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ABSTRACT: We report on the first dynamic mechanical studies of blends of conducting polymer poly-
(aniline) (PANI) in an insulating matrix that exhibit ultralow electrical percolation threshold. Whereas
the matrix undergoes an irreversible flow slightly above its glass—rubber transition temperature, blends
with PANI mass fraction as low as 1% show a well-defined rubber plateau with a stability range of ca.
100 K. These results corroborate the image of a ramified network of conducting phase, inferred from
electrical results. In situ resistance measurements during tensile testing also probe the conductive network.
The increase of conductivity in the elastic regime could be interpreted as a consequence of a better

alignment of PANI bundles.

1. Introduction

The interest in blends of the conducting polymer
PANI with traditional insulating matrices is mainly due
to the extremely low electrical percolation threshold that
can be reached via cosolution processing. It is known
since 1993! that a macroscopic conductivity is still
observable for weight fractions of camphor sulfonic acid
(CSA) doped PANI in PMMA less than 1%. It is argued
that, due to such a low threshold (down to 0.07%?2), the
main properties of the matrix are retained, e.g., optical
transparency and mechanical behavior. However, no
mechanical testing has been performed on those samples
to give a quantitative assessment.

Such experiments not only are useful for mechanical
characterizations but also give a closer insight into the
microstructure of the blend. Electrical percolation is
assumed to occur on a ramified network of PANI
bundles, but it is known that the hopping mechanism
(and thus charge carrier tunneling) plays a major role
in the transport properties of these systems. The very
small scale dispersion of PANI has been checked by real
space imaging techniques (transmission electron mi-
croscopy,’® atomic force microscopy?). But nothing is
known about the nature of the connectivity and the
strength of contacts between bundles. In that sense,
DMA and tensile testing are good means of probing the
nature of the network, as has been done with other
types of polymer fillers, either insulating like cellulose
whiskers in PVC,* cellulose whiskers in starch,®> and
starch in thermoplastics® or conducting like carbon black
in elastomer.”

In this paper, we present the first thermomechanical
studies of PANI(CSA)/PMMA, showing that a mechan-
ical percolation indeed occurs in the conductive phase.
Section 2 explains the sample preparation and recalls
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the experimental methods. Section 3 gives the results
of DMA experiments for three series of samples with
various plasticizer contents. Section 4 presents the
analysis through Takayanagi's model modified by per-
colation. Preliminary tensile tests coupled with resis-
tance measurements on a similar system are discussed
in section 5. Conclusions are given in section 6.

2. Experimental Section

Samples were fabricated in the following way, thoroughly
described in ref 8. Poly(aniline) in the oxidation state of
emeraldine base (PANI EB) and the protoning agent CSA were
transferred to m-cresol (MC). The suspension was stirred for
1 week and centrifugated. Only the nonsedimented fraction
was used. The concentration of PANI in solution was deter-
mined by measuring the difference between the initial EB
mass taken for protonation and the mass of sedimented PANI
after its deprotonation. PANI EB used had an inherent
viscosity of 1.49 dL/g at 25 °C (0.1 wt % of EB in H,SOy).

Solutions of PMMA in m-cresol were prepared with three
different mass ratios x of plasticizer dibutyl phthalate
(DBPh): x = DBPh/PMMA = 0, 0.25, or 0.35. Number
molecular average weight of PMMA is M, = 45 800, and
polydispersity My/M,, = 1.9.

PANI/PMMA blends were prepared by mixing nonplasti-
cized and plasticized solutions of PMMA with appropriate
amounts of solutions of CSA-protonated PANI to obtain three
series with PANI contents p between ca. 0.05 and 5 wt %. p
denotes the ratio percent of PANI EB mass to (PANI EB +
CSA + PMMA + DBPh) mass. Ultimately, free-standing films
were cast by evaporation of m-cresol at 40 °C from all these
homogeneous solutions. A typical thickness of the samples was
between 25 and 100 xm.

The same process was used for PANI doped by di(2-
ethylhexyl) ester of phthalosulfonic acid (DEHEPSA) in dichlo-
roacetic acid (DCAA) as solvent.® Blends of PANI(DEHEPSA)
with plasticized PMMA (x = 0.35) were also prepared in the
same manner from DCAA cosolutions.

Thermomechanical investigations were done using a Rheo-
metrics RSA |l spectrometer in the tensile mode. Dynamic
mechanical tests were carried out in a temperature (T) range
of 250—550 K, around the glass—rubber temperature transi-
tion of the matrix (Ty ~ 330 K). The tests were performed in
the linear viscoelasticity region (maximum strain e < 5 x 1074,
using isochronal mode at 1 Hz with 3 K temperature incre-
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Figure 1. Thermal dependence of the storage modulus
(logarithmic scale) for PANI(CSA)/PMMA(x = 0) blends with
PANI content between 0 and 100%.

ments. The samples were cut as thin rectangular strips with
typical dimensions of 20 x 6 x 0.1 mm3. The setup measures
the complex tensile modulus E*, i.e., the storage component
E' and the loss component E". In the present work, results
are displayed through E' and the loss angle tangent: tan ¢ =
E"IE'.

An Instron tensiometer with a 10 N load cell was used to
perform in situ resistance measurement during uniaxial
stretching on rectangular samples with typical dimensions 12
x 5 x 0.1 mm3. Gold pads were evaporated at both ends of
the samples, contacted to thin gold wires via metallic tape,
and electrically isolated from and clamped by the jaws of the
tensile machine. The resistivity measured by this two-probe
method was identical to the classical four-probe resistivity. All
measurements were performed at room temperature (RT),
below Tg. The strain rate was ¢ = 0.7 x 1073 s7* (0.5 mm/min).
Because of the geometric deformation, the resistance value is
given instead of the resistivity.

3. Dynamic Mechanical Analysis

Figure 1 displays the logarithm of the storage tensile
modulus E’ vs T measured on the nonplasticized samples.
The curve obtained from pure PMMA film (filled circles)
cast from MC solution is characteristic of thermoplastics
with, however, a hardly visible rubbery state, due to the
low PMMA molecular weight. Above 300 K, E' rapidly
decreases with temperature, indicating the transition
of PMMA from the glassy state toward the rubbery state
(transition temperature Ty ~ 330 K). In the terminal
zone, the relaxed elastic modulus slumps due to ir-
reversible flow, and the setup fails to measure it.

The open circle symbols correspond to PANI film cast
from MC solution. Thermomechanical features of this
film (and especially Tg) are not fully ascertained yet.
However, our data clearly show that elastic modulus
remains high (~1 GPa) over the whole investigated
temperature range. That is not surprising since such
films are known to be semicrystalline.1° The crystallinity
degree is approximately 25%, and the size of the
crystallites, acting as reticulation centers, reaches 5—10
nm.1® The curves obtained for the blends could be
divided into two groups. First, the addition of PANI
essentially does not induce any significant change in the
shape of the curves. This behavior holds for concentra-
tions up to 0.5 wt % PANI. For more concentrated
blends, we notice a dramatic change in the shape of the
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Figure 2. Thermal dependence of the loss angle tangent for
PANI(CSA)/PMMA(x = 0) blends with PANI content between
0 and 4%.

curves: the relaxed elastic modulus keeps a constant
value over a large temperature range (from 400 to 500
K) until the sample breaks, because of irreversible
chemical degradation. This transition occurs for PANI
content between 0.5 and 1%. Moreover, the value of the
relaxed modulus is p-dependent and increases by 1
order of magnitude (from log E' = 5.6. to log E' = 6.6)
as p increases from 1 to 4 wt %. Furthermore, we notice
an increase of the modulus above 500 K for p = 4%. Pure
PANI exhibits a similar increase in E' at identical
temperature,!! which is attributed to the reticulation
of the chains. We suppose that the same mechanism
occurs here.

Figure 2 shows the loss angle tangent tan 6 vs T for
blends with PANI contents in the range 0—4 wt %. For
the experimental conditions we used, the maximum in
tan ¢ is generally associated with Tg. The curve corre-
sponding to pure PMMA presents a main loss angle
peak at 330 K. The jump of T4 values for the major part
of blend samples is at least partly due to the tempera-
ture controller and is not recovered for other x values
(Figure 3). We however notice, as expected for PMMA
relaxing entities, that the integrated area under the
curve decreases with addition of PANI. That is espe-
cially clear when comparing p = 1, 2, and 4%.

Adding plasticizer leaves preceding results qualita-
tively unchanged. Slight quantitative discrepancies have
to be mentioned. First, as expected for a plasticizing
effect, a small but global decrease of Ty is observed.
Whereas Tj lies in the range 330—350 K for x = 0 and
0 < p = 4%, Ty lies in the range 320—335 and 320—330
K for respectively x =0.25,0 < p < 4% and x = 0.35,0
< p = 1%. Plots of E' vs T for x = 0.25 and x = 0.35
series show a transition between two very distinct
mechanical behaviors for T > Ty, similarly to the x =0
case. Transition takes place for 0.5 < p < 1% with x =
0.25 (not shown) and for a lower value 0.3 < p < 0.5%
with x = 0.35 (Figure 3). We are thus tempted to define
experimentally a PANI content threshold pq, which
characterizes the transition. Below py, an irreversible
flow rapidly occurs for T > Ty, and above pny, a relaxed
modulus can be measured and remains constant over a
large temperature range.
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Figure 3. Thermal dependence of the storage modulus

(logarithmic scale) for PANI(CSA)/PMMA(x = 0.35) blends
with PANI content between 0 and 1%.

4. Mechanical Coupling Model

To make a quantitative modeling of the observed
behavior, we have to explicitly introduce the percolation
concept. As a matter of fact, due to the very small
fraction of PANI, any mixing law based on effective
medium is reduced to its linear development at p — 0
and cannot account for our results.

As already proposed by Ouali et al.,2 we start from
Takayanagi’s model*® which combines series and para-
llel components. The system consists of a rigid (R) and
a soft (S) phase of respective mass fraction* p and 1 —
p. We suppose that the rigid phase percolates, and we
denote by vy the mass fraction occupied by the rigid
phase belonging to the infinite cluster. Indeed y rep-
resents the part that really reinforces the material. The
complementary fraction (1 — ) is thus composed of the
soft phase in a proportion 1 and of the remaining rigid
phase in finite clusters in proportion (1 — 4). Therefore,
the mechanical behavior of such a system would be
described as schematically shown in Figure 4. The
Young modulus of the system depicted in Figure 4 is
written as

E* = E*y + [WE*s + (1 — A)E*] "
Parameters 4, ¥, and p are related by

p=y+0-4H1-v)

Takayanagi's formula thus reads

B W2 ypE O PE
E*r (P —Y)E*s + (1 — p)E*R

The additional percolation hypothesis implies

p=0 forp=<p,
and

¥ =y (p— Py’ forp>py, (2)
pm is the critical mass fraction of rigid phase at the

percolation threshold, and b is the corresponding critical
exponent.
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Figure 4. Schematic representation of the series-parallel
model of Takayanagi. In Ouali’'s extension, ¥ depends on
concentration p according to the percolation scaling law.

Application of this model to our data needs the
knowledge of pure components E*g(T) and E*s(T). The
ill-shaped PANI data (Figure 1) obviously influence the
values computed by eq 1. The limited sensitivity of DMA
force sensor impedes the determination of E*s(T) for T
> 400 K. If we set E*s = 0, we see that E* = yE*g.
This can be used to estimate parameters py, and b in
eq 2 from E*(p) at e.g. T = 450 K. We find pm = 0.6%
and b = 0.93. Accuracy is strongly limited by the small
number of samples with p > pmn. Nevertheless, use of
this set of parameters yields the fitted curves displayed
in Figure 5 as E' and tan 9. It is well suited to reproduce
the main features of E*(p,T) above pm, namely the
existence of the rubber plateau, the increase of E', and
the decrease of maximum of tan 6 with increasing p.

Let us note that the temperature shift between data
and model only reflects the shift seen in Figure 1
between PMMA and high p blends curves (section 3).
For this reason, we do not discuss possible variations
of Tq with p in this study. We shall anyway recall that
the model used does not take into account any interac-
tion between matrix and filler and therefore is not able
to explain the Ty shift, if any. It is seen, in the model
curves of Figure 5, that, as p decreases, max(tan 9)
occurs at increasing T and peak broadens toward high
T. This is correlated to the increase of the storage
modulus drop during the glass—rubber transition. Ex-
perimental data seem not to follow this trend. If this
effect is confirmed in future experiments, this could be
assigned to interaction effects.

We shall also mention that the whole data set
analyzed here corresponds to experiments in room
atmosphere. PANI is known to be sensitive to O,, which
is the most efficient agent of aging.'® Blending PANI
with PMMA at small fractions partly acts as an encap-
sulation and protects PANI from degradation. This
effect is a possible source of nonidentical behavior
between pure PANI and blends; the higher T, the more
pronounced. A DMA scan of PANI in a nitrogen atmo-
sphere indeed starts to deviate from the one shown in
Figure 1 at T > 450 K: the storage modulus decreases.
Renewing all the experiments with the blends in a
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Figure 5. Modelization of the storage modulus E' and the
loss angle tangent tan ¢ according to eq 1 modified by
percolation (eq 2), for blends with concentration p above 1%.

nitrogen atmosphere would provide us with a better
estimation of this effect.

5. Tensile Testing

Experiments have been performed with PANI(DE-
HEPSA) cast from DCAA because PANI(CSA) cast from
m-cresol shows poor mechanical properties. DEHEPSA
dopant has been specially designed to improve plastic
behavior of PANI,® and preliminary results show that
elongation at break increases from a few percent (with
CSA) to 40% at least (with DEHEPSA).16 Electronic
transport properties of both systems are extremely close
to each other® and so are their blends with PMMA. In
particular, a very low electrical percolation threshold
is found,® and the peculiar temperature dependence of
percolation parameters observed in PANI(CSA)/PMMA?
is retrieved here.l”

Strain—stress curves for pure PANI (p = 100) and 1%
blend (p = 1) are shown in Figure 6 in nominal values,
Onom = FISo, €nom = AL/Loy, with F the force, Sp (=0.5
mm? typically) the initial section, AL the elongation, and
Lo (=12 mm typically) the initial length between clamps.
Curves are characteristic of ductile behavior with
uniform extension (p = 100) or cold-drawing with yield
point oy = 15 MPa, ¢, = 0.1 (p = 1). Room temperature,
which was ca. 300 £ 2 K, is not far from T4 = 320 K for
plasticized PMMA in the blend, and the tangent modu-
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Figure 6. Stress—strain curves of PANI(DEHEPSA) and
PANI(DEHEPSA)PMMA(x = 0.35) blend with p = 1%,
measured in tensile mode.
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Figure 7. Relative resistance of PANI(DEHEPSA) and PANI-
(DEHEPSA)/PMMA(x = 0.35) blend with p = 1% as a function
of strain during tensile testing. Continuous curves are theo-
retical behaviors assuming a material of constant resistivity
and Poisson ratio v equal to 0.5 or 0.3.

lus at 300 K is already lower (by a factor of 3—5) than
its glassy value.

The relative variation of resistance (Ro is the initial
resistance) for both samples is displayed in Figure 7.
Curves are very similar and present two parts. R/Ry is
almost constant (with a slight minimum) up to e = 0.07
(p = 100) or 0.09 (p = 1) and then increases with €. We
can compare the measurements to the expected values
corresponding to the geometrical deformation at con-
stant resistivity. Those values depend on the deforma-
tion mechanism which is not precisely known but whose
effect can be bounded by use of various Poisson ratio v.
Let

2 V de
Thus
In—=(1-2v)e
0
and
R _, L2V
In R, =1In L02 VA 2In(1+¢€) — (1 — 2v)e

Curves for v = 0.5 (the rubber limit) and v = 0.3
(mimicking vitreous behavior) are superimposed in
Figure 7. One can see, first, that the constant resistivity
assumption is far from being fulfilled at low strain and,
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Figure 8. Correlation between stress and resistance during
tensile testing for PANI(DEHEPSA)/PMMA(x = 0.35) blend
with p = 1%.

second, that the increase at high strain is rather well
accounted for by this hypothesis. The maximum in-
crease in conductivity is, depending on v, 10—15% for p
= 100 and 15—20% for p = 1.

Plotting R/Rp and ¢ simultaneously as in Figure 8
emphasizes the correlation between plastic and electri-
cal behaviors. In the elastic regime, the deformation of
the PANI network results in an increase of conductivity
(in the strain direction). This is a traditional method of
improving conductive properties of conducting polymers
by aligning fibers or bundles, thus reducing disorder,!8
and the same process is likely to occur here, even if the
temperature is not optimized for such a goal. In the
plastic regime, this effect is either suppressed or com-
pensated by irreversible alteration of the network. The
similarities between p = 100 and p = 1 and the absence
of depercolation (catastrophic increase of R) before break
occurs (even at lower p) are indicators of the strength
of PANI network inside the blends.

6. Discussion

Mechanical properties of doped conducting polymers
have long been a meaningless question because of
insolubility and infusibility. Since the discovery of the
solubility of PANI(CSA) in m-cresol, its thermomechani-
cal behavior is still controversial. It has generally been
argued?® that no glass—rubber transition occurs before
thermal degradation of CSA dopant (ca. 500 K) and
PANI itself. Conversely, Durham'’s group shows a DMA
scan where the a transition, located at 445 K, is
coherent with Ty = 425 K determined by differential
scanning calorimetry.?? Peaks at lower T are attributed
to water and residual solvent loss, modifying H-bonding
in the system. In the case of undoped PANI (EB form,
with the same solvent), properties are not better estab-
lished.® By DMA, Lesueur et al.'! suggest that Tq =
475 K. DMA scans of PANI(DEHEPSA) cast from DCAA
(or even other solvents) look more similar to traditional
thermoplastics (see Figures 5 and 6 in ref 9). Neverthe-
less, attribution of relaxation mechanisms is not doubt-
less. There is a strong similarity between Figures 5 and
6 in ref 9 and Figure 3 in ref 20, and it is likely that Ty
= 450 K.

The poor knowledge of thermomechanical properties
of the “filler” obviously complicates the analysis of blend
properties. The latter are influenced by the nature of
polymer—polymer interactions. Segregation as probed
by electrical percolation behavior at ultralow threshold
and morphological studies (TEM, AFM) is indicative of
a low level of interaction. But this should be probed
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more accurately by DSC, evidencing a continuous
change in T4 with p or not. In the case of PANI(CSA)/
nylon 6 blends, such experiments were carried out and
concluded, in accordance with small-angle neutron
scattering, that interactions are very limited.1®

To our knowledge, there are no other example of
“mechanical percolation” at such low threshold. We refer
to percolation with prudence because the first series of
experiments has to be improved and raises several
guestions, especially in comparison to conductive prop-
erties. First, we are facing the problem of the force
sensor sensitivity which, at a given T, abruptly sepa-
rates “rubbery” from “creeped” samples, according to E'
being greater or lower than ca. 0.5 MPa. This reinforces
the threshold effect. A reducing force mode, to adjust
the static force during sample relaxation, should be used
in the future. To this respect, conductivity measure-
ments benefit from a much wider dynamic range. The
present conclusion is that the mechanical threshold
(0.5—1%) is significantly higher than the electrical one
(0.04—0.07%). Assessing this effect will be of great
interest for its implication in the conduction mecha-
nisms. Because the percolation scaling law perfectly
describes the p dependence of conductivity without any
deviation in the 0.5—1% range (or even below), it would
mean that the hopping mechanism (or, say, how it is
reflected in a macroscopic measurement) is not influ-
enced by the presence or absence of mechanical con-
nectivity of the network.

One shall also take into account another difference
in experimental conditions. Whereas conductivity is
measured between 4 and 300 K, in which range the
electrical threshold p. does not vary, the percolation
behavior of the storage modulus is observed between
400 and 500 K. No meaningful information can be
extracted at RT or below because the mechanical
contrast between PANI, and PMMA is too small in the
glassy state. The thermal stability of the network thus
deserves attention and need to be questioned. A partial
response is given by Yang et al.,?! who have studied the
problem in exactly the same system, but only for
concentration above 1%. Their conclusions, derived from
TEM observations, are that the network structure starts
to degrade only at 500 K. Nevertheless, at 450 K, part
of CSA have migrated to form crystallites, and conse-
guently the conductivity is significantly lowered. It is
known that CSA molecules play a major role in the
partially crystalline structure of doped PANI, itself
intimately linked to conductive properties. Whether they
play such a role in viscoelastic properties is not known.
The flat appearance of E'(T) in the 400—500 K could
signify that it is not the case. Concomitantly, this would
also make us think that the mechanical threshold pm,
does not depend on T too much. Very careful experi-
ments are needed to prove this point.

Comparisons of electrical and mechanical behaviors
in conducting blends are seldom in the literature.
Among similar systems are carbon black (CB)/polymer
composites, thoroughly studied and used. A major
difference takes place between those composites and our
blends, due to the stronger contrast of materials nature.
As a matter of fact, temperature and deformation act
differently on CB composites and principally lead to
percolation/depercolation transitions. In a tensile test,
for instance, the resistivity shows a sharp increase as
soon as the strain starts,” which is attributed to the
breakage of the CB network. Among PANI blends
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experiments we are aware of, let us quote the work by
Ho et al.?? concerning PANI(DBSA)/PU where the
dopant DBSA is n-dodecylbenzenesulfonic acid and PU
is polyurethane with a chain extender. It is claimed that
in this system tensile strength exhibits a sharp increase
as PANI content is raised, as well as conductivity, but
at higher content (typically 20% instead of 10%). This
reminds our observation of a shift between mechanical
and electrical thresholds in PANI(CSA)/PMMA and also
in PANI(DEHEPSA)PMMA when considering yield
stress (not shown here).

As a conclusion, measurements of the thermome-
chanical behavior of PANI(CSA)/PMMA blends, which
exhibit ultralow electrical percolation threshold, have
shown that the onset of “mechanical percolation” does
occur at some low content of PANI, typically 1%. This
is evidenced by the presence of a well-defined rubber
plateau with E' in the MPa range for T in the 400—500
K range, whereas this plateau vanishes for pure matrix
or lower PANI contents. This effect, which was not
reported until now, needs more accurate experiments
to be well characterized: whether the electrical and
mechanical thresholds differ or not is especially inter-
esting for the detailed analysis of structure—properties
relationship in this disordered conducting systems. The
conductivity enhancement observed in the resistance—
tensile test coupled experiments corroborates the image
of a rather strong network and the influence of the local
arrangement of conductive bundles on the macroscopic
transport properties.
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