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Abstract

An inverted emulsion pathway polymerization method was introduced to synthesize conducting polypyrrole (PPy) into the layer of

inorganic clay within a nanolevel, using dodecylbenzenesulfonic acid (DBSA) as both an emulsifier and a dopant. The synthesized PPy/Naþ-

montmorillonite (MMT) nanocomposite was confirmed to have a layered structure with a folded or penetrated PPy from X-ray diffraction,

and it was further characterized via FT-IR spectroscopy. Four probes method was adopted to examine electrical DC conductivity.

Electrorheological (ER) behavior of the nanocomposite dispersed in silicone oil was also investigated using a rotational rheometer equipped

with a high voltage generator.

q 2002 Published by Elsevier Science Ltd.
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1. Introduction

Polypyrrole (PPy) is a promising conducting polymeric

material for various electronic applications such as light

emitting diode [1], organic FET [2], EMI shielding [3], and

the secondary battery [4], because of its environmental

stability to oxygen and water, high conductivity and ease of

synthesis [5]. Furthermore, suspension of the PPy in an

electrically insulating silicone oil was introduced as an

electrorheological (ER) fluid [6]. As one of the most

spectacular smart and intelligent materials, ER fluids, which

commonly are suspensions of micron-sized particles

possessing a higher dielectric constant and/or conductivity

than that of suspending fluids in a nonconducting fluid,

exhibit reversible changes in their rheological properties as

a function of electric field strength [7]. In the presence of a

strong electric field, the suspended particles attract each

other to form a solid-like network of fibers aligned in the

field direction. Various polarizable semiconducting poly-

mers including polyaniline (PANI) [8,9], copolyaniline [10,

11], polypyrrole [12], poly(acene quinine) radicals [13] and

phosphate cellulose [14] are developed as dry-base ER

materials.

The PPy and its derivatives have been synthesized either

by an electrochemical or by a chemical oxidative polym-

erization. Generally, PPys are brittle, insoluble and

infusible, and hence inprocessible. Thereby, in order to

develop Ppy-based conductive materials, several

approaches including oxidant-impregnated polymerization

using pyrrole vapor [15], electrochemical polymerization of

pyrrole in the presence of latex particles with anionic

surface [16], and graft copolymerization containing pyrrole

as grafted groups [17], have been applied. Furthermore,

Ruckenstein and Hong [18] introduced two emulsion

pathways to synthesize Ppy-based conductive composites.

Meanwhile, nanostructured hybrid polymer/clay nano-

composites have attracted considerable attention for various

engineering applications such as enhanced mechanical

property and thermal stability, reduced gas permeability,

and self-extinguishing flame retardant characteristics

[19–24]. In the case of conducting polymer/inorganic clay

nanocomposites, they provide the new synergistic proper-

ties, which cannot attain from individual materials, such that

the conductivity ðsÞ is more easily controlled, and the

mechanical or thermal stability is improved through the

synthesis of the nanocomposites. On the other hand, as one

of the preparation methods to fabricate polymer nanocom-

posite, emulsion polymerization has been used to produce

various nanocomposites consisting of PANI [25,26],
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polystyrene [27] or styrene/acrylonitrile copolymer [28] and

Naþ-montmorillonite (MMT). Since the interlayers of Naþ-

MMT are filled with sodium cations, the hydrophilic

properties are enhanced and lead to a high degree of

swelling in water. These phenomena hence provide an

effective method for the preparation of intercalated

nanocomposites if aqueous systems are used during the

intercalation procedure. Nanocomposites with PANI and

styrene/acrylonitrile copolymer have also been used as

suspending particles for ER fluids [25,28,29]. Furthermore,

PANI/clay nanocomposites are adopted in the areas of

corrosion protection [30] and enhanced electrical conduc-

tivity [31].

In this study, we synthesize the PPy/clay nanocomposite

(PPNA) particles via an inverted emulsion pathway

polymerization which has been introduced by previous

investigators [17,32], and characterize their physical and

chemical properties. We also prepare an electrorheological

(ER) fluid using synthesized nanocomposite and measure its

rheological properties under high electric field applied.

2. Experimental part

2.1. Synthesis of nanocomposite

In this inverted emulsion polymerization of PPNA

nanocomposite, DBSA was used as both a dopant and an

emulsifier. Initially, DBSA (6.0 mol) was dissolved in

isooctane (900 g), and it was mixed with ammonium

peroxysulfate (0.03 mol) solution in distilled water (24 ml)

for 1 h. Once the inverse emulsion formed, it was mixed

with Naþ-MMT (Southern Clay Products, USA) dispersed

in 24 ml distilled water for 12 h at 0 8C [33]. The weight

ratio of Naþ-MMT was fixed to be 15% in the final product

of the PPNA nanocomposite. This is referred to be inverted

emulsion, which is opposed to the conventional oil-in-water

emulsion. Pyrrole monomer (4 g) solution in toluene was

then dropped into the reactor for 30 min. Reaction

temperature was kept at 0 8C for 24 h. Excess acetone was

then introduced into the reaction mixture to terminate the

reaction. Prior to use as an ER fluid, pH of the product was

adjusted to be 10 by adding either NaOH or HCl solution for

dedoping. Finally, we obtained the particles for the ER

application by washing, filtering, drying, milling, and

sieving, sequentially.

2.2. Characterization

After synthesis, the insertion of PPy into the layers was

examined using X’pert-MPD (Phillips, model pw 3020,

l ¼ 1.542 Å) diffractometer, operated at 40 kV and 30 mA,

in which powder form of the PPNA nanocomposite was

placed on the glass for the XRD experiments. Chemical

structure of the materials was characterized by FT-IR

spectrometer (Bio-Rad, FTS-60, USA). Shape and size of

the particles were determined by scanning electron

microscope (Hitach S-4300, Japan). Average particle size

of the PPNA particle was about 10–20 mm with irregular

shape. A four-probe method and a Janis closed-cycle

refrigerator system were also used for measuring tempera-

ture dependence of electrical conductivity, sdcðTÞ; from 300

to 10 K. For the sdcðTÞ measurement, the samples were

prepared with pellet form under the pressure of 2.1 £ 107 Pa

using a hydro-press.

To characterize its ER characteristics, the ER fluids were

prepared by dispersing the synthesized PPNA particles in

silicone oil (kinematic viscosity: 30 cS) using a mechanical

stirrer (1500 rpm). The concentration of particle was

10 wt%. Rheological properties such as shear stress, shear

viscosity and yield stress were measured by a rotational

rheometer (Physica, MC-120, Germany) with a Couette type

cylinder (Z3-DIN) and a high voltage generator (Meyport

230, USA), which can supply DC electric fields (0–

10 kV/mm) to the insulated bob. In order to obtain

reproducible data, each ER fluid was redispersed at least

two or three times prior to measurement. The shear rate was

varied from 1022 to 103 s, and yield stresses for the prepared

ER fluids were mainly obtained under flow in a controlled

shear rate (CSR) experiment. The stress of the transition

point at which shear viscosity abruptly decreased was

interpreted as the yield stress. Flow curves for each ER fluid

were determined in the CSR mode, and static yield stresses

were obtained in controlled shear stress mode. To obtain an

equilibrium internal structure of the particles, an electric

field was applied to the ER fluids for 3 min before the

rheological measurements were recorded. All measure-

ments were taken at 25 8C unless specified.

3. Results and discussion

Fig. 1 shows the FT-IR spectrum of both PPy and PPNA

sample. The peaks at 1539 cm21 (CyC stretching), and

Fig. 1. FT-IR diagrams of PPy and PPNA samples.
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1034 cm21 (C–H vibration), shown in PPNA system are the

characteristic absorption peaks of PPy sample. The peak at

1167 cm21 is from SyO stretching vibration of sulfonic

acid. Thereby, the characteristic peaks of PPy observed in

PPNA system shows the intercalation of PPy in the PPNA

system.

Insertion of the PPy into the layer of clay was also

examined by an XRD, which confirmed that the PPy chain

was aligned with the layers of clay. Fig. 2 represents XRD

patterns of the clay, PPy and PPNA samples, respectively.

The crystalline peak at 88 corresponds to the periodicity in

the direction of (001) of the Naþ-MMT samples. The (001)

peak was shifted toward a lower angle due to the

intercalation of PPy material between the clay layers during

nanocomposite synthesis. The variation of d-spacing in the

direction of (001) was estimated by using Bragg formula

nl ¼ 2d sin u: The d-spacing in the direction of (001) of the

pristine clay samples is 11.05 Å, and that of PPNA is about

to be 16.0 Å, without crystalline peak at 88. These results

demonstrate the intercalation of conducting PPy materials

between the clay layers [34].

Fig. 3 represents temperature dependence of DC

conductivity ½sdcðTÞ� of both PPy and PPNA samples.

The sdc of the PPNA samples was measured to be ,6 S/cm,

while that of PPy samples was ,20 S/cm at room

temperature by a four probe method. Temperature depen-

dence of sdc of the PPNA systems follows three-

dimensional (3D) variable range hopping (VRH) model,

which is described as [35]

sdcðTÞ ¼ s0 exp½2ðT0=TÞ
1=4�: ð1Þ

Here s0 is the proportionality constant of conductivity and

T0 ¼ 16=½L3NðEFÞkB�; where L is the localization length,

N(EF) is the density of states at the Fermi level, and kB is the

Boltzmann constant. From the slope of sdcðTÞ; the

calculated values of T0 for the PPy and PPNA samples are

,22 000 and ,32 000 K, respectively. This indicates that

the PPy sample has a higher conducting state than the PPNA

sample [35]. Based on this result we consider that the

molecular structure of PPy is a network structure with side

chains and interchain links formed from the main chain,

resulting in the 3D VRH model [5,36]. The results are

different from the sdcðTÞ of PANI/clay nanocomposites, in

which sdcðTÞ follows the quasi-1D VRH model [31].

Furthermore, the clay layers are regarded to interrupt the

effective doping and weaken the interchain interaction of

polymer main chains resulting in low sdc of the nanocom-

posite systems.

Fig. 4(a) and (b) shows that the flow curve of shear stress

vs. shear rate curve for the PPNA-based ER fluid and shear

viscosity vs. shear rate for Ppy-based ER fluids on the

electric field, respectively. For an ER measurement, we

dedoped the PPNA particle, and then adjusted its conduc-

tivity to be 1.2 £ 1028 S/cm. As the shear rate increases, the

behavior of shear stress decreased initially and then

increased above a critical shear rate as shown in Fig. 4(a)

[34]. Extraordinary flow curves with the appearance of a

minimum may be the result of structural change of the ER

fluid due to shear flow. The particle chains, which are

formed by the electric field, are disrupted by the shear flow.

When the shear rate becomes high enough, the particle

chains may be broken by the shear and the particles may not

have enough time to realign themselves along the electric

field. Furthermore, the decrease in shear stress with

increasing shear rate was reported to occur only under

direct current electric fields [37].

On the other hand, the shear stress enhancement is due to

the fibril structure of particle formed by an applied electric

field. When the shear deformation is applied, the fibrils

begin to break apart and reform repeatedly, depending on

the magnitude of the applied shear and the particle–particle

interaction in the fibrils. It indicates that the PPNA-based

ER fluid loses its ER property and follows the Newtonian

behavior as the chain structure breaks with a high

Fig. 2. X-ray diffraction patterns of clay(Naþ-MMT), PPy and PPNA

samples.

 

Fig. 3. Temperature dependence of DC conductivity ½sdcðTÞ� for PPy and

PPNA samples.
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deformation rate. Nonetheless, the PPNA-based ER fluid

follows general ER tendency such that shear stress increases

with an electric field. Fig. 4(b) shows the shear viscosity of

PPNA-based ER suspension with various electric fields. The

shear viscosity decreases with the shear rate, similar to shear

thinning behavior found in polymer melts or solutions [38].

Furthermore, Fig. 5 indicates that the ty is proportional to

E 2 for low E, and then ty follows abruptly to E 3/2 for high

E, in which the E is an applied electric field. It is well known

that ty approximately obeys the power behavior, ty / Eb in

which the exponent depends on the E range; it is 2 until the

E reaches the critical electric field strength Ec, and then

generally becomes smaller than 2 as E . Ec as shown in

Fig. 5. The Ec of the PPNA-based ER fluid in this study is

estimated to be 1.5 kV/mm. The nonlinear conductivity

effect with the bulk conducting particle model has been

considered and a yield stress model was obtained, showing

that the power law index approaches 3/2 at high E [39].

To represent the yield stress data for a broad electric field

strength range, Choi et al. [39] conjectured the simple

hybrid yield stress equation between ty and E

tyðEÞ ¼ aE2 tanh
ffiffiffiffiffiffi
E=Ec

p

ffiffiffiffiffiffi
E=Ec

p

� �
; ð2Þ

where a depends on the dielectric constant of the fluid and

particle volume fraction, and Ec is proportional to the

particle conductivity. ty in Eq. (2) has two limiting

behaviors: E 2 for E p Ec and E1:5 for E q Ec; thus

showing that the yield stress of the PPNA-based ER fluid

follows the simple hybrid yield stress Eq. (2). The behavior

of nonlinearity for yield stress has been examined for

different ER materials such as poly( p-phenylene) and

polyaniline [40,41].

In conclusion, we synthesized PPNA particles via an

inverted emulsion polymerization for the first time and

examined its various characteristics including ER property.

Intercalation of PPy was observed from the XRD and FT-IR

analysis, in which the characteristic peaks of PPy in the

PPNA were observed. Since the existence of clay effects as

an insulating material, the conductivity of PPNA was lower

than that of pure PPy in a broad range of temperature.

Furthermore, the PPNA particle shows not only a typical ER

behavior with electric fields but also the existence of a

critical electrical field when the yield stress of PPNA-based

ER fluids was plotted as a function of an electric field.
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