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ABSTRACT: To overcome the problems relevant to the
low processbility and scarce mechanical properties of polya-
niline, in a previous work we have proposed the synthesis of
elastomeric conducting copolymers prepared by grafting
polyaniline (EB) or sulfonated polyaniline (SPAN) chains to
the backbone of a carboxylated segmented polyurethane
(PEUA). In the present work the physical and chemical-
physical properties of the copolymers are investigated. As
evidenced by thermal (DSC) and dynamo-mechanical
(DMTA) characterization, the introduction of EB or SPAN in
the matrix enhances the hard-soft phase segregation effect,
because of the strong tendency of the conductive polymer
chains to aggregate. Moreover, the EB and SPAN chains,

grafted to the polyurethane backbone, acting as reinforcing
filler, give rise, compared with the mechanical properties of
the insulating matrix, to an increase of the Young modulus
and a decrease of the tensile set. When the copolymers are
HCI doped their electrical conductivity increases many or-
ders of magnitude, reaching values of about 107> Q' cm ™.
The conductivity, measured along the deformation direc-
tion, may be further increased by stretching the copolymer
films. © 2002 Wiley Periodicals, Inc. ] Appl Polym Sci 86:
1259-1264, 2002
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INTRODUCTION

Much interest has been focused in the last years in
solving the processability problems of the conducting
polymers. As far as polyaniline is concerned, a great
advance was made, from both the theoretical and
practical point of view, by Cao and coworkers." By
using functionalized sulfonic acid as a dopant, these
authors made the polymer soluble in many solvents,
allowing the production of self-standing films. After
this discovery a number of works were addressed to
study the structural, mechanical, and electrical prop-
erties of the films and their modification upon the
deformation and orientation process.>” In general, by
stretching or wet-spinning polyaniline,* an increase in
the sample conductivity along the orientation axis was
observed. For 120-180% extension the conductivity
enhances about two- or threefold, compared with the
unoriented material.?

To further improve the processability and mechan-
ical properties of polyaniline, mainly towards the elas-
tomeric behavior, two precesses were followed: (1) the
swelling of EB film in a solution of perfluoroacetic acid
in acetonitrile,” and (2) the production of composites
materials containing the conductive polymer as filler
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dispersed in an elastomeric insulating matrix, like
EPDM,° SBS,” nitrilic rubber,® or polyure’chane.9

Recently we reported'® a third method, consisting of
the synthesis of copolymers prepared by grafting
polyaniline (EB) or sulfonated polyaniline (SPAN)
chains to the backbone of a carboxylated segmented
polyurethane (PEUA) by means of an amidation reac-
tion. From the chemical characterization of the new
conducting materials'® (PEUAPAN and PEUASPAN),
the presence of an average number of one SPAN aro-
matic ring and three EB aromatic rings per PEUA
repetitive unit was found, which cannot be assumed
as amidation degree being at this moment unavailable
the molecular weight of the inserted EB and SPAN
chains.

In the present study the thermal, mechanical, dy-
namo-mechanical, and electrical properties of these
polymers are reported, and the effect of the sample
deformation on the electrical conductivity is ana-
lyzed.

EXPERIMENTAL
Polymer synthesis

The synthesis of the conducting polymers, Emeral-
dine (EB), and sulfonated Emeraldine (SPAN),
and their grafting on carboxylated polyurethane
(PEUA), based on methylene-bis-4,4’-phenyl isocya-
nate (MDI), poly(propylene oxide) (PPO), and 2,2'-
hydroxymethyl propionic acid (DHMPA) was re-
ported in a previous article."
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Figure 1 Thermogravimetric curves for EB and SPAN.

Thermal analysis

Differential scanning calorimetry (DSC) analysis were
carried out under N, using a Mettler TA-3000 DSC
apparatus. The scan rate used for the experiments was
20 K/min, and the sample weight about 8-9 mg.

The thermal stability of the polymers was followed
by thermogravimetric analysis (TGA) using a Mettler
TG50 thermogravimetric analyzer in a temperature
range 25-500°C.

TGA experiments were recorded under N, at an
heating rate of 10 K/min.

Dynamic mechanical analysis (DMA)

The temperature dependence of dynamic mechanical
properties was studied by means of a Rheometrics
Solid Analyzer RSA 1I, over the temperature range
—150-10°C. The test frequency was 1 Hz, and the
heating rate 5 K/min.

Mechanical testing

To evaluate the tensile properties of the polymers the
standard test method ASTM D 412-92 was followed.
Stress—strain curves were recorded by means of an
Instron 4502 apparatus using a crosshead speed of 500
mm/min and a 10-N cell. The polyurethane test sam-
ples were previously compression molded at 80°C
under a pressure of 1 MPa to obtain rectangular-
shaped films.

Electrical characterization

All the materials were doped by exposure to the gas
phase of 37% HCI aqueous solution for 24 h. The
samples were then dried under vacuum at room tem-
perature for 2 h. Electrical conductivity was measured
by means of the four-probe technique on pressed pel-
lets of EB or SPAN and polyurethane films prepared
as described in the mechanical test procedure. To fol-
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low the conductivity variation as a function of the
deformation of PEUAPAN and PEUASPAN, two elec-
trodes were placed at the either ends of the sample,
inside the Instron measuring cell grips. Great care was
done to avoid any electrical contact between the grips
and the electrodes. The sample was extended with a
rate of 50 mm/min. The conduction values recorded
during the test were normalized by the actual dimen-
sions of the polymer films, assuming the volume
change to be negligible, to take into account the sam-
ple section reduction during the deformation.

RESULTS AND DISCUSSION

In Figure 1 the thermogravimetric results for EB and
SPAN heated under N, are reported.

For the EB and SPAN samples the weight loss
(about 5% for EB and 13% for SPAN) in the lower
temperature range (25-200°C) was attributed to water
or solvents trapped within the polymer."!

At higher temperature the SPAN weight loss in the
range from 200 to 320°C is due to the elimination of
the sulfonic acid groups.'? The observed 20% decrease
of the sample weight corresponds to the 25% sulfon-
ation degree, that is one sulfonic group per four ani-
line rings. The second weight loss at about 400°C can
be assigned to the decomposition of the polymers.

From the thermogravimetric curves of Figure 2 we
can observe the different weight loss behavior of our
polyurethane samples.

Pure PEUA shows two distinct weight losses at 280
and 350°C, attributed to decarboxylation and decom-
position of the polymer, respectively. Because of the
high amidation degree the first process in not observ-
able in the PEUAPAN." In the PEUASPAN sample
the two processes due to the decarboxylation and to
the desulfonation merge in a large weight loss be-
tween 200 to 330°C. The temperature of the maximum
decomposition rate is located for both the amidated
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Figure 2 Thermogravimetric curves for PEUA and for the
grafted copolymers PEUAPAN and PEUASPAN.



NEW CONDUCTIVE THERMOPLASTIC ELASTOMERS. II

2
s PEUA
3
o
b PEUAPAN
@
=
gl PEUASPAN |
-50 0 50 100 150 200
T(C)

Figure 3 DSC thermograms for PEUA, PEUAPAN, and
PEUASPAN.

polymers at 380°C, at a slightly lower temperature
than that of PEUA. The higher residual weight at
450°C for PEUAPAN and PEUASPAN samples com-
pared to PEUA is due to the presence of Emeraldine
chains, being the aromatic rings more stable than the
other components of the polymeric material.

DSC curves for polyurethanes are shown in Figure 3
and the thermal analysis data are summarized in Ta-
ble I. T, was taken at the midpoint of the transition.

In the explored temperature range all the analyzed
polymers undergo the soft segment glass transition,
whose position, as displayed in the thermograms,
does not show a marked variation. The largest modi-
fication in the thermal behavior of the samples resides
in the heat capacity change (AC,) at the T,. The intro-
duction of EB enhances the hard-soft phase segrega-
tion effects within the polymeric material because of
the strong tendency of the conductive polymer chains
to aggregate. This is demonstrated by both the de-
crease of the T, value and AC,,. In the case of PEUA, in
fact, there is a partial st1ffen1ng of the soft segments
due to the possible weak H-bond interaction involving
the ether oxygen, which explains the higher AC, value.
As far as PEUASPAN is concerned, it must empha-
sized that the lower conductive polymer content of the
material reduces the segregation, thus explaining the
intermediate values of T, and AC,,.

As the temperature rises, the broad endothermic
peaks are associated with the disorganization process
of long-range order in the hard segment domains."*

The temperature dependence of the dynamic me-
chanical properties of the polymers are shown in Fig-
ures 4(A) and (B) and 5, where the in-phase (G’) and
quadrature (G") components of the complex tensile

TABLE I
Thermal Analysis Data of PEUA, PEUAPAN
and PEUASPAN

Sample T,(°C) AC,(Jg K™
PEUA -7 0.45
PEUAPAN —13 0.16
PEUASPAN -8 0.24
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Figure 4 Storage (G’) and loss (G") modulus temperature
dependence of PEUA, PEUAPAN, and PEUASPAN.

modulus and their ratio (G"/G’ = tan 8) are reported.
The transition temperature determined from the max-
imum of the loss modulus G” are listed in Table II.

In the temperature range explored, two peaks are
observed—the « peak, taken as the glass transition of
the polymers, and the B peak, attributed to either the
relaxation of the aromatic rings'* or to the relaxation
of water molecules linked to the polymer chains by
means of the hydrogen bonds.'>'®

The « transition data are consistent with those ob-
tained by the DSC technique. The introduction of EB
and SPAN in the PEUA chain induces a decrease in
the T, value and, as the major consequence, a large
decrease of the viscous component involved in the
transition, being the height of the tan & related to the
mobile amorphous material (Fig. 5). A polymer stiff-
ness increase as a function of the amount of conduc-
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Figure 5 Loss factor (tan 8) temperature dependence of
PEUA, PEUAPAN, and PEUASPAN.



1262

TABLE II
Dynamo-mechanical Thermal Analysis Data
of PEUA, PEUAPAN, and PEUASPAN
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TABLE III
Tensile Properties of PEUA, PEUAPAN and PEUASPAN

Young's Tensile  Elongation = Tensile
tand Modulus  strength at break set
Samples T, (°C) Tp(°C) magnitude (MPa) (MPa) (%) (%)
PEUA -6 -89 1.07 PEUA 11 4.6 2650 6
PEUAPAN —-10 -90 0.25 PEUAPAN 9.8 2.5 60 3
PEUASPAN -8 -89 1.03 PEUASPAN 35 0.9 300 3

tive polymer linked to the polyurethane backbone is
revealed by the increase of the moduli value in the
glassy plateau region from —130 to —20°C and by the
absence in PEUAPAN of the G'” abrupt drop during
the glass transition.

The stress—strain curves of the three polymers are
displayed in Figure 6, and the Young modulus, tensile
strength, elongation at break, and the tensile set are
reported in Table III. In the inset of Figure 6 the
mechanical behavior of PEUA is reported up to the
break point.

The results for the PEUA sample are comparable
with the data obtained for other polyurethanes of this
kind.'” Because of a poor phase separation, due to the
interaction between the carboxylic and ether groups
that weakens the cohesion in the hard segment, the
PEUA sample shows a low initial modulus, a high
elongation at break, and a yield point at about 200%
elongation. Moreover, after a 10% deformation, a ten-
sile set of 6% indicates the presence of a partial viscous
flow of the polymer chains. The EB chains, grafted to
the polyurethane backbone, act as reinforcing filler,
making the materials harder and less deformable. De-
spite this, the tensile set decreases, and the polymer
films tend to be flexible and self-supported. In the
PEUASPAN sample, the minor quantity of inserted
conducting polymer produces an increase in the
Young modulus but does not prevent the chain vis-
cous flow at high deformation (>100%). The tensile
strength, in fact, remains low.
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Figure 6 Stress—strain curves for PEUA, PEUAPAN, and
PEUASPAN. The figure inset shows the PEUA mechanical
behavior to the break point.

In Table IV, the electrical conductivity (o), mea-
sured using the four-probe technique, of the pressed
samples of conducting polymer and of the synthesized
polyurethane films, are reported.

The conductivity of HCl-doped EB and SPAN syn-
thesized by us are in agreement with the value re-
ported in literature.'®"?

PEUA, as well as undoped grafted copolymers,
show a very low conductivity, typical of a good insu-
lator. When PEUAPAN and PEUASPAN are doped,
their electrical conductivity increases by many orders
of magnitude, reaching values that may be suitable for
many practical applications, like protection shields
against electromagnetic field.

Because of the original method we have employed
to prepare the conducting elastomeric polymers, it is
difficult to compare our results with those presented
in other works, where the blending process is used to
increase the conductivity of insulating materials.
Moreover, the electrical properties of these composites
strongly depend on the polymer used as matrix, on the
polyaniline synthesis, on doping agents, on the sam-
ple preparation method and, of course, on the concen-
tration of the conductive filler. From the analysis re-
ported in our previous article,'’ it was possible to
estimate that the grafted conducting polymer concen-
tration was about 13 and 5 wt % for PEUAPAN and
PEUASPAN, respectively. Elastomeric conductors
based on polyaniline blend, with comparable conduct-
ing filler content and neat EB conductivity, show a o
value lower®?° or similar” to that we have measured in
our samples.

During extension deformation the conducting poly-
mer films we have synthetized increase their conduc-
tivity measured along the stretch direction. Figure 7

TABLE IV
Electrical Conductivity of Undoped
and HCI Doped Polymers

Undoped conductivity =~ Doped conductivity

Samples Qtem™h Qtem™h
EB (7.6 £ 0.6) X 107° (3.0+0.5)x 107!
SPAN (8.1 +0.6) X 107° (20=0.5) x 107"
PEUA <10 <10
PEUAPAN <107 (6.1 +0.6) x 1073
PEUASPAN <1074 (1.5 +0.6) X 1072
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Figure 7 Relative conductivity (0/0,) change of PEUA-
PAN and PEUASPAN as a function of the sample deforma-
tion.

shows the conductivity ratio value o/ 0, as a function
of the strain, where o is the conductivity of the un-
deformed PEUAPAN and PEUASPAN films, and o is
the conductivity in the stretching direction.

Such a behavior was also observed for composites
prepared mixing polyaniline with plastic*! or elasto-
meric” polymers. Dodecylbenzensulfonic acid doped
polyaniline (PANI-DBSA) blended with ultrahigh mo-
lecular weight polyethylene shows a conductivity in-
crease of two orders of magnitude when drawn at
105°C to a draw ratio of 40.*' The phenomenon was
associated with the high degree of orientation of the
polyaniline chains along the stretch direction, as evi-
denced by near-infrared dichroism and wide-angle
X-ray diffraction experiments.

The variation in the contact probability among the
conductive PANI-DBSA aggregates, dispersed in a
styrene—butadiene—styrene copolymer (SBS) matrix
(polyaniline content of 11%), was, on the other hand,
invoked to explain the conductivity increase during
sample extension.” Xie and Ma found a o/ o, = 15.6
for an elongation of 450% of the blend and, for pur-
poses of comparison with our samples, a o/0, of
about 2 for a strain of 50%. An orientation effect on the
conductivity of such a material was hypothesized only
for the m-cresol treated blend, in which the polyaniline
chains are in a more expanded conformation.

Despite the lower concentration of the conducting
component, the PEUASPAN conductivity variation
due to the sample stretching is higher than that found
for PEUAPAN (Fig. 7). Such a behavior may be ex-
plained in the light of a possible higher and more
homogenous SPAN dispersion in the insulating ma-
trix. This could both facilitate the orientation of the
SPAN chains and increase the contact probability
among conducting aggregates upon extension. More-
over, a substantial contribution to this process may be
brought by the previuously described lower phase
segregation of PEUASPAN, which causes a partial
chain viscous flow during polymer deformation.

Because of the complexity of the system we are
dealing with, a more detailed morphologic and struc-
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tural analysis, which is corrently in progress, should
be necessary to suggest a model explaining our phe-
nomenological observations.

CONCLUSIONS

The physical and chemical-physical properties of elas-
tomeric thermoplastic conducting polymers (PEUA-
PAN, PEUASPAN), obtained by grafting polyaniline
(EB) and sulfonated polyaniline (SPAN) on a carbox-
ylated segmented polyurethanes (PEUA), are investi-
gated.

The introduction of the conducting polymer in the
matrix gives rise, as evidenced by thermal (DSC) and
dynamo-mechanical (DMTA) characterization, to an
increase of the hard-soft phase segregation of the
material, because of the tendency of the conductive
polymer chains to aggregate. In fact, in the DSC ex-
periments carried out on the conducting copolymers,
the heat capacity change at the T, results to be smaller
than that recorded for the PEUA, and the glass tran-
sition shifts at lower temperature.

The dynamo-mechanical thermal analysis (DMTA)
confirms such a behavior, as evidenced by the reduc-
tion of the height of the loss factor peak involved in
the conducting copolymers glass transition.

Moreover, the EB and SPAN chains, grafted to the
polyurethane backbone, acting as reinforcing filler,
partially prevent the viscous flow phenomena during
the deformation of the conducting materials in stress—
strain experiments and give rise, compared with the
mechanical properties of the pristine matrix, to an
increase of the Young modulus and a decrease of the
tensile set. Copolymer films result to be flexible and
self-supported.

When PEUAPAN and PEUASPAN are HCI doped
their electrical conductivity o increases many orders of
magnitude, reaching values of about 107> Q™' em™,
which may be suitable for many practical applications.
By stretching the polymer films the conductivity, mea-
sured along the deformation direction, may be further
increased. At a strain of 30% the o value is 1.5-fold, for
PEUAPAN, and threefold, for PEUASPAN, greater
than that of the undeformed material.

We wish to acknowledge MURST (Ricerche di Ateneo) for
financial support.
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