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Fully protonated polyaniline: Hopping transport on a mesoscopic scale
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In order to clarify the transport mechanism in fully protonated highly conductive polyaniline, the
origin and size of the electronic localization centers and barriers have to be determined. Dispersions
of polyaniline in an insulating polymer have been studied by temperature-dependent broadband
dielectric spectroscopy (5 Hz to 2 GHz, 100-320 K). The electronic transport in the blends and in
pure polyaniline is shown to be governed by three-dimensional (3D) hopping between mesoscopic
crystalline regions surrounded by amorphous polyaniline and not by intermolecular hopping or
molecular scale disorder. Two independent approaches yield an average size of 8 nm for the metallic
regions in polyaniline with 3D extended electron wave functions. The barrier width is estimated
to be 1.6 nm. The crystalline metallic regions with an amorphous shell correspond to the primary
particles which were found in morphological studies.

Protonated polyaniline (PAni-ES, the emeraldine salt
form) is an intrinsically conductive polymer. Its ther-
mal activated conductivity o = opexp(—+/To/T) is at-
tributed to electron hopping, but the origin and size of
the electronic localization centers and barriers have not
yet been identified. The question remains whether the
conductivity is governed by centers and barriers either on
molecular or on mesoscopic scales. Recently, Wang et al.®
have claimed the existence of metallic crystalline regions
having a mean diameter of 2 nm. However, the dc con-
ductivity is thought to be determined by one-dimensional
(1D) interchain hopping in the amorphous parts of the
material. Li, Cruz, and Phillips? assume the metallic re-
gions to correspond to single molecular strands between
which 3D variable range hopping occurs. The existence
of metallic states has been affirmed by the recent ob-
servation of a metallic behavior3* of the thermoelectric
power S « T, probably due to a reduced microscopic
disorder.* The smallest units observed by morphological
studies (scanning tunneling microscope,® membrane fil-
tration or photon correlation spectroscopy of liquid PAni
dispersions®7) are primary particles having a diameter
of about 10 nm. The conductivity of PAni-ES might be
dominated by charge exchange between these mesoscopic
units, the size of which corresponds to electronic local-
ization lengths observed at low temperatures.®

The aim of the present study has been to clarify the
transport mechanism, i.e., to find out whether the con-
ductivity of polyaniline is governed by localization cen-
ters and barriers on a molecular or on a mesoscopic scale.
As we shall show, the experimental data allows us to dis-
tinguish between the different models cited above. We
have identified the basis of the hopping transport with
two independent approaches. The first one allows us to
calculate the size of metallic crystalline regions from their
quasistatic electric polarization. The second approach
yields the size of the localization centers from their charg-
ing energy, i.e., from the activation energy of the dc
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conductivity and the low and high frequency values of
the dielectric function. We have performed broadband

‘dielectric measurements on dispersions of fully doped

polyaniline in PETG copolyester, an insulating poly-
mer based on polyethylene terephtalate (KODAR PETG
Copolyester, Eastman Chemical). Such blends provide
the mechanical properties needed for technical applica-
tions, e.g., for electromagnetical shielding, and allow as
well to achieve sufficiently high conductivities. The PAni-
ES used was the commercially available VERSICON
powder (Allied Signal Inc.; doping level y = 0.5, proto-
nated with an organic acid H*X ™). The volume fraction
of crystalline material is 30% as estimated from x-ray
measurements. The dc conductivity of compressed PAni
pellets® is ~ 2000 Q~'m™!. Cylindrically shaped sam-
ples with metallized front faces were placed in a shielded
parallel-plate condenser which was inserted into a trans-
mission line. With a broadband calibration method® the
complex dielectric function (DF) € = e; — i3 can be
calculated from the measured transmission coefficient of
the system even at frequencies above 1 MHz. The mea-
surements were performed with two network analyzers
(5 Hz-200 MHz: HP 3577B; 200 MHz-2 GHz: HP 8510B/
1000 frequency points).

Figure 1 shows the conductivity ¢ = eoeow vs fre-
quency of different blends at room temperature. Above
a critical volume filling factor f. = Vpani/Vsample X 100%
~ 8% the low-frequency values equal the respective dc
conductivities, i.e., there are conducting paths of PAni
across the samples, whereas below f. conductive regions
of PAni are well embedded in the insulating matrix. This
transition is seen more clearly in Fig. 2, where the con-
ductivity at 5 Hz and the static dielectric constant are
displayed as a function of filling factor. The results of
the two regions of different inner sample topology, below
and above f., will be discussed separately.

For f < f. arelaxation process is observed (Fig. 3), the
relaxation strength of which increases with the amount
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FIG. 1. Conductivity vs frequency of PAni/PETG blends
with different volume filling factors in double-log plot
(T =24°C). Above f ~ 8% the constant low-frequency values
equal the dc conductivity. For f > 37% the measured conduc-
tivities are determined by the contact resistance of the sam-
ples. According to Subramaniam et al. (Ref. 3) the bulk value
for pure PAni (compressed Versicon) is o ~ 2000 Q"' m™!.
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FIG. 2. (a) Extrapolated static dielectric constant and (b)
conductivity at 5 Hz vs filling factor of PAni/PETG blends
in semi-log plot (T' = 24 °C). Above f ~ 8% the measured o
values equal the dc conductivity. —: best fit o = a(f — f.)*
with a = 8230 Q™' m™?, f. = 0.084 and p = 4.28. Obviously,
since p > 2, there is no statistical distribution (Ref. 10) of
polyaniline above f..

tent. By comparing the data with those of polyethylene
terephtalate (W = 0.564 eV, 79 ~ 5 x 10~1® 5),11 which
is similar to PETG in its chemical structure, this pro-
cess was related to the ( relaxation of PETG, i.e., to
a dielectric relaxation of the polar carboxyl groups!?!3
(details will be published elsewherel4). The creation of
interfaces by adding polyaniline breaks up interactions
between PETG molecules and thus the number of relax-
ators participating in the 8 mechanism increases. W and
To are mainly influenced by intrachain bonds and remain
thus rather unchanged.

In addition, due to a mixture effect the real high-
frequency value of the DF, £, increases with increasing
filling factor (Figs. 3 and 4) and is rather independent of
temperature. The dispersion of highly conducting PAni

€

f (%)

FIG. 4. High-frequency value e vs filling factor of blends
with f < f. at 24 °C (extrapolated from Cole-Cole diagrams,
i.e., from plots of the imaginary part of the DF vs the real
part). The solid line is calculated from the Looyenga-formula
with epani = 400 (the uncertainty is about 20). In order
to show the accuracy of the evaluation the dashed lines are
calculated with epani = 350 and epan;i = 450, respectively.
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in an insulating matrix below f. yields an interfacial po-
larization process the relaxation frequency of which lies
above the frequency range under consideration (a rough
estimate can be made using the formula of Maxwell-
Wagner-Sillars,'® which yields v,, > 4 x 10!2 Hz), i.e.,
there is no dissipation of energy due to free charge carri-
ers. There are two ways for an effective medium analysis.
First, to use a formula which takes into account interfa-
cial polarization of free charge carriers and relates the
bulk permittivities and conductivities of the components
to those of the blend, like the Maxwell-Wagner-Sillars for-
mula (but it is known that this formula underestimates
the effective polarization in the case of a highly conduc-
tive component'®). Second, to use a general geometry-
independent mixture formula for dielectrics and to at-
tribute a real quasistatic permittivity to the dispersed
PAni, the value of which will take into account the ge-
ometrical polarization effect. Afterwards this geometry-
dependent value can be analyzed. We shall use the sec-
ond approach allowing us to apply the effective medium
formula of Looyengal”

el = fallf’fni +(1- f)slli’/]gTG

which has been verified recently by 3D complex com-
puter simulations'®!® whereas the other formulas have
been shown to fail more or less at higher permittivity ra-
tios of the components (even at low filling factors). The
formula applies also in the case of dissipative material.l®
In general the exponent depends on f but at low filling
factors the value 1/3 can be used.!®® Thus we get for
the dispersed PAni (see Fig. 4)

EpAni(wT <K 1) ~ 400.

Undoped insulating polyaniline!'?? exhibits a value of
about e, ~ 4 — 10, i.e., the quasistatic permittivity of
the dispersed PAni is enhanced due to interfacial polar-
ization. According to calculations of Cini and AscarelliZ®
this enhancement is related to the size of the conducting
regions. Therefore, the total response will be governed
by the larger metallic regions. For a metallic cube of side
length L (standing electron waves between infinite po-
tential walls) and for w — 0, 7/L < kp = (372n)'/3 (n:
charge carrier density) holds2°

£ =€+ Gnl/3L?

with G = (2/7)%m.e?(3n%)Y/3/(h%4meo) = 6.09 X
10° m~!. In fully protonated polyaniline every dimer
contributes one charge carrier. The volume of a dimer??
is about 11.8 x 4.5 x 1.6 A3, the volume of the coun-
terion X~ (Versicon: protonation with an organic acid
H+X~) about 9.8 x 4.5 x 2.9 A3, The average vol-
ume of a protonated dimer with counterion will thus be
V ~ 11.8 x 4.5 x 4.5 A3. The resulting carrier density is
7 < Npmax = 1/V ~ 4 x 102" m™3. Accordingly the size
of the metallic regions in PAni can be estimated to

_ [€PAni —&c 1
L= ——G———nl/s 263 nm.
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This value roughly equals the size of the so-called pri-
mary particles which were identified in morphological
studies on pure PAni (also VERSICON).5"7 A forma-
tion of agglomerates would not yield a larger value of L,
presupposed there are barriers between neighboring pri-
mary particles. With kp ~ 5 x 10° m~! the criterion
krp > m/L ~ 5 x 108 m™! is still fulfilled. Wang et al.!
estimated L > 2 nm from measurements on orientated
conductive PAni samples. They have used DF values
at microwave frequencies which might be smaller than
the quasistatic ones and, in addition, the polarization is
weakened due to the dc conductivity of the samples. In
order to find out whether these mesoscopic metallic re-
gions dominate the transport mechanism in the blends
and in pure PAni, measurements above f. were consid-
ered.

At filling factors above f. a process becomes visible
(Fig. 5) having a relaxation time 7 = 1/(27Vmax) Which
is related to the effective dc conductivity of the blends.
For f > 18.5% the relaxation frequency has been shifted
out of the measured range and only the high frequency-
independent conductivity can be observed. With de-
creasing temperature or filling factor both the dc con-
ductivity and the relaxation frequency become smaller.
For nearly seven orders of magnitude holds (see Fig. 6):

T =

Odc (f) T)

with ¢ >~ 2.1 x 1071% (s~ m™?!). The above relation is
known as conduction current relaxation.?3:24 It is charac-
teristic for a partial interfacial polarization, induced by
conducting paths which are not parallel to the electric
field. It has also been observed in blends of mesoscopic
metal particles in insulating matrices and is a general
geometric correlation between mesoscopic structure and
dielectric properties.1*

In order to interpret the transport data we consider
the temperature dependence of the dc conductivity and
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FIG. 5. Dielectric function of blends (f > fc, 24°C) in a
double-log plot (¢1: upper curves, left y axis; €2: lower curves,
right y axis) The dc contribution oac/eow has been subtracted
from the imaginary part to show more clearly the relaxation
process.
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FIG. 6. Relaxation time vs dc conductivity of the process
shown in Fig. 5 in double-log plot. 7(f,T) « 1/oac(f,T)
holds. Open circles: T' = 24 °C. Filled circles: T = —172°C.

the respective high and low frequency values £, and
€, of samples with f > f.. At temperatures between
200-300 K the conductivity shows an Arrhenius behav-
ior 0 = o1exp(—W/kgT) with an activation energy W of
the order of magnitude of the thermal energy kgT (see
Fig. 7). At lower temperatures the Arrhenius law fails
and the conductivity follows

o = ooexp(—4/To/T) (1)

a relation which has also been observed in other PAni
blends?® down to temperatures of 10 K. The respective pa-
rameters for different filling factors are listed in Table 1.
Li, Cruz, and Phillips? have shown that this temperature
dependence is characteristic for 3D variable range hop-
ping with a temperature-dependent density of tunneling
states N(ep) using as an argument the linear increase
of the charge carrier density with temperature. Equa-
tion (1) follows from Mott’s law

o = expl—(Ta/T) ™ (2)

with Ty = 16/[¢3N(er)kg] and N(ep) =
W-lV-1kgT/W. The authors? suppose that the vol-
ume V is given by the length [ of the metallic polyaniline
strands and the interchain separation b, i.e., V = b2l.
Since the nature of localization centers is a prior: not
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FIG. 7. Temperature dependence of the dc conductivity of
a blend with f = 18.5%. Circles: Arrhenius plot (lower x
axis). Triangles: In(gq4c) vs 1/v/T (upper z axis).
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TABLE 1. Parameters of blends above f. according
to Eq. (1) (100-300 K) and to ¢ = oiexp(—W/ksT)
(200-300 K). dr: see Eq. (4). For f > 14% the high-frequency
value of the DF, €, could not be determined.

f (o)) To o1 W €co dT
%1 @'m™] [K]| [2'm™] [meV] [om]

9.02] 8.9 %1073 4848| 1.1x107% 49.6
10.03| 3.6 x107® 1154| 1.1x10™® 20.8 6.5 10.65
11.15) 2.2x1072 931 88x10"% 21.2 10.0 6.8
12.40f 2.1x10"2 697 9.0x10"% 17.5 10.5 7.8
13.80] 5.1x10"2 674] 2.3x1072 182 11.5 6.9
18.49| 2.2 687| 1.0 18.0

27.99| 37 509 18 14.7

known, we will use V = d3, d being the average distance
between localization centers. So we obtain Eq. (1) with

To = 4W (d/€)*/*/ks. (3)
This should be valid for W > kgT. At higher temper-

atures the electrons will simply hop to the nearest lo-
calization center and an Arrhenius behavior is expected.
The ratio of hopping distance to localization length is

R\ _3 \/ﬁ

(s ) S8V T
and displayed in Fig. 8 for T = 100 K, where W >
kT = 8.6 meV holds (see Table I). We can also use
Mott’s law [Eq. (2)] to fit the temperature dependence of
the conductivity, which results in a larger ratio R/ (see
Fig. 8). Near f. large values of R/{ are measured corre-
sponding to wide barriers or large hopping distances. At
higher filling factors the hopping distance is nearly con-
stant. Subramaniam et al.3 have measured Ty, = 938 K
for pure PAni (compressed Versicon powder) which gives
R/¢ ~ 1.1 at 100 K in agreement with the saturation
value of the blends above f ~ 10% (see Fig. 8, open
circles). The further increase of conductivity with fill-
ing factor results from the addition of paths, but the
barrier widths remain constant. This and the high abso-
lute values of the conductivity suggest that the paths
of PAni are completed and that there is probably no
more insulating PETG incorporated. In addition, from

R/SG . T T
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FIG. 8. Ratio of hopping distance to localization length
vs filling factor at 100 K. Hollow circles: from Eq. (1),
R/¢ = (3/8)(To/T)%®. Filled circles: from Mott’s law
[Eq. (2)], R/€ = (3/8)(Tm/T)"*.
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a small density stagnation around f. and from pyrolysis
experiments of carbon black filled polymers and of PAni
blends it was concluded?® that above f. the adsorbed
matrix layers break up at the contacts between neigh-
bored regions of the dispersed component. Therefore,
the conductivity is determined by paths of pure PAni,
the transport mechanism of which can now be studied
(the influence of a possibly remaining thin layer of PETG
or additives will be discussed below). In addition, the
temperature-independent ratio of localization length to
mean distance between the centers can be calculated ac-
cording to Eq. (3). Using the values of Table I we get
& ~dfor f >10% and & < d for f < 10%.

The size of the localization centers can be determined
independent of a special hopping model or of an initial
assumption on the localization length.? For both pro-
posed transport miechanisms, hopping between metallic
mesoscopic regions (like in a granular metal)® or inter-
molecular hopping between single metallic strands,? the
activation energy W is given by the charging energy, i.e.,

2
dmegdr \ € €5

dr being the 3D averaged diameter of the respective
region to be charged. The static permittivity ¢, takes
into account the energy lowering by polarization of the
surrounding medium. Every localization center is sur-
rounded by an effective niedium, thus we can use in good
approximation the experimental values of the measured
permittivity of the blends. Since €, > e (Fig. 5) we
can neglect the second term. e, is extrapolated from
Cole-Cole diagrams (plot of the imaginary part of the
DF vs the real part) and is nearly independent of tem-
perature. The result for different filling factors above
f = 10% (continuous flocculate structures of PAni) is
given in Table I. For the 3D averaged diameter of the
metallic regions between which hopping occurs follows

dr ~ 8 nm.

The transport is therefore governed by 3D hopping be-
tween these mesoscopic metallic regions, the size of which
is in agreement with the value obtained from the anal-
ysis of blends below f.. Obviously, these regions corre-
spond to the so-called primary particles which became
visible in morphological studies of pure PAni.> 7 Since
the ratio of hopping distance to localization length R/£ of
blends above f ~ 10% is constant and equals that of pure
PAni (see above) we conclude that there is no significant
change of the widths of insulating barriers even if some
PETG molecules, additives or holes should remain in the
conducting paths of the blends. Therefore, the barriers
between the metallic crystalline regions in the conduct-
ing paths are mainly formed by amorphous PAni. The
mean barrier width is s = d —dr = dp(d/dr —1). About
30% of the PAni is crystalline, i.e., 0.3 ~ (7/6)(dr/d)3,
thus we get dr/d ~ 0.83 and

s~ 1.6 nm.

The size of a crystalline region with amorphous shell is
d = dr+s ~ 9.6 nm, still in agreement with the size of the
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so-called primary particles (about 10 nm), and it equals
the localization length (in the conducting paths holds d ~
¢, see above). Of course, even above f. there will be some
regions of PAni which are completly surrounded by the
insulating matrix, but because of the enhanced barrier
width their contribution to the effective conductivity can
be neglected.

The dispersion of PAni in PETG above f. results in
smaller effective conductivity values compared to pure
PAni and gives rise to a conduction current relaxation.
But the transport mechanism (i.e., the thermal activation
of the conductivity, barrier width, and hopping distance)
remains unchanged because the conducting paths consist
of pure PAni. Because of the lower conductivity (and be-
cause of the measurement technique) it is possible to de-
termine the complex DF in a very large range of frequen-
cies with its static and high-frequency values and thus
to identify experimentally [according to Eq. (4), with-
out any a priori assumptions on localization lengths] the
nature and the size of the localization centers and bar-
riers which dominate the charge transport (in pure fully
protonated PAni only the high conductivity can be mea-
sured in the frequency range under discussion). We have
confirmed the morphological picture which characterizes
PAni as a collection of metallic islands separated by in-
sulating barriers.! However, up to some GHz the conduc-
tivity is not determined by 1D interchain hopping in the
amorphous parts,’ by 3D hopping between single metal-
lic molecular strands,? or by molecular scale disorder?’
which might become important at higher frequencies. Of
course, a reduced microscopic disorder would decrease
the height of the amorphous barriers.

We have shown that in the frequencv range from dc
up to some GHz the conductivity of fully protonated
polyaniline is governed by localization centers and bar-
riers on a mesoscopic scale. The transport scenario is
illustrated in Fig. 9. Two independent approaches (the
enhancement of the quasistatic DF and the analysis of

a)

8nm 16nm

FIG. 9. Schematic view of (a) electronic wave functions
(€&: localization length), (b) potential, and (c) morphology of
crystalline metallic regions and amorphous barriers.
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the activation energy) yielded an 3D averaged diameter
of the metallic regions in polyaniline of 8 nm. Three-
dimensional hopping between these crystalline regions
governs the transport mechanism, amorphous polyaniline
serves as barrier. Therefore, PAni can be compared with
a granular metal. The metallic mesoscopic regions with
an amorphous shell (d ~ 10 nm) correspond to the pri-
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mary particles which were found in morphological studies
previously.
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