
Melt Processable Conducting Poly(aniline-co-o-anisidine)/
Linear Low-Density Polyethylene Composites with
Ethylene-Acrylic Acid Copolymer as Compatibilizer

Gengchao Wang, Zhongyuan Shen, Xingwei Li, Chunzhong Li

Key Laboratory for Ultrafine Materials of Ministry of Education, School of Materials Science and Engineering,
East China University of Science and Technology, Shanghai 200237, People’s Republic of China

Received 22 January 2005; accepted 30 March 2005
DOI 10.1002/app.21972
Published online in Wiley InterScience (www.interscience.wiley.com).

ABSTRACT: Conducting composites of aniline/o-anisi-
dine copolymer doped by dodecylbenzenesulfonic acid
(P(An-co-oAs)-DBSA), linear low-density polyethylene (LL-
DPE), and ethylene–acrylic acid copolymer (EAA) as com-
patibilizer were prepared by melt processing. The effects of
composition on electrical conductivity, resistivity-tempera-
ture characteristic, and mechanical properties were also in-
vestigated. The electrical conductivity of ternary composites
markedly increased due to compatibilizition and protona-
tion effect of the EAA. The SEM micrograph shows that the

compatibility between the P(An-co-oAs)-DBSA and the LL-
DPE matrix is enhanced after the introduction of EAA. The
positive temperature coefficient of resistivity characteristic is
observed. Tensile strength of P(An-co-oAs)-DBSA/LLDPE/
EAA composites is improved, compared with P(An-co-oAs)-
DBSA/LLDPE composites. © 2005 Wiley Periodicals, Inc. J Appl
Polym Sci 98: 1511–1516, 2005
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INTRODUCTION

Polyaniline (PAn) is a promising conducting polymer
for practical applications because of its straightfor-
ward polymerization, good environmental stability,
and high electrical conductivity.1 However, the main
disadvantage of conducting PAn, like others ICPs, is
its intractable nature, especially in the doped form.
Some methods have been introduced to improve sol-
ubility of PAn, such as ring substitution,2,3 N-alkyla-
tion,4,5 and protonation with functionalized protonic
acids6–11 With the amelioration of solubility of PAn,
the techniques based on dispersion of conducting PAn
in a matrix constituted by conventional insulating
polymers have received more attention.12,13 Several
conducting composites of PAn with host-insulating
polymers, which are prepared by melted process, have
been recently reported.14–18 Among all conducting
composites of PAn with host-insulating polymers, the
composite of PAn with linear low-density polyethyl-

ene (LLDPE) is very attractive because of its excellent
processability, transparence, and good mechanical
properties. In addition, melt processing with LLDPE
can be performed at a temperature that is not so high
as to cause degradation of PAn. However, the com-
patibility of LLDPE and conducting PAn is not very
good, and the separation of phases still exists. Studies
indicate that the miscibility of PAn and LLDPE can be
improved by the introduction of a compatibilizer. In
addition, the compatibility also is significant when the
PAn– dodecylbenzenesulfonic acid (DBSA) conduct-
ing complex contains an excess of DBSA.15,19,20

In this study, we have improved upon the poor
processibility of polyaniline by copolymerizing it with
o-anisidine, and melt processable conducting aniline/
o-anisidine copolymer doped with superfluous DBSA
was achieved by emulsion polymerization and hot
doped technique. The conducting composites of ani-
line/o-anisidine copolymer/LLDPE with ethylene–
acrylic acid copolymer (EAA) as compatibilizer were
prepared by melt processing. The electrical and me-
chanical properties, resistivity-temperature character-
istic, and morphology of the composites also were
investigated.

EXPERIMENTAL

Materials

Aniline (Ani) and o-anisidine (oAs) of analytical grade
were purchased from Shanghai Chemical Reagent and
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distilled under vacuum prior to use. Ammonium per-
sulfate, hydrochloric acid, chloroform, xylene, and
DBSA of analytical grade were used without further
purification. LLDPE (MFI � 2.0 g/10 min at 190 °C)
was supplied by Qilu Petrochem (China), EAA (9.7 wt
% acrylic acid; MFI � 1.5 g/10 min at 190 °C) was
obtained from Dow Chemical.

Synthesis of conducting P(An-co-oAs)–DBSA

An amount of 6.5 g (70.0 mmol) of aniline, 3.7 g (30.0
mmol) of o-anisidine, and 17.5g DBSA was injected in
200 mL mixed solution of chloroform and deionized
water (1/1, v/v) with stirring. A total of 25.1 g (110.0
mmol) of ammonium persulfate (dissolved in 100 mL
deionized water) was dropped into the emulsion dur-
ing stirring at 5 °C. The emulsion polymerization was
allowed to proceed for 24 h at 5 °C. The protonated
aniline/o-anisidine copolymer was obtained and then
converted to the emeraldine base (EB) form by treat-
ment with 10 wt % of aqueous ammonia solution for
24 h. 1H-NMR spectrum analysis of the P(An-co-oAs)
has shown a molar ratio aniline/o-anisidine of 0.57/
0.43.

Redoping of the aniline/o-anisidine copolymer EB
with DBSA was performed by mixing the EB with
DBSA in a molar ratio of 1 : 0.9 in xylene at 75 °C for
8 h. After being dried, conducting aniline/o-anisidine
copolymer (P(An-co-oAs)-DBSA) was obtained, of
which the electrical conductivity of P(An-co-oAs)-
DBSA is 13.7 S/cm.

Preparation of P(An-co-oAs)-DBSA/LLDPE/EAA
and P(An-co-os)-DBSA/LLDPE composites

LLDPE and EVA were blended with P(An-co-oAs)–
DBSA in various proportions on a two-roll mill at 140
°C for 10 min. Sheets of about 1.0-mm thickness of the
conducting composites can be obtained by compres-
sion molding at 120 °C for 1min. The sheets were
annealed at 105 °C for 24 h.

Measurements

The electrical conductivity of the samples was mea-
sured with a four-probe method. For resistivity-tem-
perature testing, the sheets were cut into specimens of
diameter 13 mm and coated with thin silver paint to
reduce specimen–electrode contact resistance. The re-
sistivity tester was constructed according to ISO3915–
1999, equipped with thermostatic devices. The mea-
surement of resistivity was conducted in the thickness
direction of the specimen at a heating rate of 3 °C/
min, using a digital multimeter. The UV–vis-NIR spec-
tra were recorded on a Varian Cary 500 NIR spectro-
photometer. For SEM analysis, samples were fractured
under liquid nitrogen, and the surfaces were coated

with a gold vapor. Micrographs were taken with a Jeol
JSM–6360 scanning electron microscope. X–ray dif-
fraction (XRD) patterns were obtained using a Rigaku
D/Max 2550 VB/PC X-ray diffractometer possessing
CuK� radiation. The diffraction data were recorded
for 2� angles between 3 and 60°. Differential scanning
calorimetry (DSC) thermograms were taken on a
Netzsch DSC 200PC thermal analyzer, operating un-
der nitrogen atmosphere at 10 °C/min, from 20 to 200
°C. Mechanical properties were performed on a WSM-
20kN at 25 °C with a crosshead speed of 250 mm/min.
These specimens were cut by the standard ASTM
D638 method.

RESULTS AND DISCUSSION

Conductivity

The dependence of the conductivity on the P(An-co-
oAs)-DBSA content for the P(An-co-oAs)-DBSA/LL-
DPE binary and P(An-co-oAs)-DBSA/LLDPE/EAA
ternary composites is illustrated in Figure 1. For the
P(An-co-oAs)-DBSA/LLDPE binary composite and
P(An-co-oAs)-DBSA/LLDPE/EAA ternary composite,
the percolation threshold all occurs at around 5 wt %,
but the conductivity of P(An-co-oAs)-DBSA/LLDPE/
EAA (10/63/21) ternary composite reaches 3.63
� 10�8 S/cm, which has an increase of 2 magnitudes
more than that of P(An-co-oAs)-DBSA/LLDPE binary.
Beyond percolation, the conductivity level slowly in-
creases with increase of the P(An-co-oAs)-DBSA con-
tent, due to the generation of a conductive network of
improved quality. The conductivity for P(An-co-oAs)-
DBSA/LLDPE/EAA and P(An-co-oAs)-DBSA/LL-
DPE at 35 wt % of P(An-co-oAs)-DBSA content, re-
spectively, attains 9.05 � 10�4 S/cm and 2.02 � 10�5

S/cm. This indicates that the electrical conductivity of

Figure 1 Electrical conductivity versus P(An-co-oAs)-
DBSA content for (a) P(An-co-oAs)-DBSA/(LLDPE/EAA
70/30) and (b) P(An-co-oAs)-DBSA/LLDPE.
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ternary composites markedly increases owing to the
introduction of EAA.

UV–vis-NIR spectra analysis

The UV–vis-NIR spectra of P(An-co-oAs)-DBSA, P(An-
co-oAs)-DBSA/LLDPE, and P(An-co-oAs)-DBSA/LL-
DPE/EAA composites are shown in Figure 2. The UV–
vis-NIR spectrum of P(An-co-oAs)-DBSA [Fig. 2(a)] ex-
hibits an absorption peak at 770 nm, which can be as-
signed to the polaron/bipolaron band transition. For
P(An-co-oAs)-DBSA/LLDPE binary composite [Fig.
2(b)], the polaron/bipolaron band appears as an obvious
blue shift from 770 to 737 nm, which indicates that the
dedoping process of P(An-co-oAs)-DBSA may have
taken place during melt blending. The TGA measure-
ment for P(An-co-oAs)-DBSA supports this interpreta-
tion, as shown in Figure 3. The weight loss between 230
and 410 °C corresponded to the degradation of the
bound DBSA and also free DBSA.15 The weight loss
above 410 °C is attributed mainly to decomposition of
the P(An-co-oAs). At melt processing, the high temper-
ature occurred duo to the high shear stress, resulting in
dedoping of P(An-co-oAs)-DBSA. However, for the
P(An-co-oAs)-DBSA/LLDPE/EAA ternary composite
[Fig. 2(c)], the polaron/bipolaron band exhibits little blue
shift, which suggests that the presence of EAA may
restrain the dedoping of P(An-co-oAs)-DBSA due to pro-
tonation effect of carboxylic groups in EAA.

Morphological analysis

The effect of EAA on the morphology of the P(An-co-
oAs)-DBSA/LLDPE composite was investigated by
SEM. Figure 4 illustrates the SEM micrographs of the
cryogenically fractured surfaces of the P(An-co-oAs)-
DBSA/LLDPE [Fig. 4(a)] and P(An-co-oAs)-DBSA/

LLDPE/EAA [Fig. 4(b)]. The conducting phase is
shown as the light areas in the micrographs.

As shown in Figure 4(a), the P(An-co-oAs)-DBSA
particles with diameters of 200–300 nm were dis-
persed in the LLDPE matrix for binary composite and
the discontinuous conducting paths are observed,
which agrees with the lower electrical conductivity in
binary composite. This suggests that the compatibility
between the LLDPE and conducting P(An-co-oAs)-
DBSA is bad. In ternary composites (see Fig. 4(b)), the
fibrillar-like P(An-co-oAs)-DBSA exists in the LLDPE
matrix due to the introduction of EAA. Continuous
conducting networks are formed, which results in
higher conductivity for the ternary composite.

Crystallinity and melting behavior

X-ray diffraction patterns of P(An-co-oAs)-DBSA, LL-
DPE/EAA, P(An-co-oAs)-DBSA/LLDPE, and P(An-
co-oAs)-DBSA/LLDPE/EAA are presented in Figure
5. P(An-co-oAs)-DBSA exhibits two weak and broad
reflections at 2� � 20o and 25o, which indicates that
P(An-co-oAs)-DBSA is an amorphous structure (see
Fig. 5(a)). The LLDPE/EAA matrix reveals two strong
reflections at 2� � 21o and 24o, which correspond to
the 110 and 200 of LLDPE, respectively (see Fig.
5(b)).21

P(An-co-oAs)-DBSA/LLDPE and P(An-co-oAs)-DBSA/
LLDPE/EAA exhibit typical reflections of LLDPE at
similar angles (see Fig. 5(c,d)). The lattice spacing of
P(An-co-oAs)-DBSA/LLDPE/EAA is basically in accord
with the crystallization data of the LLDPE/EAA matrix
(see Table I). Table I shows that the crystal structure for
LLDPE is not destroyed after P(An-co-oAs)-DBSA is in-
troduced. This suggests that P(An-co-oAs)-DBSA is dis-
persed within the amorphous regions of LLDPE instead
of the crystalline regions.22

Figure 3 TGA thermogram of P(An-co-oAs)-DBSA.

Figure 2 UV–vis-NIR spectra for (a) P(An-co-oAs)–DBSA,
(b)P(An-co-oAs)-DBSA/LLDPE � 10/90, and (c) P(An-co-
oAs)-DBSA/LLDPE/EAA � 10/63/27.
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The DSC thermograms for P(An-co-oAs)-DBSA, LL-
DPE/EAA, P(An-co-oAs)-DBSA/LLDPE, and P(An-
co-oAs)-DBSA/LLDPE/EAA are given in Figure 6.
P(An-co-oAs)-DBSA exhibits a broad endothermic
peak between 50 and 170 °C, corresponding to the
small weight loss of water and oligomers.23 From Fig-
ure 6(b), it is seen that the LLDPE/EAA matrix reveals
two obvious endothermic peaks, which assign to the
crystalline melt for LLDPE.22 For P(An-co-oAs)-
DBSA/LLDPE and P(An-co-oAs)-DBSA/LLDPE/
EAA, the endothermic peaks of LLDPE also are ob-
served and changed little after the introduction of
P(An-co-oAs)-DBSA. This indicates that the crystal
structure for LLDPE is not changed.

Resistivity-temperature characteristic

The curves of log � versus temperature for P(An-co-
oAs)-DBSA/LLDPE and P(An-co-oAs)-DBSA/LL-
DPE/EAA are shown in Figure 7. From Figure 7, it can
be seen that the log � of P(An-co-oAs)-DBSA/LLDPE

and P(An-co-oAs)-DBSA/LLDPE/EAA slowly in-
creases in the range of 25 to 70 °C. After 70 °C log �
obviously increases with the increase of temperature.
When the temperature rises to about 110 °C, log �
approaches its maximum, and the positive tempera-
ture coefficient (PTC) characteristic occurs. However,
the resistivity sharply drops after the temperature ex-
ceeds the maximum peak of log �. The resistivity again
rises after about 125 °C. It is mainly related to thermal
deprotonation of DBSA, as shown in Figure 8.

The resistivity-temperature characteristic of P(An-
co-oAs)-DBSA/LLDPE and P(An-co-oAs)-DBSA/LL-
DPE/EAA correlates with microstructure and crystal
melting behavior. The conductivity of the composites
mainly depends on the gaps between the P(An-co-
oAs)-DBSA particles. At room temperature, P(An-co-
oAs)-DBSA particles dispersed only in the amorphous
region are compressed tightly, which results in lower
resistivity. In the range from 25 to about 70 °C, the
resistivity slow rises with the increase of temperature,
due to the thermal expansion only in the amorphous
region. When partial melting takes place after 70 °C,
the resistivity begins to increase and the marked tran-
sition of a PTC curve begins to emerge. This is because
the rapid expansion from crystalline to amorphous
results in the rapid increase of gaps between the P(An-
co-oAs)-DBSA particles. When the crystalline region is

TABLE I
The Lattice Distances for LLDPE/EAA,

P(An-co-oAs)-DBSA/LLDPE, and P(An-co-oAs)-DBSA/
LLDPE/EAA Composites

Composites

Lattice
distances

(nm)

110 200

LLDPE/EAA (70/30) 0.417 0.376
P(An-co-oAs)-DBSA/LLDPE/EAA � 20/56/24 0.413 0.374
P(An-co-oAs)-DBSA/LLDPE � 20/80 0.414 0.374

Figure 4 SEM micrographs for (a) P(An-co-oAs)-DBSA/LLDPE � 20/80 and (b) P(An-co-oAs)-DBSA/LLDPE/EAA
� 20/56/24.

Figure 5 XRD patterns of (a) P(An-co-oAs)-DBSA, (b) LL-
DPE/EAA(70/30), (c) P(An-co-oAs)-DBSA/LLDPE � 20/
80, and (d) P(An-co-oAs)-DBSA/LLDPE/EAA � 20/56/24.
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fully melted, the gap between the P(An-co-oAs)-DBSA
particles reaches its maximum. Figure 7 shows that the
peak temperature of PTC curve is about 110 °C, which
approximately coincides with the first endothermic
peak temperature of the DSC curve. When the tem-
perature exceeds the temperature at the peak of log �,
the resistivity drops sharply (negative temperature
coefficient, NTC). A possible explanation of the NTC,
that above the melting point the reduction in ease of
tunneling is counteracted by a further dispersion of
the P(An-co-oAs)-DBSA particles, is similar to that of
carbon black filled polyethylene composites.24 The
PTC intensity of P(An-co-oAs)-DBSA/LLDPE/EAA is
weaker than that of P(An-co-oAs)-DBSA/LLDPE com-
paring Figure 7a with Figure 7b. This can be explained
because the fibrillar-like continuous conducting net-
works of P(An-co-oAs)-DBSA/LLDPE/EAA are de-

stroyed with more difficulty than the discontinuous
conducting paths of P(An-co-oAs)-DBSA/LLDPE.

Mechanical properties

The stress–strain curves for LLDPE, LLDPE/EAA
(70/30), P(An-co-oAs)-DBSA/LLDPE, and P(An-co-
oAs)-DBSA/LLDPE/EAA are shown in Figure 9. The
tensile strength and elongation at break of P(An-co-
oAs)-DBSA/LLDPE and P(An-co-oAs)-DBSA/LL-
DPE/EAA composites as a function of the P(An-co-
oAs)-DBSA content are given in Figure 10. The stress–
strain behavior of P(An-co-oAs)-DBSA/LLDPE and
P(An-co-oAs)-DBSA/LLDPE/EAA composites is like
LLDPE because of the influence of the crystal phases
of LLDPE. Both tensile strength and elongation at
break decrease with the increase of P(An-co-oAs)-

Figure 6 DSC curves of (a) P(An-co-oAs)-DBSA, (b) LL-
DPE/EAA(70/30), (c) P(An-co-oAs)-DBSA/LLDPE � 20/
80, and (d) P(An-co-oAs)-DBSA/LLDPE/EAA � 20/56/24.

Figure 7 The dependence of log � on temperature in (a)
P(An-co-oAs)-DBSA/LLDPE � 20/80 and (b) P(An-co-oAs)-
DBSA/LLDPE/EAA � 20/56/24.

Figure 8 The dependence of log � on temperature for
P(An-co-oAs)-DBSA.

Figure 9 Stress–strain curves for (a) LLDPE, (b) LLDPE/
EAA � 70/30, (c) P(An-co-oAs)-DBSA/LLDPE � 20/80, and
(d) P(An-co-oAs)-DBSA/LLDPE/EAA � 20/56/24.
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DBSA content, as a result of poor mechanical proper-
ties of the P(An-co-oAs)-DBSA caused by the presence
of free DBSA. However, the descending extent of ten-
sile strength for P(An-co-oAs)-DBSA/LLDPE/EAA
composites is considerably less than that of P(An-co-
oAs)-DBSA/LLDPE composites. This is because the
fibrillar-like P(An-co-oAs)-DBSA as reinforcing agent
is formed by the introduction of EAA in P(An-co-oAs)-
DBSA/LLDPE/EAA composites, while the granular
P(An-co-oAs)-DBSA occurred in P(An-co-oAs)-DBSA/
LLDPE composites.

CONCLUSIONS

The conducting composites of aniline/o-anisidine co-
polymer doped by dodecylbenzenesulfonic acid
(P(An-co-oAs)-DBSA), LLDPE, and EAA as compati-
bilizer were prepared by melt processing. The electri-
cal conductivity, mechanical properties, resistivity-

temperature characteristic, and morphological struc-
ture of the composites also were investigated. The
electrical conductivity of ternary composites was
markedly enhanced due to compatibilization and the
protonation effect of the EAA. The SEM micrograph
shows that the compatibility between the P(An-co-
oAs)-DBSA and LLDPE matrix is enhanced due to
introduction of EAA. The XRD and DSC results show
that the crystalline structure of LLDPE/EAA did not
change while P(An-co-oAs)-DBSA was added, and
P(An-co-oAs)-DBSA was dispersed within the amor-
phous regions of LLDPE matrix. The PTC characteris-
tic was also observed. The tensile strength of P(An-co-
oAs)-DBSA/LLDPE/EAA composites was improved,
compared with P(An-co-oAs)-DBSA/LLDPE compos-
ites. In addition, tensile strength and elongation at
break of P(An-co-oAs)-DBSA/LLDPE and P(An-co-
oAs)-DBSA/LLDPE/EAA all decreased with the in-
crease of P(An-co-oAs)-DBSA content due to the pres-
ence of free DBSA.
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