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ABSTRACT: A new route for blending polyaniline (PAni)
and EPDM rubber was devised with maleic anhydride as a
compatibilizer precursor. Rubber matrices containing am-
monium peroxidisulfate and dodecyl benzene sulfonic acid
were cast from organic solvents. Exposure to the monomer
vapors allowed the chemical polymerization of aniline. The
influence of PAni and the compatibilizer on the thermal
properties, chemical structure, electrical conductivity, and
morphology of the mixtures was observed with differential
scanning calorimetry, thermogravimetric analysis, Fourier
transform infrared, in situ conductivity measurements, and
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optical microscopy. The micrographs showed a good distri-
bution of the PAni complex in the matrix. The use of ap-
proximately 2 wt % compatibilizer resulted in chemical in-
teractions between maleic anhydride and the PAni complex
formed with dodecyl benzene sulfonic acid, which could
enhance the compatibility between the polymers. The ob-
tained blends reached relative electrical conductivity values
of up to 9 X 107> S em ™. © 2002 Wiley Periodicals, Inc. ] Appl
Polym Sci 87: 535-547, 2003
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INTRODUCTION

During the last 20 years, most of the studies concern-
ing conducting polymers have focused on the charac-
terization of these interesting materials to establish a
relationship between the chemical structure and re-
lated properties. The field has progressed to a level of
maturity consistent with a new set of opportunities for
developing a wide range of applications based on
conducting polymers as materials for industrial prod-
ucts. There has been equally important progress to-
ward a deeper understanding of the basic physics of
the r electrons in conjugated polymers. These points
came together in recent progress in the area of trans-
port studies of high-quality conductive polymers pro-
cessed from solution with the introduction of surfac-
tant counterions. High-molecular-weight polyaniline
(PAni) has emerged as one of the most promising
conducting polymers. Special interest has focused on
PAni because of the low cost of the monomer and
straightforward high-yield polymerization. Moreover,
the conductive form of PAni has excellent chemical
stability and relatively high electrical conductivity.
Processing high-molecular-weight PAni has remained
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a difficult task because it has been generally catego-
rized for many years as an intractable material. Melt-
processing doped PAni is not possible because the
polymer decomposes at temperatures below the soft-
ening or melting point. However, some methods have
been reported to dissolve and process PAni, without
changing the molecular structure of the polymer, in
N-methylpyrrolidinone,'? in selected amines,” or in
concentrated sulfuric acid and other strong acids.*
Despite these earlier advances, the impossibility of
doping high-molecular-weight PAni into its conduct-
ing form and dissolving the product in common non-
polar or weakly polar organic solvents was long ac-
cepted. This problem was solved”” with functional-
ized protonic acids, which dope and simultaneously
render the resulting PAni complex soluble in common
organic solvents. A functionalized protonic acid is
generally denoted H"(M™—R), in which the counte-
rion anionic species contain the R functional group,
which is chosen to be compatible with nonpolar or
weakly polar organic liquids. Some examples of these
acids are p,L-camphor sulfonic acid, dodecyl benzene
sulfonic acid (HDBSA), and p-toluene sulfonic acid.
For HDBSA,

M =80y and g. —Q—Cqus

the long alkyl chains of the dodecyl benzene func-
tional group lead to solubility in common solvents,
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such as toluene, xylene, decalin, and chloroform, and,
therefore, render PAni soluble (and processable) in the
conducting emeraldine-salt form. MacDiarmid and
Epstein® reported that free-standing, nonoriented
PAni films cast from solvents such as xylene, m-cresol,
and formic acid have specific electrical conductivities
of 100-400 S cm™ !, a value 2 orders of magnitude
larger than that of doped PAni (e.g., aqueous HCI).
However, this large increase in conductivity is not
simply due to the nature of the dopant acid employed;
it also depends on a suitable dopant-solvent combi-
nation to promote conformational changes in the poly-
mer chains and a significant improvement in crystal-
linity. Some studies®'* have been reported on the
characterization of a PAni complex formed with HD-
BSA (PAni-DBSA), which depicts a number of inter-
esting properties, such as thermal stability, high elec-
trical conductivity, and good solubility in organic sol-
vents.

The ability to achieve conducting PAni complexes
that are soluble in specific common organic solvents
enables the creation of a variety of conducting poly-
blends in which PAni is blended with bulk polymers.
Because counterion-induced processability renders
the protonated form of soluble PAni, both PAni and
PAni-containing polyblends are processed in the con-
ducting form and, therefore, require no postprocess-
ing chemical treatment. One of the fundamental re-
quirements for creating polyblends is the need for a
solvent in which both the conducting PAni complex
and the bulk polymer are cosoluble. With such a sol-
vent, conducting polyblends can be made by the co-
dissolution of the polymers at concentrations similar
to those cast from solution. The resulting blend will
have the desired ratio of conducting PAni complex to
bulk polymer. The conductive polyblend material can,
therefore, be processed from solution (e.g., fiber spin-
ning, spin casting, and dip coating).”

Different strategies have been used to improve the
mechanical properties and processability of conduc-
tive polymers. Some studies have reported the elec-
trochemical preparation of blends of PAni with Na-
fion;'? poly(acrylic esters);'* and nylon 6."> Graft co-
polymers of PAni and nitrilic rubber'®!” have also
been electrochemically prepared with an organic acid
as an electrolyte. The melt processing of PAni doped
with HDBSA and polymers such as high-density poly-
ethylene, low-density polyethylene, polypropylene,'®
polystyrene and linear low-density polyethylene'® has
also been reported. In addition, some articles have
mentioned the preparation of poly(pyrrole)/EPDM
blends***' and, more recently, PAni doped with p-
toluene sulfonic acid blended with poly(ethylene-co-
propylene-co-diene monomer) by mechanical mix-
ing.

In this study, our interest was focused on the use of
PAni and EPDM rubber (an ethylene-propylene-5-
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ethylidene-2-norbornene terpolymer) to obtain a con-
ductive blend by solution-based methods. The EPDM
rubber presents low density, high stability under
chemical, atmospheric, and ozone oxidation, and hy-
drolysis associated with excellent mechanical proper-
ties. To enhance compatibility between the polymer
components, we employed a compatibilizer precursor.
Grafting EPDM rubber with maleic anhydride (MAH)
seems to promote the formation of chemical interac-
tions between the PAni-DBSA complex and MAH
present in the rubber backbone. Considering the im-
plications that this improvement may have on the
properties of the obtained products and on the com-
patibilization of these mixtures, we found it interest-
ing to carry out a detailed investigation of its chemical
structure and properties. Is this article, we report the
results obtained by Fourier transform infrared (FTIR),
differential scanning calorimetry (DSC), thermogravi-
metric analysis (TGA), and in situ conductivity mea-
surements. Furthermore, optical microscopy was used
to correlate the apparent morphology with the ob-
served properties of the films obtained under various
experimental conditions.

EXPERIMENTAL
Reagents and solutions

For the preparation of the polymeric blends, the fol-
lowing chemicals were used: aniline (Aldrich) without
previous purification and three kinds of rubber—(1)
EPDM (EP57 Nitriflex; 73 wt % ethylene, 27 wt %
propylene, and 5 wt % norbornene), (2) EPDM-g-
MAH, 5 (Royaltuf 485, Uniroyal Chemical; modified
EPDM rubber with 0.5 wt % MAH functionality), and
(3) EPDM-¢-MAH, 4 (EP57 Nitriflex modified with 1.9
wt % MAH functionality; the grafting reaction was
carried out according to a procedure outlined else-
where).” (NH,),S,05 was used as an oxidant agent.
The primary doping of PAni was performed with
HDBSA. Xylene was employed for vapor-phase sec-
ondary doping. Chloroform or xylene was employed
to solubilize the rubber component. In situ direct-
current conductivity measurements were performed
in a 1M aqueous HCl solution containing 0.5M LiCl as
a supporting electrolyte. All reagents were analytical-
grade, and they were purchased from several suppli-
ers.

Blend preparation

The rubber component and the oxidant were primar-
ily milled (Janke & Junkel type A10 analytical mill,
IKA Labortechnik) to obtain fine powders. A rubber
matrix containing the oxidant agent and the dopant
acid was first prepared by the dissolution of 0.2 g of
the rubber in 15 mL of the solvent (chloroform for
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Figure 1 Representative scheme of the polymer blend
preparation.

EPDM and EPDM-¢g-MAH, 5 and xylene for EPDM-g-
MAH, 5) under mechanical stirring (MQAME-100-MI,
Microquimica) at 60°C. A 1M HDBSA solution was
added to the rubber solution and stirred up to com-
plete the dissolution. Later, the oxidant agent was
added and stirred for 30 min. Specimens containing 5,
15, and 25 wt % of each type of oxidant were prepared
by the same procedure and with rubbers of different
natures. The solution containing the dopant and oxi-
dant was then dip-coated onto a glass sheet and
placed into a casting box in a solvent-saturated atmo-
sphere for 24 h. Films 100 um thick were obtained
with a guide wire, as illustrated in Figure 1. For the
preparation of the samples for in situ conductivity
measurements, 60 wL of the solution was deposited on
the surface of a working electrode by dip coating. The
final thickness of the film was 30 um.

The matrix was then exposed to the monomer va-
pors in a closed, saturated vapor atmosphere for 24 h
for the polymerization of aniline. The polymer mix-
tures cast from chloroform were additionally exposed
to xylene vapors for 5 h for vapor-phase secondary
doping of PAni. The samples were then stored under
a vacuum atmosphere before characterization. The
grafting reaction of MAH seemed to change the solu-
bility of the rubber in organic solvents. For this reason,
matrices containing EPDM-¢-MAH, , were prepared
with xylene, in which the rubber could be solubilized.

Blend characterization

DSC was performed on a Shimadzu DSC-50 appara-
tus. TGA was carried out with a Shimadzu TGA-50
analyzer with samples of approximately 5 mg. The
analysis conditions were as follows: aluminum cell, N,
atmosphere, rate flow = 50.00 mL/min, and rate tem-
perature = 10°C/min. The chemical structures of the
polymer components and mixtures were determined
by FTIR spectroscopy with a PerkinElmer 16PC appa-
ratus. Thick films (100 um) of the specimens were
employed. The morphology of the polymer blends
and the distribution of the conductive polymer in the
rubber matrices were observed under a Jenaval-Carl
Zeiss optical microscope. In situ direct-current con-
ductivity measurements were carried out in a spe-
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cially constructed cell containing an internal drying
column with highly activated alumina.**2® A Pt wire,
wrapped around the glass of the working electrode,
was used as the counter electrode. The reference elec-
trode was an Ag wire. Potentials were calibrated with
ferrocene (Fc) [E{,,(Fc/Fc") = 0.38 V vs Ag/AgCl/
KCl,4]. The setup was controlled by an AMEL 553
potentiostat, and the potential scans were performed
with an EG&G PAR 175. The working electrode was
Pt-sealed in a soft glass (microarray working elec-
trode, 5-um gap) coated by the polymer blend. The
working electrode was separated from the poten-
tiostat by two 1-k() resistors** (Fig. 2). A bias of E = 10
mV was applied to the microarray electrode and a
third 1-k() resistor at which the potential was mea-
sured. The conductivities of the polymers on the elec-
trodes were calculated according to the ohmic rules.
The lower limit of the measurable conductivity range
was determined by the conductivity of the solvent.

RESULTS AND DISCUSSION
Thermal analysis

DSC thermograms of plain rubber components (sec-
ond heating run) are shown in Figure 3. All thermo-
grams clearly show the glass-transition temperature
(T,) of the rubber, with the midpoint at —43.4°C for
EPDM, at —41.6°C for EPDM-¢-MAH;5, and at
—43.3°C for EPDM-¢g-MAH, 4. The AC, values calcu-
lated for these processes were 0.703, 0.649, and 0.626
J/gK, respectively. The DSC thermogram of EPDM-g-
MAH, 5 presented some differences compared with

counter electrode
j_rt:it:nmw clectrode

array structure

—rr=ghielding

Ry ami B, = 1 &L

working electrode

Figure 2 Schematic diagram for the in situ conductivity
measurements (electrode width = 5 um; gap width = 5
I-Lm)'24
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Figure 3 DSC thermograms of (—) EPDM, (-) EPDM-¢-MAH,, 5, and (- - - ) EPDM-g-MAH, , rubber.

those obtained for EPDM and EPDM-¢-MAH, 4, as the
latter was grafted from EPDM, whereas EPDM-g-
MAH, 5 was a commercial product. Differences in the
relative concentrations of ethylene, propylene, and
norbornene in the terpolymer could cause T, of
EPDM-¢-MAH, 5 to shift.

The first heating run (not shown in Fig. 3) obtained
for these components portrayed either two (or three)
endothermic processes related to the melting of the
different monomers of the rubber terpolymer, with the
maximum peaks at 0.9 and 29.0°C for EPDM, at 10.0,
37.0, and 49.0°C for EPDM-¢g-MAH, 5, and at 8.0 and
21.0°C for EPDM-¢-MAH, . However, such peaks ap-
pear in the second heating run as broad lines after the
glass-transition process (Fig. 3). The most reasonable
explanation for this comes from the fact that, in the
second heating run, the distribution of the crystals in
the sample was more homogeneous and the crystal
size differences decreased because of the elimination
of the thermal history of the sample. The form and
particle size of the plain rubbers could not be deter-
mined from the preliminary results of a wide-angle
X-ray scattering (WAXS) analysis because of the low
degree of crystallinity and small crystal size presented
by these materials. In addition, AC, of the T, processes
slightly decreased with increasing MAH content.
MAH did not significantly affect the degree of crys-
tallinity of the rubber components because of its small
concentration in the rubber backbone after grafting.

DSC curves (second heating run) of PAni doped
with HDBSA (the PAni-DBSA complex), prepared in
chloroform and xylene, are shown in Figure 4. Prelim-
inary results indicated that the DSC thermogram of
HDBSA did not show any clear specific thermal be-

havior below 200°C. This result was in a good agree-
ment with DSC thermograms of HDBSA reported in
the literature.®>'® In the first heating run, endothermic
peaks at 55.0, 84.0, and 107.0°C for PAni-DBSA pre-
pared in chloroform and at 54.0, 87.0, and 121.0°C for
PAni-DBSA prepared in xylene were observed. Be-
cause such peaks were not present in the second heat-
ing run, it could be assumed that they were related to
water loss, solvent, or low-molecular-weight oli-
gomers present in the samples. In the second heating
run, a glass-transition process with midpoints at 82.9
(AC, = 0.218]/gK) and 79.4°C (AC,, = 0.008 ]/ gK) was
observed and corresponded to the PAni-DBSA com-
plexes prepared in chloroform and xylene, respec-
tively. Studies®®® show that the PAni-DBSA complex
presents a phase transition from a pastelike material
(with ionic conductivity) to a semisolid material (with
electrical conductivity) during the doping process.
This transition is a function of the time, temperature,
and doping degree. The minimum doping level nec-
essary for its processing is 70% [PAni(DBSA),_,,].®
Additionally, the same authors reported that for 1.5
> x > 0.7, T, of the complex was lower than 150.0°C
and decreased when x values increased. For instance,
for x = 0.7 and x = 1.5, T, was 133.0°C and 65.0°C,
respectively. For x < 0.7, the values of T, increased. It
could not be defined up to 230.0°C, the onset of poly-
mer degradation. Correlating these findings with the
results obtained in this work for PAni-DBSA, we
could assume that PAni had a good doping degree
and that it was improved with xylene as a secondary
dopant. As melting processes were not observed in
DSC thermograms, we realized that the melting tem-
perature was higher than the decomposition temper-



MIXTURES OF POLYANILINE AND EPDM RUBBER

539

Heat Flow
o]
x
[0
I
o el
©
C
[0
I 0.1 mwW
| 1 ]
-100 -50 0

Figure 4 DSC thermograms of the PAni-DBSA

atures of both the polymer and dopant. Our prelimi-
nary WAXS results indicated that the PAni-DBSA
complex was a multiphase crystalline system.

The TGA curves of plain EPDM rubber, EPDM-g-
MAH,, 5 rubber, PAni-DBSA cast from chloroform, PAni—
DBSA/EPDM, and PAni-DBSA /EPDM-¢g-MAH,; 5 blends
prepared with different concentrations of an oxidant
agent are shown in Figure 5(a,b). Figure 6 shows TGA
curves of PAni-DBSA blends prepared with rubbers
grafted with different concentrations of MAH. Table I
lists the temperatures at which the process occurred in
each specimen. In the TGA curves of the plain rubber
components [Fig. 5(a,b)], a single weight loss related
to the decomposition of the rubber was observed. The
calculus of the derivative of the TGA curves revealed
the presence of only one peak and the shift of MAH
mass losses to lower temperatures. In the thermo-
grams of the plain PAni complex [Fig. 5(a,b)], three
main weight losses could be observed. The first one, at
approximately 124.0°C, corresponded to the loss of
water, solvent, or low-molecular-weight oligomers, as
observed in the DSC curves of these components. This
weight loss was also reported by Zilberman et al." in
studies of the thermal behavior of the PAni-DBSA
complex. The second one, in the range of 330-335°C,
may have stemmed from dopant loss. Kim et al.'!
stated that this weight loss was related to the decom-
position of the aliphatic chain of HDBSA, which took
place around 250.0°C; this shows that PAni-DBSA is
not a simple mixture of PAni and HDBSA. It can then
be inferred that a complex formation (i.e., doping re-
action) partially occurred. The last mass loss, in the
range of 480-500°C and also observed by Zilberman et

50
T(C)

100 150 200

complex cast from (—) xylene and (-) chloroform.

al., for PAni-DBSA may correspond to changes in the
polymer structure, such as crosslinking, followed by
the degradation of the polymer (the structural decom-
position of the polymer backbone).'® This weight
loss has also been assigned to the release of volatile
hydrocarbons.

The increasing concentration of PAni-DBSA in the
blends slightly decreased the thermal stability of the
mixture, as can be seen in Figure 5(a,b). From the TGA
curves, different weight losses were observed, de-
pending on the composition of the blend. Blends with
high contents of the conducting polymer displayed
complex thermodecomposition processes, and the sev-
eral weight losses observed could be related to the
degradation of the rubber and the conducting poly-
mer. The relative increase in the degradation of EPDM
and the new weight losses observed with an increas-
ing concentration of the conductive polymer sug-
gested that a higher PAni-DBSA content in the mix-
tures could induce a higher phase separation between
components.*” This effect was also observed in PAni—
DBSA blends obtained with grafted EPDM [Fig. 5(b)].

The effect of increasing the concentration of MAH
on the thermal stability of the rubber component and
polymer blends can be observed in Figure 6. It is clear
that the presence of MAH (~2%) in the polymer back-
bone slightly reduced the temperature of the thermal
decomposition of EPDM rubber. The same effect was
observed for the blends produced with EPDM-g-
MAH, o.

The DSC curves for PAni-DBSA prepared with
EPDM, EPDM-¢g-MAH,, 5, and different concentrations
of the oxidant are shown in Figure 7. The DSC curves
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Figure 5 Thermogravimetric curves of (A) (—) EPDM rubber, (-) PAni-DBSA cast from chloroform, and PAni-DBSA/
EPDM blends prepared with (- ) 5, (X) 15, and (+) 25% (NH,),S,05 and (B) (—) EPDM-¢g-MAH,, 5 rubber, (-) PAni-DBSA
cast from chloroform, and PAni-DBSA/EPDM-¢g-MAH,, 5 rubber blends prepared with (- - -) 5, (X) 15, and (+) 25%

(NH4)25208'

of PAni-DBSA /EPDM blends show the main thermal
transitions of EPDM rubber and PAni. The tempera-
tures at which these processes occurred are summa-
rized in Table II. T related to EPDM and PAni-DBSA
in the blends was slightly shifted with increasing PAn-
i-DBSA content. This effect seemed to be more pro-
nounced in presence of MAH, and this suggested
some kind of compatibility between the components
in the mixture. A higher concentration of MAH (~2 wt

%) was employed to graft EPDM rubber so that we
could observe the influence of the concentration of this
compatibilizer agent in the polymer mixtures. The
shift of T, of the polymer components was also ob-
served. Figure 8 shows the DSC thermograms of a
matrix containing EPDM-¢-MAH,, the oxidant
agent, and the dopant acid before and after the poly-
merization of aniline. In the absence of PAni, T, of the
rubber was shifted to —57.0°C, probably because of
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Figure 6 Thermogravimetric curves of (—) EPDM rubber, (-) EPDM-g-MAH, , rubber, ( - -

chloroform, (X) PAni-DBSA cast from xylene, and polymer
EPDM and (¢) EPDM-¢-MAH, , rubber.

the presence of MAH. After the polymerization of
aniline, it was dislodged to —68°C. The exotherm at
141°C observed in the rubber matrix, related to the
oxidation of the rubber component due to the pres-
ence of (NH,),S5,05, was shifted to 92°C when PAni
was present. This exotherm, shown in detail in Figure
8, was related to the formation of the PAni-DBSA
complex, which was indicated by various authors to
occur at 150.0°C.*'® The shift to lower temperatures
could be due to the presence of MAH in the polymer
mixture. The changes in the thermograms were possi-

200

300
T (°C)

- ) PAni-DBSA cast from
blends of PAni-DBSA [prepared with 25% (NH,),S,0g] and (+)

bly evidence of compatibilization between the poly-
mers and the presence of chemical interactions be-
tween MAH and doped PAni.

FTIR analysis

To confirm the existence of chemical interactions be-
tween the compatibilizer agent and PAni-DBSA com-
plex in the mixtures, we carried out FTIR analyses
(Fig. 9). The main absorption peaks of EPDM rubber
grafted with 1.9 wt % MAH can be observed in curve

TABLE 1
Weight Losses Observed in TGA Analysis (from Fig. 5 (a, b) and 6)

Weight loss

First loss Second loss Third loss
Midpoint Midpoint Midpoint
Specimen (°C) % (°C) % (°C) %

EPDM rubber 489.0 98.9 — — — —
EPDM-g-MAH,) 5 rubber 486.0 97.7 — — — —
EPDM-g-MAH, , rubber 415.0 95.9 — — — —
PAni-DBSA (prepared in chloroform) 124.1 79 335.8 9.1 498.5 34.8
PAni-DBSA (prepared in xylene) 124.0 10.1 332.1 9.1 491.0 32.7
PAni-DBSA /EPDM blends prepared with

5% (NH,),S,04 125.2 3.7 458.5 61.1 — —

15% (NH,),S,0g 124.6 3.9 463.6 63.7 — —

25% (NH,),5,04 1239 44 467.0 64.2 — —
PAni-DBSA/EPDM-¢-MAH, 5 blends prepared with:

5% (NH,),S,04 139.2 43 460.1 36.8 — —

15% (NH,),S,0g 135.2 438 463.6 28.9 — —

25% (NH,),S,04 130.1 42 475.5 30.8 — —
PAni-DBSA /EPDM-¢g-MAH, 4 blends prepared with

25% (NH,),S,04 124.1 9.2 344.1 21.7 4738 32.0
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Figure 7 DSC thermograms of (A) PAni-DBSA /EPDM blends prepared with (—) 5, () 15, and (- - ) 25% (NH,),5,05 and
(B) PAni-DBSA /EPDM-¢g-MAH,, 5 blends prepared with (—) 5, (-) 15, and ( -+ ) 25% (NH,),S,0s.

A. The (weak) band at 1855 cm ™! was attributed to the
C=0 stretching of MAH, and the peak at 1707 cm ™"
corresponded to the C=O0 stretching group of hydro-
lyzed MAH in grafted EPDM. The band at 922 cm ™,
attributed to angular deformation outside the plane of
OH bonding, indicated that MAH was incorporated
into the EPDM rubber.”® The other bands, assigned at
2925 and 2850 cm ! (CH stretching), at 1631 cm ™'
(C=C stretching), at 1460 and 720 cm ' (CH, angular
deformation), and at 1372 cm ™! (CH; angular defor-
mation), are typical of EPDM rubber FTIR spectra.*®
Curve B displays the FTIR spectrum of the PAni—
DBSA complex cast from xylene. Characteristic ab-

sorption peaks for the usual doped PAni can be ob-
served at 1597, 1459, 1299, and 1121 cm™".'". The ab-
sorption band in the range of 3100-3500 cm ',
attributed to the NH stretching, appeared in the pat-
tern as a wide band because of the high concentration
of this group in the sample.”” The weak band observed
at approximately 3385 cm ! can be related to OH
stretching due to moisture in the sample. Three peaks
in the range of 3000-2800 cm ' were attributed to
aliphatic groups.'' The band at 1597 cm™' was as-
signed to the stretching of quinoid double bonds, and
the peak at approximately 1500 cm ™' was related to
the stretching of benzoid double bonds superimposed
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TABLE II
Thermal Transitions of DSC Analysis (from Fig. 7)
Thermal
transition
TgEPDM Tg PAni
Specimen (°C) (°C)
PAni-DBSA /EPDM blend prepared with
5% (NH,),5,04 —45.87 71.80
15% (NH,),S,04 —50.32 73.02
25% (NH,),5,05 —53.80 74.55
PAni-DBSA /EPDM-g-MAH, 5 blend
prepared with
5% (NH,),5,04 —52.92 75.93
15% (NH,),S,04 —44.72 80.21
25% (NH,),S,04 —45.70 88.32

by other bands. The existence of these bands indicated
the emeraldine salt of PAni. The peak at 1459 cm ™'
could be related to out-of-plane CH wagging, and the
band at 1299 cm ™' was related to the presence of
aromatic secondary amines and is frequently reported
in the literature®® as a band with medium intensity
in the emeraldine salt or with weak intensity in the
emeraldine base. This means that the deprotonation
affected the aromatic amines of the polymer. In par-
ticular, the intensity of the absorption band at 1161
cm ™! increased with doping, and this was considered
a measure of the doping level of the polymer back-
bone.'! Dhawan and Triverdi*® described this band as
a characteristic of the conductive polymers due to the
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charge delocalization caused by protonation, and it
frequently appeared in the FTIR spectra of the emer-
aldine salt. Kim et al."' reported that the use of PAni-
DBSA had some advantages over doped PAni (e.g.,
with HCI). The peak intensity at 1161 cm ™!, a measure
of the doping level, slightly increased with heating,
and this confirmed that the doping reaction of PAni—
DBSA was expedited by heating. Our TGA results
indicated that the weight loss of HDBSA from PAni
took place at approximately 300-330°C, and this led
us to conclude that the PAni-DBSA complex was in
the doped state and that its main physical properties,
such as the electrical conductivity, solubility, and ther-
mal stability, could be unaffected at temperatures be-
low the dopant degradation.

The peak at 1121 cm™' was assigned to the CN
stretching of aromatic amines.”” Two peaks at 1030
and 1003 cm™' were observed for the PAni-DBSA
complex and assigned to the stretching of the S=0O
bond of HDBSA."*° They are commonly observed in
many kinds of sulfonic acid. The vibrations between
650 and 850 cm ™' were indicative of CH vibrations on
the 1,2,4-substituted rings. The 826-cm™' vibration
was the only one to indicate neat 1,4-substituted
rings.>® The appearance of bands at 740 and at 690
cm ™' primarily indicated the existence of an asymmet-
ric fraction of monosubstituted rings, that is, lower
molecular weight species. However, these two bands
might also be representative of some sort of branching
on the individual molecules. The bands at 740 and 670
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Figure 8 DSC thermograms of a matrix containing EPDM-¢g-MAH, , rubber, 1M HDBSA, and 25% (NH,),S,04 (—) before

and (-) after aniline polymerization.
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Figure 9 FTIR spectra of (A) EPDM-g-MAH, , rubber, (B) a PAni-DBSA complex cast from xylene, and (C) a PAni-DBSA/
EPDM-¢g-MAH, 4, rubber blend prepared with 25 wt % (NH,),S,0Os.

cm ™! were absent in pattern B. This meant that the

concentration of low-molecular-weight species was
not significant.

Finally, curve C depicts the FTIR spectrum obtained
for a PAni-DBSA /EPDM-¢g-MAH, 4 rubber blend pre-
pared with 25 wt % (NH,),5,0s. This spectrum resem-
bled a superpositioning of the spectra from both poly-
mers. Comparing this spectrum to those of the plain
components, we observed nearly the same absorption
bands of PAni-DBSA and EPDM-¢-MAH, ,, although
there were a few particularities. The absorption bands
in the range of 3100-3500 cm ', attributed to NH or
OH stretching,”” appeared as two absorption bands at
3442 and 3225 cm ™! in the spectrum of the blend.
These bands could indicate the formation of amide,
with amide carbonyl stretching at 1650 cm ™! or cat-
boxylic acid stretching at 1713 cm™'.3! Three peaks in
the range of 3000-2800 cm ™' were attributed to CH
stretching (aliphatic groups) of the PAni-DBSA com-
plex or EPDM rubber. The band at 1707 cm ™' present
in the rubber spectrum and related to the formation of
C=0 stretching of carboxylic acid was absent in the
blend spectrum, and this indicated the depletion of
these groups. The absorption band at 1631 cm ™!
present in the rubber spectrum and corresponding to
C==C stretching was shifted to 1625 cm ' in the blend
spectrum. The bands at 1599 and 1493 cm ™' were
assigned to the stretching of quinoid and benzoid
double bonds of PAni-DBSA, respectively. The peak
at approximately 1500 was not very clear in the PAni-
DBSA spectrum but was present in the polymer mix-
ture spectrum. The peak at 1459 cm ™' denoted the
out-of-plane C—H wagging of EPDM rubber, and the

peak at 1370 cm ™! represented the CH; angular de-
formation of EPDM. The band at 1299 cm ™}, related to
the presence of aromatic secondary amines and usu-
ally observed in PAni spectra,®®*’ was also observed
in the mixture at 1292 cm ™.

Other peaks in the spectrum of the mixture super-
imposed the peak at 1161 cm™'. The band at 1121
cm ™!, assigned to the CN stretching of aromatic
amines,” was shifted to 1111 cm ™! in the blend spec-
trum. The two peaks at 1030 and 1003 cm ', assigned
to the stretching of the S=O bond of HDBSA,'*°
were shifted to 1041 and 1010 cm ™! in the spectrum of
the polymer mixture. The vibrations between 650 and
850 cm ™, indicative of C—H vibrations on the 1,2,4-
substituted rings in PAni, were observed as peaks at
825 and 625 cm ™ '. The band at 720 cm ™!, which rep-
resented CH, deformation in the rubber backbone,
was shifted to 741 cm ™' in the blend spectrum.

Studies have shown compatibilizing agents used to
produce mixtures between polymers, such as blends
of nylon 6 and polypropylene or polystyrene,* blends
of ethylene-propylene rubber and nylon 6> (both
with MAH as a compatibilizer), and blends of mal-
eated polypropylene and maleated EPDM by the ad-
dition of polyoxypropylene diamine.>* Observing the
spectrum of the polymer mixture in detail, we found
evidence for the formation of chemical interactions
between MAH and PAni. Because the imine nitrogens
of PAni were doped with HDBSA, it was reasonable to
assume that the amine nitrogen groups present in the
PAni backbone were able to react with MAH grafted
in the EPDM rubber. These suppositions were sup-
ported by the FTIR spectrum of the blend. The pres-
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Figure 10 Optical micrographs of the surface of a matrix containing 1M HDBSA and 25% (NH,),5,04 and (A) EPDM rubber,
(B) EPDM-g-MAH, 5 rubber, and (C) EPDM-¢g-MAH, , rubber and (A'-C’) matrices A-C after aniline polymerization

(magnification, 125X).

ence of the absorption bands in the range of 3100-3500
cm ™' could indicate the formation of amide.* In ad-
dition, the significant reduction in the absorbance of
MAH at 1859 cm ™! suggested that a reaction of MAH

and the amines occurred. The band at 922 cm ™}, rela-

tive to out-of-plane OH angular deformation related
to the MAH incorporated in the rubber, was absent in
the blend spectrum. The band at 1707 cm ™, present in
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Figure 11 In situ conductivity measurements for the redox cycling of a PAni/EPDM rubber blend prepared with 25 wt %
(NH,),S,O4g: (—) cyclic voltammogram and (-) conductivity versus the potential (arbitrary units). T = 298 K; v = 0.001 Vs~ ™.

the rubber spectrum and related to the formation of
(=0 stretching of carboxylic acid, was absent in the
blend spectrum. This could be an indication concern-
ing the consumption of these groups forming, for
example, amide linkages.

Optical microscopy and electrical conductivity
measurements

Figure 10 shows the micrographs of rubber matrices
containing different types of EPDM rubber. A good
distribution of the oxidant particles in the rubber ma-
trix was observed even at lower concentrations.
(NH,),S,04 formed aggregates with diameters of ap-
proximately 1-3 um. The specimens changed from
transparent films to green films after a few minutes of
exposure to the monomer vapors. This indicated the
formation of PAni in the matrix. Recent studies on
electrochemical characterization®® revealed that all
mixtures present electrochemical activity and electri-
cal conductivity. This showed that PAni was formed
in the samples obtained by this route. The polymer-
ization of aniline initially occurred preferentially near
the oxidant particles, as observed in the micrographs.
The presence of MAH in the rubber backbone allowed
for a better distribution of the conductive polymer in
the rubber matrix. No dramatic differences were ob-
served after secondary doping with xylene. The use of
different concentrations of the oxidant did not affect
the general aspect of the specimens. Figure 11 illus-
trates the cyclic voltammogram and relative electrical
conductivity of a PAni/EPDM blend prepared with 25
wt % (NH,4),S,04. Only relative conductivity changes

were measured. The polymer film was electroactive,
with oxidation and reduction processes relative to
PAni present in the rubber matrix. The measured cur-
rent increased with cycling. The conductivity values
also showed an interesting behavior, increasing with
the number of cycles, and this suggested that the
diffusion of the electrolyte through the blend favored
electric contact between PAni particles in the blend.
The polymer blends produced with a lower concen-
tration of the conductive polymer presented similar
behavior. These promising results have led to a de-
tailed electrochemical study already in preparation.®*

CONCLUSIONS

The results obtained so far suggest that T, of EPDM
rubber is slightly shifted to lower temperatures be-
cause of MAH linked to the rubber backbone. No
dramatic changes were observed in DSC curves of the
blends prepared with EPDM or EPDM-¢g-MAH, 5. The
presence of PAni-DBSA and MAH slightly shifted T,
of the polymer components, and this suggested some
compatibilization. The results of the thermal analysis
of the blends also suggested that some kind of inter-
action occurred, enhancing the compatibility between
the components of the mixture. The FTIR spectrum of
PAni-DBSA/EPDM-¢g-MAH, 4 resembled a superpo-
sitioning of the spectra of both components, with some
differences. The absorption bands at 1707 (C=0O
stretching of hydrolyzed MAH), 1859 (C=O stretch-
ing of MAH), and 922 cm ™! (OH out-of-plane angular
deformation of MAH) were not observed in the IR
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spectrum of the blend. The presence of bands at 3100
3500 cm ' and at approximately 1650 cm ™' could
probably indicate some kind of interaction. This evi-
dence indicated that the amine nitrogen groups of
PAni could react with MAH to form, for instance,
amide linkages. The PAni domains had regular sizes
(1-3 um) and good distribution in the rubber matrix.
The presence of MAH seemed to promote homogene-
ity. The PAni/EPDM rubber blends presented electro-
activity and relative electrical conductivities around
107°Sem™ .

The authors thank Marly Soldi (Departamento de Quimica,
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