
Introduction

An electrorheological (ER) fluid, which behaves like a
Bingham fluid under an applied electric field, is generally
composed of polarizable solid particles dispersed in an
insulating oil [1, 2, 3, 4]. The dispersed particles form
chain structures along the applied electric field, inhibit-
ing the fluid flow, and the fluid exhibits an enhanced
shear stress and, in particular, develops a yield stress at
zero-shear rate. This rheological property makes various
applications possible in the area of mechanics, such as
damping systems, clutches, valves, positioning, and so
on. Despite the great potential of ER technology, no
versatile ER devices have reached the marketplace.
When formulating the ER fluid for a specific applica-

tion, some requirements must be satisfied, which are
high yield stress under electric field and low zero-field
viscosity, wide operating temperature, rapid response,
and dispersion stability.

Anhydrous ER suspensions acquired a dramatic im-
provement over earlier wet-based ER fluids that re-
quired water or polar additives to demonstrate ER
activity and lost the activity at higher working temper-
atures [5, 6]. As anhydrous ER fluids, suspensions of
semiconducting polymers, such as polyaniline (PANi) [7,
8, 9, 10, 11] and pyrolyzed hydrocarbons [12], are the
leading polarizable materials. Among those anhydrous
ER fluids, PANi has attracted wide interest from many
researchers because of its synthetic versatility, thermal
stability, and the ability to tailor electrical properties.
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Abstract Monodispersed micron-
sized polyaniline (PANi) composite
particles were synthesized by chemi-
cal oxidation polymerization of ani-
line in the presence of functional
porous polymer particles consider-
ing the surface functionality and the
deposition space. The PANi parti-
cles formed in the reaction medium
deposited onto the porous substrate
to produce PANi-coated composite
particles. The formation of the
composite was confirmed by Fourier
transform IR spectroscopy and
UV–vis spectroscopy, and their
morphological structures were
examined by scanning electron
microscopy. From the experimental
results, it was determined that PANi
was successfully coated onto the
functional macroporous polymer

particles, maintaining the size
monodispersity. The electrorheolog-
ical properties of the suspensions
prepared by dispersing the compos-
ite particles in silicone oil were in-
vestigated under different electric
fields. It was found that the fluids
showed a great increase in shear
stress, exhibiting a dynamic yield
stress under high electric fields;
however, the shear stress at low
electric fields did not show good
particle polarization with fluctuating
stress values. In addition, the PANi
composite particles exhibited differ-
ent electrorheological behavior
according to the particle size.
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Generally, dedoped or deprotonated PANi, which is
called the emeraldine base form, has been widely used in
ER fluids since it can be polarized more easily owing to
its semiconjugated p system [8, 9]. PANi-based suspen-
sions also achieve appreciable yield stress over a wide
temperature range. However, all the PANi particles used
have poor processibility and had irregular shape and
size. In order to enhance the processibility of PANi,
many efforts have been made regarding the preparation
of colloidal PANi [13, 14], the incorporation of side
groups into the main chain [15], and the use of different
kinds of dopants [16].

In our previous study [17], we easily solved both the
processing problem and the morphological unevenness
of PANi by synthesizing monodispersed micron-sized
PANi composite particles. The composite particles were
obtained by polymerizing aniline monomer in the pres-
ence of preformed polymer latex particles, resulting in in
situ deposition of growing PANi onto the substrate
particles. The key factors for stable and clean coating of
PANi are substrate functionality and the volume of
deposition site that is produced by the porous structure.
Hence, monosized functional porous polymer particles
as a substrate were used to satisfy these factors, and
finally monodispersed PANi composite microspheres
could be obtained. These semiconducting composite
particles have many advantages as a controlled polar-
ization body in the field of ER fluid systems with the
controllability of their composite constituent, composi-
tion ratio, conductivity, and size. In this study, we syn-
thesized and characterized monodispersed PANi
composite particles and investigated the ER properties
of the corresponding suspensions. The shear-stress be-
havior of the ER fluid was studied as a function of the
electric field strength and the particle size.

Experimental

Materials

Styrene (St, Aldrich Chemical Co.), divinylbenzene (DVB, 55%
assay, Aldrich), and glycidyl methacrylate (GMA, Aldrich) were
purified through a removing column before use. Aniline (Aldrich),
ethanol (J.T. Baker), 2-methoxyethanol (Kanto Chemical Co.), and
1-chlorododecan (CD, Tokyo Chemical Industry Co.) were all re-
agent grade. Poly(vinyl pyrrolidone) (Mw=4.0·104 gmol–1, Sigma
Chemical Co.) and poly(vinyl alcohol) (PVA, Mw=8.8·104–
9.2·104 gmol–1, 87–89% hydrolyzed, Kuraray Co.) were used as
polymeric stabilizers, and di-2-ethylhexyl ester of sodium sul-
fosuccinic acid (Aerosol-OT, American Cyanamid) was used as a
costabilizer. 2,2-Azobis(isobutyronitrile) (AIBN) and benzoyl per-
oxide (BPO) were purchased from Junsei Chemical Co. and were
recrystallized from methanol, and ammonium persulfate (APS,
Tokyo Chemical Industry Co.) was used as received.

Preparation of uniform porous polymer particles

Highly monodispersed polystyrene (PS) seed particles were
prepared by dispersion polymerization based on our previous

polymerization condition [18, 19]. The type of dispersion medium
was changed to obtain monodispersed seed particles with different
diameters. Two different dispersion polymerization recipes were
applied and they are summarized in Table 1. These PS seed parti-
cles with different sizes were used to control the final size of the
porous polymer particles.

A two-step seeded polymerization procedure was used for the
synthesis of uniform micron-sized poly(St-co-GMA-co-DVB)
macroporous particles [20]. First, PS seed particles redispersed in
0.25 wt% sodium lauryl sulfate (SLS) aqueous solution (40 g) by
sonication were swollen with CD (0.5 g) emulsified by ultrasonic
homogenization in 0.25 wt% SLS aqueous solution (10 g) for 12 h.
All the swelling processes were carried out at 30 �C with a me-
chanical stirring speed of 200 rpm. After the complete disappear-
ance of CD emulsion droplets, the mixture of St (1.0 g), GMA
(2.0 g), DVB (3.0 g), toluene (4.0 g), and BPO (1.0 wt% against
total monomers) was emulsified by the previously described emul-
sification method and poured into the reactor. The monomer-
swollen particles were then stabilized with 5.0 wt% PVA aqueous
solution and the PVA concentration was fixed at 1.0 wt% of the
total weight (250 g). Polymerization in the aqueous phase was in-
hibited by adding copper(II) chloride (0.2 g). After deaeration with
nitrogen gas, the polymerization was carried out at 80 �C for 10 h.
The particles produced were washed repeatedly with water and
ethanol. Soxhlet extraction was performed using methylene chlo-
ride for 36 h to eliminate linear seed polymer and other impurities.

Synthesis of PANi composite particles

Epoxy-functionalized porous particles (2 g) were dispersed in 1 M
HCl aqueous solution (180 g) with magnetic stirring in a screw-
capped bottle. Then, aniline monomer (0.5 g) was added to the
dispersion and a prechilled solution (20 g) of APS (1.47 g) in 1 M
HCl was added at once; the polymerization reaction was continued
at about 5 �C for 12 h. The molar ratio of APS to aniline was fixed
at 1. The synthesized composite particles were separated through
centrifugation and washed several times with water to remove the
initiator and unreacted monomer. Then, the PANi composites were
immersed in 3 wt% ammonia water with continuous stirring for
3 h to obtain the emeraldine base form of PANi. The product was
finally dried in a vacuum oven at 80 �C for 1 day. All the composite
particles had a PANi loading of 20 wt%.

Characterization of the particles

Identification of the composite particles was performed by Fourier
transform (FT) IR (Mahgna IR-550, Nicolet) spectroscopy and
UV–vis spectroscopy (UV S-2100, Scinco Co.). The surface mor-
phology of the composite was observed with a scanning electron

Table 1. Standard recipe for dispersion polymerization. 70 �C;
24 h; 12.5 wt% monomer concentration based on total weight. 2,2-
Azobis(isobutyronitrile) (AIBN) (1.0 wt% based on monomer
weight) was added. Urethane acrylate (2.0 wt% based on total
monomer weight) was used as a cross-linking agent

Seed latex SL1 (g) SL2 (g)

Styrene 12.25 12.25
AIBN 0.125 0.125
Urethane acrylate 0.25 0.25
PVP K-30 1.79 1.79
Aerosol-OT 0.4 0.4
Ethanol 59.70 42.64
2-Methoxyethanol 25.58 42.64
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microscope (SEM, JSM-6330F, JEOL). The diameter of the par-
ticles was determined by image analysis from SEM photographs.
Thermogravimetric analysis (TGA) was carried out in the tem-
perature range of 30–700 �C at a heating rate of 20 �Cmin–1 under
a nitrogen atmosphere using a SDT2960 (TA Instruments). The
specific surface area, the pore volume, and the pore size of the
porous particles were calculated from the Brunaner–Emmett–Teller
isotherm of sorption/desorption of nitrogen. The molecular weight
of the coated PANi in the dedoped state was determined using
Styragel HR 1–4 columns from Waters Associates at 25 �C.

Preparation and rheological measurements of ER fluids

ER suspensions with 20% weight fraction were prepared by dis-
persing the PANi composite particles in silicone oil (KF-96, 100 cS,
Shinetsu) using mechanical stirring. The rheological behavior of the
ER suspensions was determined under direct current electric fields
using a rotational Physica rheometer (MC120) with Couette-type
geometry along with a high-voltage power supply (HVG 5000) at
room temperature. The ER fluids were placed in the gap between
the stationary outer cup and the inner rotating bob. An electric
field was applied for 5 min in order to obtain an equilibrium
structure before applying the shear. The shear rate was varied from
10–1 to 103 s–1 and the flow curves were obtained with the rhe-
ometer operating in the controlled-shear-rate (CSR) mode. Electric
current going through the ER fluid was measured using a Keithley
196 system.

Results and discussion

Monodispersed micron-sized PANi
composite particles

Monodispersed and stable seed particles were obtained
by dispersion polymerization. SEM photographs of the
PS seed latexes with different two sizes used in the
preparation of the porous polymer particles are shown
in Fig. 1. All the seed particles were very clear and
highly monodisperse with a particle size distribution of
1.01. 2-Methoxyethanol was used to alter the medium
solvency and, consequently, to control the size of the
seed particles. Ober and Hair [21] stated that the
mechanism for particle nucleation in dispersion poly-
merization depends heavily on the molecular weight of
polymer produced by the polymerization before the
initial precipitation, which is dependent on the solvency

of the reaction medium. If fewer chains precipitate to
form nuclei at higher medium solvency, larger particles
will eventually result; therefore, the particle size can be
adjusted by controlling the medium solvency. In reality,
the number-average particle sizes obtained were 2.87
and 5.01 lm for SL1 and SL2 seed latexes, respectively.

With these seed particles, monodispersed porous
polymer particles with three different sizes were pro-
duced by changing either the type of seed latex or the
monomer-swelling ratio in the two-step seeded poly-
merization. The properties of the porous particles pro-
duced are presented in Table 2. All the porous particles
had size monodispersity and structural uniformity. In
our previous work [17], a surface epoxy group and a
porous structure were introduced to the substrate poly-
mer particles in order to obtain high coating efficiency
and to solve the problem of free particles forming

Table 2. Properties of porous poly(styrene-co-glycidyl methacrylate-co-divinylbenzene) particles produced with different seed latexes and
swelling ratios

Sample Seed latex Swelling ratioa Particle size Porous properties

Dn (lm)b Dw/Dn As (m
2g–1)c Vp (mlg–1)d Dp (nm)e

PSG1 SL1 20 7.01 1.01 20.01 0.13 62.7
PSG2 SL2 20 12.72 1.01 16.27 0.13 58.9
PSG3 SL2 50 18.10 1.01 13.53 0.11 53.4

aMonomer swelling ratio against the seed latex by weight
bParticle size measured from scanning electron microscope photo-
graphs

cSpecific surface area
dPore volume
eAverage pore size

Fig. 1. Scanning electron microscope (SEM) photographs of
polystyrene (PS) seed particles: a SL1 and b SL2
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separately in the reaction medium. One interesting point
was that uniformly coated particles could be obtained by
using epoxy-functionalized porous particles with en-
hanced surface area and larger pores. All the particles
could be characterized in the macroporous range from
the results of the pore size, Dp, the pore volume, Vp, and
the specific surface area, As. Here, the synthetic route of
our previous study was followed and monodispersed
PANi-coated polymer particles were successfully ob-
tained.

The formation of PANi composite particles was
confirmed by FT-IR spectra as shown in Fig. 2. After
polymerizing aniline in the presence of porous polymer
particles, four strong absorption bands attributed to
PANi were observed at 1,555, 1,487, 1,300, and
1,140 cm–1. These peaks are attributed to characteristic
vibrational modes of the quinoid ring and stretching
vibrations of the benzoid unit, the C–N bond, and the
quinoid ring, respectively. The oxidation state of PANi
during the aniline polymerization in the presence of
porous particles was investigated by UV–vis spectros-
copy. Typical UV–vis spectra of aniline polymerization
in acidic aqueous solution with time are shown in
Fig. 3. After about 30 min polymerization, the solution
apparently turned blue and a slight absorption peak at
540 nm appeared, indicating the formation of
protonated pernigraniline. The blue color intensified
gradually with further polymerization. After 1 h poly-
merization, the solution turned dark green, which is
associated with significant structural changes from
protonated pernigraniline to the emeraldine salt form of
PANi with fast depletion of oxidant S2O8

2–. In addi-

tion, two characteristic absorption peaks of the emer-
aldine salt form were observed near 450 nm and at
above the 600-nm region. The absorption around
60–1,000 nm is assigned to the presence of a polaron
resulting from the doping process [22, 23]. This

Fig. 3. UV–vis absorption spectra of samples taken at various
times during the polymerization of aniline in 1 M HCl aqueous
solution at about 5 �C

Fig. 4. SEM photographs of a porous polymer particles (PSG1)
and b the corresponding PANi composite particles

Fig. 2. Fourier transform IR spectra of porous poly(styrene-co-
glycidyl methacrylate-co-divinylbenzene) particles (a) and the
corresponding monodispersed micron-sized polyaniline (PANi)
composite particles (b), and pure PANi particles (c)
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indicates that the coated PANi layer exists in the doped
state of the emeraldine form.

SEM photographs of porous polymer particles
(PSG1 in Table 2) and the corresponding PANi com-
posite particles are shown in Fig. 4. The overall coating
of the porous particle with PANi is shown in Fig. 4b.
The characteristics of the PANi composites are
summarized in Table 3. In all cases, gel permeation
chromatography of the coated PANi displayed a
weight-average molecular weight of nearly 32,000. The
particle size distribution of the porous particles was
very narrow and monodispersity was also maintained in
the composite particles. This reveals that the PANi
composite particles are colloidally very stable at a
PANi loading of 20 wt%. In the cases studied earlier
[24, 25], conducting polymer-coated polymer latexes
exhibited coagulated particle morphologies at a loading
of 20 wt% or above. This problem was successfully
resolved by using porous substrate particles providing
larger deposition space.

TGA thermograms for pure PANi, porous polymer
particles, and the PANi composite particles are shown in
Fig. 5. Colloidal pure PANi showed monotonic mass
loss over a wide temperature range, exhibiting three

characteristic mass-loss regions. The initial mass loss
between 50 and 140 �C was usually associated with
moisture release [26] and further mass loss between 170
and 280 �C was mainly due to the evolution of the do-
pant HCl [27]. Again a sharp mass loss above 350 �C
presumably corresponds to large-scale thermal degra-
dation of PANi main chains [26]; nearly 36% residue
was left for PANi at 700 �C. This thermal behavior was
also observed in the PANi composite particles. The
thermogram of the PANi composite particles exhibited
three slight mass-loss regions related to pure PANi and
one sharp mass-loss region related to porous substrate
particles. The composite left a residue of about 11% at
700 �C. PANi was successfully introduced to the sub-
strate particles quantitatively according to the amount
of aniline. The TGA data indicate that the PANi layer of
the composite was not far from the colloidal pure PANi
which has been used as ER materials.

Table 3. Characteristics of the monodispersed micron-sized polyaniline (PANi) composite particles (PCP)

Sample PANi layer Particle size Porous properties

Thickness (lm) Mw Dn (lm) Dw/Dn As (m
2g–1) Vp (mlg–1) Dp (nm)

PCP1 0.44 31,700 7.45 1.01 19.91 0.09 18.1
PCP2 0.42 32,100 13.14 1.02 17.69 0.09 20.2
PCP3 0.50 31,800 18.60 1.02 17.48 0.08 14.1

Fig. 5. Thermogravimetric analysis thermograms of porous poly-
mer particles (solid line), HCl-doped pure PANi (dashed line), and
the PANi composite particles (dotted line)

Fig. 6. Optical micrographs of 5 wt% suspension of PANi
composite particles a before and b after the application of an
electric field (1 kVmm–1)
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ER properties of the PANi composite suspensions

Micrographs of the suspensions before and after appli-
cation of an electric field confirm the transition of
randomly dispersed particles to the organized chain
structure of particles (Fig. 6). When an electric field was
applied, the particles were polarized and immediately
formed many chains (clusters) bridging the two
electrodes. This chain structure causes an increase in the
shear stress.

The flow curves of the shear stress, s, versus the shear
rate, _cc, from the CSR experiment for the suspension of
PANi composite particles (PCP2) at various electric field
strengths are illustrated in Fig. 7. At zero electric field,
the flow curve was slightly pseudoplastic, suggesting the
formation of a structure of aggregated particles, which is
broken by the shear forces in the flow field [28]. When an
electric field was applied to the suspensions, the shear
stress abruptly increased over the entire shear rate range,
exhibiting a yield stress as in a Bingham fluid. As the
electric field strength increased, the shear stress at very
low shear rate ( _cc ¼ 0:1) increased consecutively, and the
increased yield stress was maintained at high shear rate.
However, the shear stress increased above a shear rate of
30 s–1. The stress behavior of the fluid is thought to be
largely dominated by the hydrodynamic force generated
by shear beyond this shear-rate region. At lower electric
field strengths of 1 and 2 kVmm–1, the shear stress
exhibited fluctuating values. This is probably due to the
repetition of structural chain formation/deformation of
suspended particles, which indicates that the interparticle
interaction force is not so strong at low electric fields as
to resist the shear force even in the low-shear-rate range.

The conductivity of the dedoped PANi composite
particles was measured using a four-probe conductom-
eter and all the values were approximately 2.0·10–10
Scm–1. The current density of the PANi composite sus-
pension as a function of electric field strength is shown
in Fig. 8. The suspension showed relatively low current
densities over the applied electric fields and the current
density moderately increased with the field strength. It is
noticeable that current density of the suspension slightly
jumped up at an electric field of 3 kVmm–1, at which the
suspension started to display enhanced shear stress as
shown in Fig. 7.

The present PANi composite particles have a core–
shell-type structure and the particle size can be con-
trolled as required by altering the substrate particle
size. The average diameters and particle size distribu-
tions of the composites are listed in Table 3. The sus-
pension of monodispersed PANi-coated particles was
expected to become an excellent model system for
studying the effect of the particle size on the ER re-
sponse, and the relationship between the particle size
and the stress behavior under an electric field is shown
in Fig. 9. The dynamic yield stress, sy, can generally be
obtained by extrapolating the shear rate to zero; here,
the plateau stress at the lowest shear rate was regarded
as a yield stress. This value is referred to as the para-
meter incorporating the interparticle interactions,
especially in the fluid under direct current fields. At low
field strengths (1 and 2 kVmm–1), the fluids did not
show any plateau stress; therefore, the stress behavior
at high electric field strengths (3 and 4 kVmm–1) was
considered. As the particle size increased, the dynamic
yield stress also increased in this size range. Though the

Fig. 8. Current density of the PANi composite suspension as a
function of electric field strength, E

Fig. 7. Flow curves of shear stress versus shear rate for 20 wt%
suspension of PANi composite particles (PCP2) at different electric
fields
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stress behavior for particles smaller than 7 lm and
larger than 20 lm was not observed, there will be an
optimum size revealing the maximum yield stress. In
addition, the increment of the shear stress, Ds, also

increased with the particle size in the very high shear
rate region.

Conclusions

From the results of IR and UV–vis spectroscopy, ther-
mal analysis, and image analysis, monodispersed mi-
cron-sized PANi-coated particles were successfully
prepared by using functional macroporous polymer
particles as a substrate. The PANi layer of the composite
was found to exist in the emeraldine state, which was
reported to give good polarizability. The ER fluid of
PANi composite particles showed typical ER charac-
teristics; the shear stress increased with the applied
electric field. Furthermore, it was shown that the shear
stress increased with the particle size in the range from
7.45 to 18.60 lm. This PANi composite-based fluid is
expected to become a novel material in the systematic
analysis of the ER effect because of its size monodis-
persity and ability to control the particle characteristics,
such as the PANi content, the particle conductivity, the
particle size, and the size distribution.

Acknowledgement This work was supported by the Brain Korea 21
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Fig. 9. Effect of particle size on the dynamic yield stress, sy, and
the increment of shear stress, Ds, at _cc ¼ 728 s�1 for 20 wt%
suspensions of the monodispersed PANi composite particles
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