A model has been recently proposed that takes explic
into account the spin-flip scattering among inelas
processes.32 Magnetic impurities are responsible for su
scattering~see Sec. III F! the rate of which decreases a
(B/T)2. As a consequence the magnetoresistance~MR! has
itself the same form. From the experimental data analyze
Ref. 32 ~quasi-1D charge-transfer salt! the prefactor is be-
tween 0.1 and 0.2, comparable to our findings~see Fig. 7!
and those of Ref. 31.

In Ref. 6, MR has been analyzed within VRH theory.
localized systems, the most common~orbital! effect of the
magnetic field is to shrink the electronic wave function
enhancing the localization and thus the resistance. Howe
at low field, this is in competition with a delocalization pro
cess originating in the weakening of interference of tunn
ing paths as the magnetic field introduces phase differen
This negative MR is not observed in our case. Nor ha
been observed in the experiments of Ref. 6. It seems
only ‘‘metallic’’ conducting polymers at very low tempera
ture may exhibit such effects.4,33,34

FIG. 6. Magnetoresistance, defined as logR/R0, of a PANI-
DiOP/CA sample withp54%, measured atT57.5 K. The solid
line is a quadratic fit inB.

FIG. 7. Universal scaling of the magnetoresistance, defined
100DR/R0 with DR5R(B)2R(B50), followed by five samples
with different dopant and concentration, and at various tempera
ly

in

,
er,

l-
s.

it
at

The B2 dependence of positive MR is predicted by t
VRH theory in the intermediate regime with the followin
expression:35

ln~R/R0!5tS e

c\ D 2

Lc
4S T0

T D 3g

B2 ~3!

with t50.0035 wheng5 1
2 andLc the localization length. In

our case, the coefficient ofB2 being proportional toT22

implies thatLc}T(3g22)/4, which is a very weak dependenc

for g in the range@ 1
2 ; 3

4 # ~strictly vanishing atg5 2
3 ). From

Eq. ~3! we infer that Lc.20 Å whatever the temperatur
and concentration, which is quite a reasonable value, in
polating between that of amorphous semiconductors and
of shallow impurities in crystalline semiconductors.36

The role of the spin effect in VRH has also been treated37

The involved mechanism is the blocking of hopping due
spin polarization. In this model, lnR/lnR0 should scale with
(B/kBT)lnR. We have checked that this does not correc
account for our data.

The applicability of VRH to CP is nevertheles
controversial.24,25 In the case of granular materials that w
believe may describe our materials~see Sec. III B!, the
shrinkage effect also occurs and a positive MR is the gen
rule. Negative MR seldom occurs, in that case a level cro
ing origin has been proposed which only takes place
large and close conducting grains.38

D. Radio-frequency conductivity

Measurements of ac conductivity at RT and low tempe
ture have been performed mainly on PANI~PPA!/CA
samples in the frequency range 10 Hz–1 GHz. For th
frequencies and thin films, the conductivity is directly pr
portional to the admittance. It should be noted that the g
metrical coefficient of proportionality is not perfectly know
because one of the electrodes is the collet of the APC7 c
nector. Despite the gold deposit, the 3-mm-diam surfac
not equipotential, so that the application of the Marcuv
formula to a 3-mm-diam lossy capacitor with lateral leakag
underestimates the true conductivity. This is a minor dra
back because we are mainly interested in conductivity rat

RT data for variousp are presented in Fig. 8~a!. The
traditional behavior of disordered conductors is recover
s(v) remains constant at low frequency up to some on
v0 where it starts to increase with an approximate power
dependence onv. Scaling properties are shown in Fig. 8~b!
where the same data have been redrawn in reduced u
The conductivity is naturally divided by itsv→0 limit
whereas the reduced frequencyṽ[v/v0(p) is found by
trial and error:v0(p) is the numerical factor by which actua
frequencies should be divided for data points to collapse o
master curve. This procedure is thus independent on any
ting formula fors(v). The fit is performed afterwards an
displayed in Fig. 8~b!.

The same procedure has been applied to measuremen
various T (24 K<T<300 K) in the case of thep50.9%
sample for which the onset frequency lies in the experim
tal frequency range at each temperature. Corresponding
are presented in Fig. 9.
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We claim our data are best represented by the sca
formula

s̃~v,p,T!511ṽu ~4!

with

s̃~v,p,T!5
s~v,p,T!

s~0,p,T!
,

ṽ5
v

v0~p,T!
,

uP@0.7;0.8#.

This is the simplest expression containing the t
asymptotic behaviors mentioned above, which was pre
ously derived as a general scaling law implied for
conductivities calculated in the extended pair approximat
~EPA! for a variety of models.39 Moreover,v0(p,T) is found
to be closely related tos(0,p,T) as can be seen in Fig. 10
The relationship is nearly that of proportionality whatev
the parameter,p or T. It contrasts with the findings of EPA
wherev0(T)}Ts(0,T). In the wide class of systems exhib
iting the same scaling fors(v,T) one can generally relat
v0 ands(v50) by40

v0~T!}Tqs~0,T! ~5!

FIG. 8. ~a! Frequency dependence of the RT ac conductivity
PANI~PPA!/CA samples with PANI contentp ranging from 0.13%
to 3%; ~b! Same data plotted in reduced units and fitted to
EPA-like scaling law.
g

i-

n

r

with q51 for heavilly dopedn-type Si and ionic glasses,41

q50.6 for Au-doped amorphous Si,q50 ~our case! for
amorphous Si and Ge, carbon black composites,17 and Pd-
based metal cluster compounds,42 q52 1

4 for 2d conductor
La2NiO41d .43 According to Hunt40 this Tq dependence
arises from theT2q term in the prefactor ofs(0,T) ~see Sec.
III B ! leading to

r

e

FIG. 9. ~a! Frequency dependence of the ac conductivity
PANI~PPA!/CA with p50.9% at temperatures ranging from 24
300 K; ~b! Same data plotted in reduced units and fitted to
EPA-like scaling law.

FIG. 10. Correlation between the onset frequencyv0 and the
static conductivitys0 for PANI~PPA!/CA samples at variousT and
p. The dot-dashed line has slope 1.
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v0~T!5nphexpF2S T0

T D gG .
In that sensev0 is not system dependent for systems th
belong to the sameg-hopping model family. We have see
~Sec. III B! that an alternative description of our data cou
involve such a prefactor. We do not observe, however,
counterpart in thev02s(0) relationship.

Let us mention that for one thicker sample (e5200 mm!,
one might acceptqÞ0 in Eq. ~5!. But q remains small
.20.15 and we would not claim that this sample sign
cantly departs from the general rule.

It was shown in Sec. III A thatsdc was related to perco
lation phenomena. For the percolation theory,v0[vj splits
two diffusion regimes: anomalous forl ,j or v.vj and
normal otherwise. Herel is the typical distance spanned b
the charge carrier at frequencyv and j the correlation
length.vj ands(0) are therefore related by44

s~0!}~p2pc!
t,

vj}j2dw,

j}~p2pc!
2n

with @dw521(t2b/n)# the walk dimension andb the per-
colation cluster exponent, thus

vj}s~0!z with z511
2n2b

t
. ~6!

For the 3D values of universal exponentsn50.88 andb
50.4, one findsz>1.5 in Eq.~6! for t52.0 or 2.3,which is
inconsistent with the data of Fig. 10 (z.1).

An alternative description of ac conductivity that tries
go beyond the pair approximation, in order to cross ove
the dc limit, has been proposed by Dyre;45 starting from the
same experimental evidence that numerous data seem t
peal for a universal behavior, Dyre derives a scaling l
from a general random free-energy barrier model as follo

s̃5
i ṽ

ln~11 i ṽ !
, ~7!

which proves to be extremely close to the Bryks
equation,46

s̃ ln~ s̃ !5 i ṽ. ~8!

In Eq. ~7!, the scaling factor forṽ is Gmin , the smallest jump
frequency encountered in the system. It is the only param
except the ‘‘unavoidable’’s(0). As for pair approximation,
Eq. ~7! is equivalent tos(v)}ṽ0.8 for ṽ@1. Figure 11
shows that Eqs.~4! and~7! gives reasonably good and clos
fits at least whenu in Eq. ~4! is not too far from 0.8.

This is not always the case. In Ref. 47, PANI/PE blen
obtained by thermal processing, follow Eq.~4! with u50.6,
further from 0.8. We do not know if this has to do with th
mesoscopic structure of the blends. In the latter case, they
bulk materials and not films; moreover, due to the quite d
ferent process, the state of mixing between conducting
insulating parts obviously differs.
t
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E. Microwave conductivity

High-frequency complex permittivitye* has been mea
sured on PANI~CSA!/CA blends for various PANI weight
fractions p. For this series, the percolation threshold w
found to be aroundpc50.1% in dc-conductivity measure
ments. The values atn5v/2p55 GHz are presented on Fig
12.

At this frequency, the charge carrier follows short pat
inside ‘‘clusters’’ — what is the exact nature of a cluster
our systems is actually not obvious, see Sec. IV — so tha
singularity is expected in the vicinity ofpc on the e* (p)
curve. We do find a regular increase ofe8 ande9 with p that
can be compared with effective medium calculations.

The permittivity of pure PANI~CSA! cannot be reached in
our setup because of its too high value; the reflection coe
cient is almost21, quasi-indistinguishable from that of
‘‘perfect’’ conductor. But using the cavity perturbation tec

FIG. 11. Comparison of the extended pair approximation a
the random free-energy barrier model to the conductivity
PANI~PPA!/CA with p50.13%.

FIG. 12. Complex permittivity~real and imaginary parts! of
PANI~CSA!/CA blends at frequency 5 GHz, RT, and for variousp.
The solid and dashed lines are the real and imaginary parts, res
tively, of the permittivity of a mixing calculated by the Licht
enecker formula withk50.41 and component permittivitieseCA

53.22 j 0, ePANI526 1042 j sPANI /e0v andsPANI5800 S cm21.
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nique at the single frequency 6.5 GHz, Jooet al.48 have
shown that the same nominal sample@a PANI~CSA! film
cast fromm-cresol# exhibit a metallic behavior with a very
high negative real parte8526 104 at RT; here and hereafte
e stands for the relative permittivitye r . The ~real! part of
conductivity is also greatly enhanced compared to its
value:smw562700 S cm21

At these very low concentrations, all effective mediu
approximation~EMA! models derived from the Clausius
Mossotti formula~Maxwell-Garnett, Bruggeman, . . . ! have
the same~asymptotic! expression and cannot account for t
data. In contrast, using values close to those from Ref. 4
Lichtenecker formula, we get the continous lines of Fig. 1
It reads

emixing
k 5pe1

k1~12p!e2
k , ~9!

where e are the complex values,e15ePANI526 104

2 j sPANI /e0v with sPANI5800 S cm21 and e25eCA53.2
2 j 0, j 5A21, andk50.41.

Equation ~9! is obtained under the mathematical co
straint of homogeneity and ‘‘recursivity’’ in the sense that
should apply to a mixing of mixings.k is any real number
and Eq.~9! reduces to Wiener formulas fork561, to Loy-
enga or Landau-Lifshitz fork5 1

3 and includes the logarith
mic one if xk50 stands for lnx. Let us mention thatk561
corresponds to serial and parallel arrangements of ‘‘char
and ‘‘matrix,’’ whereask5 1

3 is obtained under the assum
tion of homogeneous mixing.k50.41 ~found by trial and
error! being not too far from1

3 allows for some confidence in
this description. But with such a high contrast betweene1
ande2 , a small change ink yield a rapid modification of the
absolute value ofemixing .

The applicability of EMA to conducting polymers ha
been recently revisited, for optical frequencies.49 The CP is
considered as a mixture of anisotropic crystalline part e
bedded in an isotropic amorphous part; Maxwell-Garn
~MG! formalism is applied to this mixture considering a te
sorial permittivity (e' ,e' ,e i) for the crystalline inclusions
and a scalar one (ehost) for the amorphous host. Becaus
‘‘host’’ and ‘‘inclusion’’ are of the same nature~CP! it is
natural to define host with the same internal parameters:ehost
is calculated from two-component EMA with high (e i) and
low (e') conductivity. It is claimed in Ref. 49 that thi
model is in a good agreement with PANI or polypyrro
data50,2 showing a metal-insulator transition. As in any effe
tive medium approximation, it is necessary to consider la
‘‘volume fractions’’ to get a nontrivial behavior. Here, tw
such fractions are considered. For the MG calculation, i
the degree of crystallinity~30–50 %!. For the EMA calcula-
tion of ehost, the authors introduce a measure of disorderf ,
termed ‘‘connectivity’’ of the conducting fibers. There
some critical connectivity~here f c5 1

3 for normal 3D EMA!
above whichemixing shows a metallic behavior. The introdu
tion of connectivity should be a satisfactory way to ima
our blends too in some sense; but it is not clear now how
use it for modeling our data as satisfactorily as the Lic
enecker formula does. The step from connectivityf to real
weight or volume fraction remains to be found.
c
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F. ESR

The origin of the ESR linewidth in the case of conducti
polymers has been recently revisited.51 It has been shown
that the major source of line broadening is the shortening
the lifetime of the polaron spin state during collisions wi
fixed spin impurities, even at low spin impurity concentr
tion. In the case of PANI, adsorbed~paramagnetic! molecu-
lar oxygen can play the role of fixed spin impurity. Spin fl
of polarons while colliding with O2 happens with high prob-
ability ~strong exchange regime!, so that the line broadening
is proportionnal to the polarons hopping frequencyvhop

dS DB

g D5psfvhopcimp , ~10!

whereDB is the linewidth,g the gyromagnetic ratio,psf the
spin-flip probability constant, andcimp the impurity concen-
tration. The hopping frequency is a measure of the pola
mobility, and then of the conductivity at microscopic sca
vhop}smicro. The major role of polarons in conduction
confirmed by the magnetoresistance results~Sec. III C!,
which give evidence for a spin-dependent process. In an
periment wherecimp is varied,vhop can be estimated from
Eq. ~10!, which states that, in contrast to conventional m
tional narrowing and the Elliott mechanism for conducti
electrons in metals, the line is broader for more mobile p
larons.

We have used this result qualitatively. The ESR linewid
has been measured while monitoring the pressure of2 .
Assuming thatcimp is proportional top(O2), the amount of
‘‘efficient’’ adsorbed oxygen molecules is proportional to th
amount of O2 introduced in the cell. We measuredDB(cimp)
as a function ofp(O2) for some typical PANI~CSA!/CA
samples. Experiments were carried out after stringent dry
of samples by long-time secondary pumping; under th
conditions the ESR line broadens instantaneously after2
pressure application and remains unchanged for hours.
data of linewidth versusp(O2) are given in Fig. 13 for
samples with PANI content from 7.4 to 1.4 %. It appea
from the slopes of the straight lines in Fig. 13, that the m
croscopic conductivity remains the same, within appro
mately 30%, while in the same time the dc conductivity va

FIG. 13. Evolution of the peak-peak ESR linewidth with th
oxygen pressure for different PANI contents in PANI~CSA!/CA
blends.
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ies from 2.4 to 1.831023 S cm21. This result is consisten
with the picture of a conducting segregated phase, with
most constant intrinsic conductivity.

The temperature dependence of the ESR linewidth
also been measured as a way to determine the temper
dependence of the microscopic conductivity. The samp
were placed into tubes, air evacuated and filled with heli
for thermal contact. The data are given in Fig. 14 for vario
samples. They qualitatively behave the same way, excep
the PANI~PPA! sample. Namely,DB(T) exhibits a non-
monotonic variation with a maximum value. With the broa
ening process as described by Eq.~10! a very small amount
of fixed spin impurity — typically a few tens of ppm — i
sufficient to account for the residual ESR linewidth, i.e., t
linewidth observed after pumping. It is likely that such fixe
spin impurities can be due to trapped residual molecular o
gen, that cannot be removed by pumping. The different li
widths for the different samples are attributed to differe
oxygen contaminations. TheDB(T) behavior in Fig. 14 is
the reverse of the one observed for PANI~HCl! and discussed
in a previous work.52 In Ref. 52 a minimum ofDB was
observed as a function of temperature. The increase ofDB
with increasingT above the minimum was explained
terms of Eq.~10! with a hopping process for the conducti
ity. The increase ofDB with decreasingT below the mini-
mum was explained in terms of polaron localization at lo
temperature. Indeed, the minimum ofDB originates from the
two competing mechanisms. In the present study, the be
ior is essentially the opposite: observance of a maximum
DB(T) instead of a minimum. Basically, we explain th
difference by the fact that we are dealing with PANI samp
doped by dopants that are known to yield highly conduct
films. Metallic behavior has been reported in som
PANI~CSA! films, namely a negative slope (dsdc/dT,0)
for T above the temperature of the maximum (T.Tm). Be-
low the maximum, (dsdc/dT.0) is the signature of a cross
over to the hopping regime. It is noteworthy that theDB data
for PANI~CSA! and PANI~DOP! blends in CA in Fig. 14
reproduce the macroscopic conductivity data (sdc) of those
films — high-quality 100% PANI films — which exhibit a
metallic behavior. We thus explain theseDB data as reflect-
ing the conductivity at a microscopic scale. The behavior

FIG. 14. Evolution of the peak-peak ESR linewidth with tem
perature for different PANI contents and different dopants
PANI/CA blends.
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the PANI~PPA!/CA blend is not understood. We infer tha
observance of a metallic behavior at a microscopic scale
quires less drastic conditions than for the macroscopic sc
The reported values forTm from sdc measurements are gen
erally beyond 150 K; hereTm is lower than 100 K. Consid-
ering that ESR probes all PANI in the sample, whereassdc is
limited by the most resistive regions, this discrepancy d
reinforce the heterogeneous image of conducting polyme

IV. GENERAL DISCUSSION AND CONCLUSION

The challenging question for a global comprehensive
scription of conducting blend films lies in the quantitativ
determination of lengthscales for which the dominant tra
port mechanisms are either macroscopic and relevant to
colation theory, or microscopic and relevant to semicondu
ing hopping and/or quasi-1D coherent metallic transport.

This question — not yet solved here — also arises
cause conduction mechanisms in ‘‘pure’’ CP are not fu
understood. A heterogeneous picture is favored today5 where
the heterogeneity lies in spatially varying characters l
doping and crystallinity and its influence is modulated by t
amount of disorder. When the strong disorder granular mo
applies,25 the characteristic size of heterogeneities is exp
mentally found to bed1s.200 Å, whered is the diameter
of the more conducting parts~grain, island, . . . ! ands is the
typical separation~barrier for hopping!. This is found in
transport data analysis24 as well as in structura
characterization.53 TEM micrographs of PANI/PMMA
blends6,18 show that conducting links in the PANI networ
may be found in the diameter range 100–500 Å, whereas
typical distance between nodes is 400–800 Å. These figu
are obtained forp>pc but not too far frompc . When p
@pc ~a few percent!, the system may be described by a 3
arrrangement of PANI ‘‘grains,’’ which behaves quite sim
larly to a pure disordered CP, whence theg5 1

2 found for
s(T). Approachingpc , the size of the grains is of the sam
order of that of the links~bundles of PANI chains! which
might yield a different behavior:g. 1

2 .
The consideration of actual lengths may be helpful in

understanding of unconventional values of the percolat
parameterst and pc ~see Sec. III A!. Both are discussed in
the two following paragraphs.

From the macroscopic point of view, the system a
proachingpc resembles one of the archetypes of continu
percolation: the Swiss-cheese medium, in which the insu
ing matrix plays the role of large holes. Departure from d
crete percolation universality arises when the current ha
flow principally through narrow ‘‘necks’’ with low conduc-
tance. It means that the conductivity distribution does
vanish for s→0. If for instanceg(s)}s2a,0,a,1, the
transport exponent of percolation is modified tot85t
1a/(12a) where t is the universal value for lattice
percolation.54 For the Swiss cheese,a5 1

3 thus t3d8 52.5; in
our case generallyt8.2.3, a value also found for other C
blends.55 Carbon-black/polymer blends also yield nonunive
sal exponents.56 The way such a distribution appears forp
→pc is depicted in Fig. 15. The bundles whose diame
does not exceed typical (d1s) values take an increasin
importance, so that difficult jumps, those of larges/d, cannot
be bypassed.
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Invoking continuum percolation also permits us to gi
some insight into the origin of the very small value ofpc .
For lattice site or bond percolation,pc depends on the lattice
itself. But the critical volume fractionfc is a dimensional
invariant.57 fc5pcf 5NcV with f the filling factor of the
lattice when each site is occupied by a sphere,Nc the critical
concentration of spheres andV the volume of each sphere

FIG. 15. Schematic view of the narrow ‘‘neck’’ concept of co
tinuum percolation applied to PC blends. The dashed lines sep
PANI from matrix. Gray domains represent ‘‘grains’’~see defini-
tion in the text!, whose characteristics don’t depend onp. If, ap-
proachingpc , the bundle diameter becomes comparable to typ
grain size or separationd and s, the current is no longer able t
choose optimal paths — optimals/d — a necessary condition fo
g5

1
2 .
.

,
t.

a

J

l.

,

d

,

o
k

-

This allows one to map continuous systems onto disc
lattice systems~as in the Swiss-cheese case!. Strong anisot-
ropy of the conducting object can also be introduced by
~average! excluded volumeVex, in which the center of an-
other object cannot be found. It is simply related to the cr
cal number of bonds per siteBc by Bc5NcVex,58 which is
only shape-characteristic — i.e., independent of size dis
bution and orientation. Balberg57 thus wrote the generalize
expressionfc512exp(2BcV/Vex). It leads to fc}V/Vex
5radius/length, the aspect ratio, for chains or bundles
chains.

In conclusion our study of several families of PANI/C
conducting blends shows that conduction processes con
many length scales. At the chain scale, ESR and microw
conductivity let intrinsic PANI metallic behavior appea
whereas static and low-frequency conductivities reveal
importance of long-range correlations and cluster effe
The spin-dependent nature of conduction also seems to
revealed by magnetoresistance experiments.

Work currently under progress is aimed at improving a
extending measurements of electrical properties in the ne
borhood of the conduction threshold. It has proved import
to ensure precise values for percolation exponents, for l
temperature conductivities and permittivities, in order to d
criminate between different formal descriptions. Deeper
sight into the mesostructure is needed in the meanti
electron and near-field microscopies will be used for t
purpose.
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