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ABSTRACT

Polyanionic rubber copolymer microparticles covered with positively charged polyani-

line (PANi) as the shell were synthesized. Sodium 4-styrenesulfonate was polymerized

in a free radical initiation mechanism in the presence of a low molecular weight

hydroxy-terminated polybutadiene (HT-PBD) matrix, which was dispersed in ethylene

glycol (EG). Polymerization of aniline monomers was carried out using ammonium

persulfate as the oxidant in aqueous hydrochloric acid containing polyanionic rubber

copolymer microparticles. The resulting rubber-modified PANi products form a stable

and uniform aqueous latex suspension, with a PANi shell loading of 16–58% by

weight. From a core-shell microparticle latex suspension containing a PANi loading up

to 37% by weight, conductive thin films with good quality can be fabricated by casting.

Conductivity of these cast films, after storage for a week in a desiccator, was found to

be 0.1 S=cm. These results demonstrated a promising method for the fabrication of

conducting polymers with the coexistence of elastic properties in the latex phase of the

rubber core and requisite electrical properties of the PANi shell.
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INTRODUCTION

The use of conducting polymers requires significant improvements in the mechanical

properties of materials for certain applications. The simplest approach to combine

electronic conductivity with the desirable mechanical strength of polymers for large-

scale applications is a direct blending of conducting polymers, such as polyanilines

(PANi), with conventional soluble polymers or thermoplastics.[1,2] However, incompati-

bility of conducting polymers with the host in a polymer matrix can cause irreversible

phase separation or aggregation of microparticles, resulting in significantly reduced

conductivities in the final products. The tendency of conductive particles to migrate has

created inconsistencies in the electronic performance of these blends, and increased the

required percolation threshold for a continuous conducting polymer path. Alternative

preparative methods, including in situ polymerizations,[3,4] interfacial polymerization,[5]

interpenetrating network (IPN)[6–8] and emulsion polymerization,[9,10] have provided

promising approaches in producing technologically valuable blends and composites.

Core-shell copolymer structures with elastic polyurethane cores and PANi shells

represent an interesting approach for enhancing processability of bulk elastic materials

while retaining low threshold of conductivities.[11] In this paper, we describe a synthetic

preparation of a core-shell copolymer-based conducting latex using highly charged

poly(sulfostyrene) (PSS)-grafted oligobutadiene as a microparticle core for anchoring

the PANi shell. This approach was achieved by polymerization of sodium 4-styrenesulfo-

nate via a free radical initiator in the presence of oligobutadiene diol (PBD), which was

dispersed in ethylene glycol (EG). Incorporation of PANi based on the electric charge

interaction of aniline monomer is similar to the work reported by Yang.[12,13]

EXPERIMENTAL

General

Sodium 4-styrenesulfonate was purified by dissolving in water first, followed by

precipitation from aqueous saturated NaCl. 2,20-Azobisisobutyronitrile (AIBN) was

recrystallized from methanol. Aniline was distilled under vacuum and stored under

nitrogen before use. Hydroxy functionalized polybutadienediol with a number average

molecular weight (Mn) of 2800 was supplied by Aldrich and used as received.

Infrared spectra were recorded as cast films on KBr windows or 3 M IR cards (Type 61,

Polyethylene) on a Perkin-Elmer 1720 FT-IR spectrometer. 1H NMR spectra were examined

on a Bruker ARX-250 spectrometer. UV-VIS spectra were collected on a Perkin-Elmer

Lambda spectrophotometer. Thermogravimetric analyses (TGA) data were measured on a

TA Instruments Model 2950 TGA with a heating rate of 10�C per minute. Elemental

analyses were carried out at Quantitative Technologies Inc, Whitehouse, NJ.

Synthesis of Polysulfostyrene Grafted Poly(1,4-Butadiene), PSSB1–PSSB4

Preparations of PSS grafted poly(1,4-butadiene) copolymers were carried out at 80�C

under N2 in a 250 mL three-necked flask equipped with a mechanical stirrer. Quantities of
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reactant and solvent components are summarized in Table 1. A latex-like suspension of

hydroxy-terminated poly(1,4-butadiene) (HT-PBD) (2.0 g, Mn 2800) was produced upon

vigorous stirring in dioxane–H2O (4 : 1, 10 mL) and hexane (1.0 mL) containing sodium

4-styrenesulfonate (2.0 g) for the PSSB1 preparation, or in EG (10–20 mL) with or without

hexane for the PSSB2–PSSB4 preparation. The AIBN initiator (100 mg) was added at

ambient temperature. The reaction mixture was deoxygenated by bubbling a stream of N2

gas for a period of 30 min. The polymerization reaction began as the temperature was

raised to 80�C. After a period of 8.0 h, the reaction mixture was cooled to room

temperature. Products were precipitated by the addition of acetone. Removal of residual

reactants, organic solvents, and polysulfostyrene (PSS) homopolymer was achieved by

dispersing the copolymer products in water (10 mL), followed by the slow addition of

acetone until precipitation of copolymer solids. This purification procedure was repeated at

least two more times. The resulting PSS-grafted poly(1,4-butadiene) copolymer PSSB4

was further purified three times by solvent extraction with hexane for the removal

of remaining free HT-PBD residues. The yield of PSSB1, PSSB2, PSSB3, and PSSB4

was found to be 52%, 74%, 70%, and 65%, respectively. Elemental analyses of PSSB1: C,

47.21; H, 4.55; N, 0.11; S, 12.62. PSSB2: C, 55.37; H, 7.49; N, 0.16; S, 9.05. PSSB3: C,

57.41; H, 7.43; N, 0.09; S, 7.84. PSSB4: C, 48.63; H, 6.14; N, 0.05; S, 11.06.

Synthesis of Polyaniline–Polysulfostyrene Grafted Poly(1,4-Butadiene)

Core-Shell Particles, PSSB4–PANi(n)

Polymerization of aniline in aqueous latex of PSS-grafted poly(1,4-butadiene) copoly-

mer (1.0 g) was typically carried out at room temperature for a period of 4 h by using a 1 : 1.25

mole ratio of aniline to ammonium persulfate oxidant in dilute HCl solution (0.1 N, 50 mL).

The quantity of aniline and ammonium persulfate applied increased from 44 and 135 mg,

respectively, for PSSB4–PANi1 to 317 and 970 mg, respectively, for the PSSB4–PANi7

Table 1. Polymerization conditions, the yield, and the ratio of PSS–PBD graft copolymers.

Samples SS=PBD=AIBN Solvent

Temp.

(�C)

Yield

(%)

Product

(wt.%)

PSS : PBDa

PSSB1 2 g=2 g=100 mg Dioxane : H2O

(80 : 20, 10 mL)

Hexane (1.0 mL)

80 52 88 : 12

PSSB2 2 g=2 g=100 mg Ethylene glycol

(20 mL) Hexane

(5.0 mL)

80 74 65 : 35

PSSB3 2 g=2 g=100 mg Ethylene glycol

(15 mL)

80 70 57 : 43

PSSB4 2 g=2 g=100 mg Ethylene glycol

(11 mL)

80 65 80 : 20b

aDetermined by elemental analyses.
bTreated by solvent extraction.
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preparation (detailed conditions are shown in Table 2). The resulting PANi-containing latex

was also purified by slow addition of acetone until effective precipitation of the products.

Removal of residual reactants was achieved by dispersing the copolymer products in water

(25 mL), followed by the slow addition of acetone to effect precipitation of copolymer solids.

This purification procedure was repeated twice. Final products of PANi–PSS grafted

poly(1,4-butadiene) core-shell particles were kept in aqueous solution. The yields of PANi

on PSSB4–PANi1, PSSB4–PANi2, PSSB4–PANi3, PSSB4–PANi4, PSSB4–PANi5,

PSSB4–PANi6, and PSSB4–PANi7 samples were 16%, 28%, 37%, 44%, 50%, 54%, and

58% by wt., respectively. Elemental analyses of PSSB4–PANi1: C, 49.18; H, 5.64; N, 2.20; S,

11.09. PSSB4–PANi2: C, 56.86; H, 5.37; N, 3.94; S, 8.48. PSSB4–PANi3: C, 57.51; H, 5.45;

N, 5.12; S, 7.33. PSSB4–PANi4: C, 58.53; H, 5.59; N, 6.00; S, 6.46. PSSB4–PANi5: C,

60.30; H, 5.80; N, 6.99; S, 5.61. PSSB4–PANi6: C, 61.76; H, 5.94; N, 7.65; S, 5.25. PSSB4–

PANi7: C, 63.04; H, 6.09; N, 8.21; S, 4.80.

RESULTS AND DISCUSSION

Incorporation of PANi in the surface region of sulfostyrene–polybutadiene micro-

particles was achieved by polymerization of an aniline coating which had been statically

attached to the particle in an approach similar to that demonstrated by Yang.[12–15] In order

to attract the positively charged aniline monomers and PANi products to the surface of the

particle, thus forming a shell structure effectively covering the elastomer core, a great

number of negatively charged sulfostyrene grafted on a polybutadiene particle are

required. The parent polybutadiene diol (HT-PBD) was synthesized using hydrogen

peroxide as an initiator and characterized as consisting of three major terminal hydroxyl

moieties as trans-PBD��OH, cis-PBD��OH, and vinyl-PBD��OH in a relative composi-

tion of 48.6%, 16.5%, and 25.2%, respectively.[16] HT-PBD as utilized in this synthesis is

of a relatively low molecular weight, with two hydroxyl end-groups. This allowed linear

PBD chains to aggregate and form stable suspensions in polar solvents, in particle sizes of

roughly 3 to 4 mm as measured by optical microscopy at room temperature. The actual

particle sizes involved in reactions at 80�C are believed to be smaller. It was anticipated

that there would be dominant distributions of hydroxyl groups at the outer shells of the

Table 2. Polymerization conditions and the yield of PANi on PSS–PBD graft copolymers.

Samples

PSSB4=HCl

(0.1 N)

Aniline

(mg)

(NH4)2S2O8

(mg)

PANi

(wt.%)a

PSSB4–PANi1 250 mg=50 mL 44 135 16.0

PSSB4–PANi2 250 mg=50 mL 87 272 28.0

PSSB4–PANi3 250 mg=50 mL 135 412 37.0

PSSB4–PANi4 250 mg=50 mL 181 558 44.0

PSSB4–PANi5 250 mg=50 mL 225 681 50.0

PSSB4–PANi6 250 mg=50 mL 268 822 54.0

PSSB4–PANi7 250 mg=50 mL 317 970 58.0

aPANi weight percentages in final products, as determined by elemental analyses.
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elastic particles due to hydrophilicity effects, and that these would prove to be the active

locations for the grafting reactions. As the anionic sulfostyrene grafting reaction was

initiated by AIBN, most free radicals were generated in the hydrophobic phase of PBD.

These would then be transferred onto the PBD main chain or styrene sulfonic acid

monomer near the interfacial area between hydrophobic suspended microparticles and the

EG solution. Copolymerizations continued either by termination reactions of PSS radicals

grafting onto the polybutadiene, or the propagation reactions of styrenesulfonic acid

monomers initiated by any radical center near the PBD surface. Therefore, the level of PSS

grafting correlates to the concentration of effective radicals generated at the interfacial

region. The radicals generated inside the hydrophobic microparticles may lead to the

radical coupling and the crosslinking reaction of PBD chains, which may also enhance the

elastic properties of the low molecular weight PBD microparticles.

Experimentally, EG was found to be the most suitable solvent with a high solubility

for both the styrenesulfonate monomer and HT-PBD in the various reaction conditions

investigated, as shown in Table 1. Its good compatibility facilitated the formation of a

stable and uniform suspension of polybutadiene particles in the polar EG phase. On the

other hand, the use of nonpolar solvent (such as hexane) tended to swell and enlarge the

HT-PBD particle in size, thus reducing the accessible interface for copolymerization. The

high solubility of sodium styrenesulfonate in EG affords better homogeneity of the graft

polymer products. There was no significant improvement in terms of solubility by using

styrenesulfonic acid without the sodium counter ion. At the end of polymerization, the

water-suspended copolymers were isolated and purified by precipitation of the products by

acetone dilution for removal of possible poly(styrenesulfonic acid) homopolymer.

Unreacted free polybutadiene was removed by repeated hexane extraction from aqueous

solutions. The yield of PSS-grafted PBD copolymer was found to be 65–75% with a PSS

content in the range of 60–80% by weight depending on different reaction conditions

applied. It can be noticed that the numbers of PSS and PBD repeat units in PSSB4 are

about the same, even though their weight ratio is 80 : 20. In principle, a higher PSS content

leads to attachment of a thicker PANi layer on the core-shell structure, while a higher PBD

content affords products exhibiting better elasticity. After purification, the PSSB4 sample

was dispersed in H2O to form a stable homogeneous suspension, indicating an effective

surface grafting of PSS on PBD.

The extent of incorporation of PSS moieties was determined by elemental analyses of

the sulfur contents in the products, with the corresponding carbon, hydrogen, sodium, and

oxygen contents of PSS moieties being calculated based on the sulfur data. The differences

of the carbon and hydrogen percentages by weight between the measured values and the

calculated values for PSS moieties were determined on the basis of the polybutadiene

moieties. Accordingly, the weight ratios between PSS and PBD were elucidated, as shown

in Table 1. Proton integration of the products in 1H NMR spectroscopic measurements

may provide valuable information regarding the final composition ratios between the

different moieties. By utilization of poly(ethylene glycol) as an internal standard for

calibration and quantification of sulfostyrene moieties in PSSB4, for example, an

estimation of PSSB4 quantity was made and correlated to a PSS vs. PBD ratio of

45 : 55 by wt. This ratio indicates a much lower quantity of PSS in the composition of

PSSB4, by comparison with the value of 80 : 20 found by elemental analysis. We interpret

this difference in terms of the effective dispersion of a substantial amount of grafted PSS

segments in the polybutadiene phase as a gradient core-shell composition. Complications

Polybutadiene Modified Polyaniline Microparticles 1387

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
3
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



exist since a core-shell particle with an outer hydrophilic shell may prohibit the full

detection of all protons inside the hydrophobic core. Apparently, the low mobility of the

polybutadiene phase in aqueous (D2O) reduces the proton detection sensitivity during

the 1H NMR measurement. Meanwhile, due to this gradient core-shell composition, the

amount of PSS determined by 1H NMR should be considered as the effective polyanionic

for the subsequent polymerization of aniline in the aqueous solution.

Polymerization of aniline in the presence of core-shell PSS–PBD latex was typically

carried out at room temperature by using a 1 : 1.25 mole ratio of aniline to ammonium

persulfate oxidant in 0.1 N HCl for 4 h, with reaction conditions summarized in Table 2.

The resulting PSS–PBD solids containing PANi were isolated from the latex by adding

acetone slowly until precipitation. Repeated purifications were performed by dispersion of

core-shell PBD–PSS–PANi particles in water followed by the slow addition of acetone to

effect reprecipitation of the products. These core-shell particles can be kept in aqueous

suspension for long-term storage without the occurrence of phase separation. In an

additional experiment, we found that a small amount of HT-PBD oligomer can be

dispersed in the PSS-containing aqueous solution without actually forming any covalent

bonding with PSS. Polysulfostyrene macromolecules may serve as surfactants in HT-PBD

hydrophobic substances. However, the aggregated dispersion particles were not stable

during the polymerization of aniline on treatment by centrifuging. Gradual formation of

PSS–PANi complexes at the interface caused disintegration of the latex particles from the

surfactants and destabilized the PBD dispersion that resulted in precipitation of PBD solids

from the aqueous solution. Therefore, observation of a stable homogeneous aqueous

suspension of optimized PBD–PSS–PANi core-shell particles, such as PSSB4–PANi

samples containing an appreciable amount of PBD core with a similar number of

sulfostyrene and butadiene repeating units, revealed coalescence of PBD and PSS

components and the graft-bonding of PSS moieties on the PBD chain.

The infrared spectrum of core-shell PSS–PBD structures, such as PSSB4 in Fig.

1(d), showed characteristic features for both PBD and PSS moieties, with optical

absorption of main polybutadiene bands at 967 and 912 cm�1 [Fig. 1(b)] and PSS

bands at 1010–1300 cm�1 [Fig. 1(c)]. A higher absorption intensity of PBD bands than

that of PSS bands revealed a relaxed phase of PBD moieties in conjunction with a

coagulated phase of charged PSS moieties in the solid core-shell structure. Intense optical

absorptions of PSSB4 [Fig. 2(d)] at 1010, 1042, 1129, and 1189 cm�1 (corresponding to

the stretch of the SO3 group) have shifted significantly as the PANi incorporation

increases from 0 to 58 wt%, while no difference was found at the same bands between

PSS [Fig. 2(c)] and PSSB4 [Fig. 2(d)]. This variation of SO3 vibration energy suggested

that complexation of PSS anions with protonated PANi cations became effective at the

outer shell region. As a result, the covering of the hydrophobic particle core has also

caused the shift of PBD moieties into a condensed phase, displaying a much decreased

optical absorption of all PBD bands, as shown in the infrared spectra [Figs. 1(e)–(k)] of

all PSSB4–PANi samples.

This unique characteristic of core-shell structures has also been observed in the latexes

coated with PANi,[17] poly(3,4-ethylenedioxythiophene) (PEDOT),[18] and polypyrrole.[19]

The absorbance intensity of PBD bands at 967 and 912 cm�1 was correlated with that of

the PSS band at 1046 cm�1, which remained relatively constant upon variation of the PANi

content in PANi1–PANi7. As shown in Fig. 3, both peak intensity ratios of I912=I1046 and

I967=I1046 decreased with the increase of the PANi content above 40% by wt. This further
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provides support for an increasing degree of phase separation of PBD moieties upon the

increase of the charge density and the thickness of the external shell.

The frequency of the SO3 stretching absorption band was found to shift progressively

at different degrees as the quantity of PANi incorporated on the core-shell particles

increased from 16% to 58% by wt. Complexation of poly(styrenesulfonic) anions with

Figure 1. Infrared spectra of (a) PANi; (b) polybutadiene diol (PBD); (c) PSS; (d) PBD–PSS

grafted copolymer (PSSB4); and (e)–(k) conductive core-shell microparticles (PSSB4–PANin, n¼ 1

to 7 as shown in Table 2).

Figure 2. Infrared spectra of (c) PSS; (d) PBD–PSS grafted copolymer (PSSB4); and (e)–(k)

conductive core-shell microparticles (PSSB4–PANin, n¼ 1 to 7 as shown in Table 2).
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protonated PANi cations may induce the shift, which is very visible at the absorbance

frequency of 1189 cm�1. The corresponding shift of the UV-VIS absorption band

[Figs. 4(d)–(g)] of quinonoid moieties on samples PSSB4–PANi4 to PSSB4–PANi7 with

a higher PANi content was also detected by a cast film on the glass slide. The cationic

quinonoid absorption band centered at 750 nm is indicative of the presence of polarons and

bipolarons.[20] Strong optical absorption at long wavelengths of 758–780 nm may suggest a

continuous conducting phase in all of these core-shell elastic structures that is enhanced by

increases in amounts of PANi. Interestingly, the highly polyanilinated core-shell micro-

particles of PSSB4–PANi7 exhibited a consistently larger optical absorption in intensity at

long wavelengths extending beyond 2000 nm, indicating an highly extended charge

conjugation along the polymer chain with an improvement of electronic properties of the

materials. In order to make solid films with better quality for electrical conductivity

measurements, a small amount of isopropanol was added to the PSSB4–PANi aqueous

solutions before the casting. The slight swelling of the PBD core induced by the 20% of

isopropanol in water may cause uniform shrinkage of both PBD and PANi phases when the

cast films were dried at ambient temperature. From aqueous solutions, direct casting films

on the smooth surface usually crack after the evaporation of water, especially for samples

with high content of PANi. The pressure contact four-point-probe method[21] was employed

for the measurement of the conductivity. Without additional doping, conductivities of

PSSB4–PANi1 and PSSB4–PANi2 were found to be 1.0 S=cm at ambient temperature.

After removal of residual moisture on the films in a desiccator for a period of one week, the

conductivity was found to decrease by an order of magnitude, to 0.1 S=cm, which, in fact, is

similar in magnitude to that of PSS–PANi complexes without rubber modification.[22]

Figure 3. Polyaniline concentration-dependent I912=I1046 and I967=I1046 ratios of infrared bands

corresponding to the absorption of PBD moieties. These decrease with increases of the PANi content

from 0 to 60% by wt.
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Examination of the core-shell particle morphology was performed by casting PSSB4–

PANin (n¼ 1 to 7) samples on a glass slide from a dilute aqueous suspension for the

optical microscopy observations. Figures 5(a) and (b) showed the morphology of the cast

sample PSSB4–PANi1 containing 16% by wt. of PANi. With a low loading of PANi on the

core-shell structure, a concentration dependency on particle size from 3.0 to 16 mm was

observed. Dynamically, PSS–PBD particles were able to aggregate when the interparticle

distance is close enough, especially at temperatures far above the glass transition

temperature (Tg) of polybutadiene. There is a possibility for the soft flexible segments

of polybutadiene to aggregate among particles enhanced at a higher concentration, to form

particles with a larger diameter of 16 mm. On the contrary, at a low concentration of

6.5� 10�5 mg=mL, a smaller particle size of 3.0 mm in diameter was obtained. The

distribution of the particle sizes was not homogeneous.

As the loading of PANi increases at the outer shell, the tendency for aggregation of

polybutadiene soft segments between particles was significantly reduced, due to improved

stability of the particles by fully blocking the PBD core from dynamic merging.

Incorporation of more cationically charged PANi may also enhance the intraparticle

phase separation of anionic PSS and polybutadiene moieties. Accordingly, a relatively

constant particle size of roughly 3.0–4.0 mm in diameter was observed in the case of

PSSB4–PANi2 samples [Fig. 5(c)] containing 28% by weight of PANi. The latex particles

were stable in H2O. With further increase of PANi loading to 58% by weight, the

proportion of the PBD in the core becomes relatively minor, with PANi complexes being

the dominant component of the particle. The core-shell particle size was found to remain

small as 4.0–5.0 mm in diameter and stable in the aqueous phase [Fig. 5(d)], even though

the distribution of the particle size is slightly larger than that of PSSB4–PANi2.

The thermal stability of these elastic core-shell conductive particles was examined by

TGA. As shown in Fig. 6(a), a major weight loss with full thermal degradation of PBD was

Figure 4. UV-VIS-near-IR spectra of elastic core-shell microparticles, PSSB4–PANin (n¼ 1–7) as

cast films on glass slides, indicating extended optical absorptions at long wavelengths.
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observed to occur at 440�C. A similar thermal degradation also appeared in polybutadiene-

containing samples of PSSB4 [Fig. 6(c)] with a much lower percentage of weight loss.

Interestingly, the difference in weight loss of PSS [Fig. 6(b)], prepared by a similar

procedure described above in the absence of PBD, and PSSB4 at 460�C was found to be

roughly 20% by weight, which agrees well with the weight percentage of polybutadiene

moieties in the composition of PSSB4 as determined by elemental analysis. An initial

weight loss profile of polyaniline-containing PSSB4–PANi1 [Fig. 6(d)] prior to 400�C was

consistent with the thermal behavior of PSS–PANi complex which had previously been

reported.[23] The overall 45% weight loss of PSSB4–PANi1 at temperatures of 450–700�C

was almost the same as that of PSSB4 and remained relatively constant at higher

temperature regions, revealing not much further thermal decomposition of aromatics

and PANi moieties above 500�C. The thermal stability of the cationic protonated PANi is,

generally, lower than its neutral emeraldine base analogs. Accordingly, a more substantial

gradual weight loss of 35% below 400�C was detected on the PANi-dominated sample of

PSSB4–PANi7 [Fig. 6(e)]. Above 450�C, the thermal stabilities of all core-shell materials

became high and comparable.

A weak glass transition temperature of PBD at roughly �90�C was detected on

samples of PSSB4 and PSSB4–PANi by differential scanning calorimetry (DSC). Low

intensity of the signal is due to the domination of PSS in the materials composition with a

minor content of PBD. Elastic characteristics of PBD moieties were better evident in

thermal mechanical analyses (TMA), unlike glassy polyelectrolyte PSS which showed

Figure 5. Microscopic morphology of particle samples of (a) and (b) PSSB4–PANi1 with 16% by

wt. of PANi; (c) PSSB4–PANi2 containing 28% by wt. of PANi; and (d) PSSB4–PANi7 containing

58% by wt. of PANi, cast from a dilute aqueous solution.
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essentially no significant thermal dimensional change in both penetration and expansion

modes of the measurement [Figs. 7(Aa) and (Ba)]. With the incorporation of PBD as the

core material, a softening temperature near 45�C was observed in both cases of PSSB4 and

PSSB4–PANi1 samples by a penetration probe (Figs. 7Ab and Ac). This softening point,

higher than the typical melting temperature of poly(1,4-butadiene) at 2�C indicated a

restriction of the PBD soft segment mobility and the shell protection from the PSS and

PSS–PANi. In the expansion mode, a clear dimensional change of PSSB4 at a slightly

higher temperature (57�C) than that of PSS–PANi1 (36�C) was shown in Figs. 7(Bb) and

(Bc), respectively. Retention of rubbery properties of the PBD core was, therefore,

substantiated by these TMA results, even though it was covered and blocked by the

semi-rigid conductive shell of PSS–PANi complexes. More thermal and electrical proper-

ties examined by microthermal analysis and scanning thermal microscopy will be

published elsewhere.[24]

CONCLUSION

Conductive PBD–PSS–PANi core-shell microparticles were synthesized in aqueous

suspensions. Covalent bonding between PBD rubber and PSS–PANi complex stabilizes

the particle and minimizes interparticle aggregation and phase separation. Polymerization

of aniline monomers was carried out using ammonium persulfate as the oxidant in aqueous

hydrochloric acid containing polyanionic rubber copolymer microparticles. The resulting

rubber-modified PANi products form a stable and relatively uniform latex suspension in

Figure 6. Thermogravimetric analysis of (a) polybutadiene diol (PBD); (b) PSS; (c) the PBD–PSS

grafted copolymer PSSB4; (d) PSSB4–PANi1; and (e) PSSB4–PANi7 at a heating rate of 10�C=min

under N2. Polysulfostyrene-containing samples were dried at 100�C under vacuum overnight prior to

the measurement.
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the reaction solution with a PANi loading of 16–58% by weight. For the latex suspensions

with a PANi concentration below 37% by weight, thin films with good quality can be

fabricated by simply using a casting method. Conductivity of these cast films was found to

be 0.1–1.0 S=cm, which is similar in magnitude to that of PANi–poly(4-styrenesulfonic

acid) complexes, without incorporating rubber components. These results revealed a good

approach for the fabrication of conductive plastics, showing the coexistence of elastic

properties in the latex rubber phase as the core and requisite electronic properties in the

rigid phase as the PANi shell. Core-shell structure of the polybutadiene–PANi latex may

provide significant advantages with respect to low-temperature processability and improve-

ment in mechanical properties, including impact strength, while maintaining a respectable

conductivity.
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