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ABSTRACT: Poly(p-phenylene) (PPP) particle-based electrorheological (ER) fluids were
prepared from FeCl3-doped PPP and silicone oil. The effect of the volume fraction of
PPP and applied electric field strength on ER response was investigated via measured
rheological properties, including flow curve, shear viscosity, and yield stress. Further-
more, the yield stresses of the PPP-based ER fluid, which exhibit the typical charac-
teristics of a Bingham fluid, were measured. The yield stress data collapse on a
universal scaling function proposed by Choi et al. © 2002 Wiley Periodicals, Inc. J Appl
Polym Sci 84: 2397–2403, 2002
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INTRODUCTION

Electrorheological (ER) fluids, which are the sus-
pensions of micron-sized polarizable particles dis-
persed in nonconducting liquids, are fascinating
materials whose suspension microstructure and
rheological properties, including yield stress and
viscosity, are dramatically altered by external
electric fields.1,2 The dramatic increase in viscos-
ity and rapid response time originate from the
substantial alteration of the suspension struc-
ture, especially the field-induced formation of fi-
brous aggregates aligned with the electric field.
Polarized particles behave as electric dipoles,
which attract each other to form chain and col-
umn structures aligned along the external field
direction,3 and all of the physical and mechanical

properties of the suspensions induced by the ap-
plied electric field are reversible.4,5

A wide variety of particulate materials were
employed in ER suspensions, including starch,
flour, silica, alumina, titania, zeolite, and semi-
conducting polymers. Among these, the conven-
tional hydrous ER particles are known as wet-
base systems (e.g., starch, silica, alumina, and
titania), which require a small amount of water or
some other polar molecule as an additive or pro-
moter. The wet-base system has severe limita-
tions in its engineering application, including
thermal instability, water evaporation, corrosion
of device, and so on.6–8 Recently developed dry-
base systems also exhibit the strong ER charac-
teristics; intrinsic charge carriers in either bulk
particles or their surfaces move locally under the
applied electric field to generate a field-induced
structure with polarized particles. The ER fluid
based on a semiconducting polymer is one of the
novel, intrinsic ER systems. The anhydrous ER
materials are polarizable with conducting and
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electroluminescent material, including polyani-
line,9,10 copolystyrene particles with a polyaniline
coating,11 poly(aniline-co-o-ethoxyaniline),12 poly-
(acenequinone) radicals,13 and poly(p-phenylene)
(PPP).14 On the other hand, continuous phases,
including silicone and hydrocarbon oils, possess
low conductivity and large dielectric breakdown
strength.

The electrostatic polarization mechanism was
known to result in the field-induced polarization
of the disperse phase particles relative to the con-
tinuous phase,15 in which the driving force of the
particle fibrillation originates mainly from the
electrostatic interaction between particles. The
dielectric constant mismatch between the parti-
cles and the dispersing oil causes this interac-
tion.16 Overlap of electric double layers17,18 in the
particle has also been suggested as a potential
mechanism for ER response. Each particle is sur-
rounded by a diffuse counter ion cloud, which
distorts and overlaps with neighboring counter
ion clouds and enhances the electrostatic repul-
sion among particles.19

The PPP in general is a simple conjugated poly-
mer consisting of phenylene rings and is an insol-
uble and infusible dark brown material with low
electric conductivity. This material was one of the
first reported to have blue electrolumines-
cence.20,21 Plocharski et al.22 pointed out that ER
characteristics are determined primarily from the
ionic polarizability and the ion movement in the
suspended particle material. They investigated
the PPP with anhydrous ferric chloride FeCl3 dis-
solved in dry nitromethane and then observed the

increase in the ER effect with increasing dielec-
tric constant.

EXPERIMENTAL

Semiconducting PPP particles were synthesized
by adopting the procedure of Kovacic and Ozi-
omek.23 PPP, which provides mechanical and
chemical stability, was synthesized via simple
bulk polymerization of benzene (Daejung Chemi-
cal, Inchon, Korea).24 PPP particles were doped
with 5 wt % FeCl3 (Kanto Chemical, Tokyo, Ja-
pan) in aqueous solution to increase electric con-
ductivity. Recently, functional PPP was also syn-
thesized by using palladium catalyst.25 In most
cases, the synthesized PPP particles do not con-
tain more than 10 repeat units26 because of (1)
the occurrence of side reactions, which destroy
functional groups and suppress further chain
growth, and (2) the occurrence of product precip-
itating from the solution.27

In this article, the benzene was converted to
PPP by using cupric chloride (CuCl2; Aldrich, Mil-
waukee, WI) in a nitrogen environment. The po-
lymerization temperature was kept at 45°C. A
reaction involves formation of the intermediate
dihydro units via a series of electron and proton
transfers. At an early stage in the reaction, water
was added as an initiator and the stirring speed
was maintained at approximately 400–500 rpm
for 2 h. After polymerization, the mixture was
washed with water and ethyl alcohol to remove
CuCl and aqueous acid. The chemical reaction
diagram of PPP is as follows:

In the oxidative coupling process, PPP is also
generated by electrochemical coupling,28 which is
known to produce a phenolic unit and is more
feasible for electron-rich monomers, including
thiophene and pyrrole. The PPP was then dried
and milled. To increase conductivity, the PPP
particle was doped with FeCl3 aqueous solution
for 48 h at 25°C. After doping, the PPP particles
were filtered and dried. The ER fluids with PPP
particles dispersed in silicone oil were prepared
by suspending the mixture at 1500–1800 rpm by

using Pearl Mill (Shinil Co., Korea). Before sus-
pending the PPP particles in the oil, the particles
were dried for 1 day. The kinematic viscosity and
the density of the silicone oil were 30 cS and 0.960
g/cm3, respectively.

To examine the chemical structure of the syn-
thesized PPP, FTIR spectroscopy (Bruker IFS 48,
Ettlingen, Germany) was used. Particle sizes and
their distributions were measured by a particle
size analyzer (Malvern MS 20, Malvern, U.K.);
particle shape was measured by a scanning elec-
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tron microscope (SEM S-2400, Hitachi, Hitach-
naka, Japan), and the density of the PPP was
measured with a pycnometer. Density of the PPP
particle was 1.21 g/cm3. In the conductivity mea-
surements, the picoammeter (Keithley 487,
Cleveland, OH) with a custom-made cell (two
probes) was used to measure pellets of each sam-
ple. Two different voltages (10 and 100 V) were
applied and the corresponding currents (I) were
measured.29,30 The conductivity � was then cal-
culated from the equation31

R �
V
I �

d
�A (1)

where A is the surface area and d is the thickness.
The samples were indexed to be PPP-1, PPP-2,
PPP-3, and PPP-4 for 2.40, 4.01, 5.64, and 8.10 vol
% of the PPP in silicone oil, respectively.

Electrorheological properties of the PPP-based
ER fluids were measured by using a rotational
rheometer (Physica MC120, Stuttgart, Germany)
with a Couette geometry (Z3-DIN) equipped with
a high-voltage generator (HVG 5000, Stuttgart,
Germany). Temperature was controlled by a cir-
culating oil bath (Viscotherm VT100). Several DC
electric field strengths (1–3.5 kV/mm) were ap-
plied to the insulated bob. The yield stress was
then measured from both controlled shear rate
(CSR) mode, which is the value of the flow resis-
tance at the shear rate presetting, and controlled
shear stress (CSS) mode determined by preset-
ting the shear stress and recording the shear rate.

RESULTS AND DISCUSSION

The PPP-based ER fluid in this study is of tech-
nological interest because of its high stability and
relatively easy control of doping at low concentra-
tions. Figure 1 shows the FTIR spectra of the PPP
particle, showing a strong peak at 800 cm�1 for
the C—H out-of-plane deformation of 1,4-distrib-
uted benzene, a peak at 1033 cm�1 for in-plane
deformation, and peaks at 1403 and 1478 cm�1

for the ring-stretching structure. The particle size
distribution of the synthesized PPP was mea-
sured in the range of 15–25 �m (in diameter). The
shape was irregular for both the doped and the
undoped particles.

A synthesized PPP particle shows semicon-
ducting behaviors with moving charge carriers
that can be activated under a strong applied elec-
tric field. It is known that certain polymers in-

cluding PPP are highly conductive in the presence
of dopants that are electron acceptors, such as
pentafluoride and halogen, or electron donors,
such as alkali metals. The conductivity varies
with dopant concentration and doping may affect
the rearrangement of charges in polymer back-
bone.32 However, interchain transport of elec-
trons in doped PPP, due to the charged defect
structure, could be intensified upon application of
the external field. There exists conductivity
change due to the degree of doping. Doped PPP
leads to increased conductivity. For example, un-
doped and 5.0 wt % doped with FeCl3 have con-
ductivities of 1.12 � 10�13 and 4.40 � 10�10 S/cm,
respectively.

The rheological properties of an ER fluid vary
when an electric field is imposed by forming a
characteristic fibrillation structure, with strings
of particles oriented along the electric field direc-
tion. Figures 2 and 3 show the flow curves for
shear stress and shear viscosity versus shear
rate, respectively, via CSR test at five different
electric field strengths (0, 1.0, 2.0, 3.0, and 3.5
kV/mm). In the absence of an electric field, the
suspension behaves similar to an ordinary sus-
pension. However, when the electric field is ap-
plied, the shear stress and shear viscosity at a
given shear rate increase with electric field
strength. The shear stress initially decreased
with shear rate and then increased at the point of
breaking, as shown in Figure 2. At the lower
shear rate, the fibrillated structure uniformly de-
formed initially, but after a few minutes, a zone
devoid of fibrils developed in the middle of the
gap, and shearing from then on took place for the
most part in the central region. An electrohydro-

Figure 1 FTIR spectra of PPP.
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dynamic effect occasionally occurred, particularly
at high electric field strengths, destroying the
fibrillated structure. At the higher shear rates,
the fluid motion was more chaotic and the forma-
tion of the zone without fibrils in the central re-
gion was not well defined.33 Figures 4 and 5 show
shear stress and shear viscosity from a CSR test
for four different fractions under electric field
strengths of 3.0 kV/mm. Both the shear stress and
the shear viscosity of doped PPP suspensions in-
crease with volume fraction.34,35 Generally, the
structure in a concentrated suspension can be
sufficiently rigid to permit the material to with-
stand a certain level of deforming stress without

flowing. The maximum stress that can be sus-
tained without flow is defined as yield stress.

Figure 6 indicates the dependence of yield
stress (�y) on electric field strength (E) for various
volume fractions of PPP suspensions via CSR. As
expected, the yield stress increases with both par-
ticle concentration and electric field strength be-
cause of an increase in the polarization forces
among particles.36 Figure 7 shows that viscosity
changes with the volume fraction in various elec-
tric field strengths.

Figure 8 shows the yield stress for four differ-
ent PPP volume fractions. The static yield stress

Figure 2 Shear stress versus shear rate of PPP-3 for
various electric field strengths at 25°C.

Figure 3 Shear viscosity versus shear rate of PPP-3
under various electric field strengths at 25°C.

Figure 4 Shear stress versus shear rate for PPP-1,
PPP-2, PPP-3, and PPP4 under the electric field
strength of 3 kV/mm at 25°C.

Figure 5 Shear viscosity versus shear rate for PPP-1,
PPP-2, PPP-3, and PPP-4 under the electric field
strength of 3 kV/mm at 25°C.
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from a CSS test was performed for the PPP sus-
pensions with six different electric field strengths
(1.0, 1.5, 2.0, 2.5, 3.0, 3.5 kV/mm). As the volume
fraction of doped PPP increases, the yield stress
increases exponentially. The PPP-based ER fluids
behave similar to power-law fluids with a power-
law of �1. The correlation between yield stress
and electric field strength is represented. The
yield stress is also enhanced by increasing the
volume fraction. Generally, the correlation of the
yield stress and electric field was presented as
follows:

�y � Em (2)

The m values for the PPP series were 2.0, 2.0,
1.96, and 1.73, respectively. The dependency of
the yield stress on the electric field strength dif-
fers from the E2 dependency suggested by the
polarization model.37 The applied electric field
induces electrostatic polarization interactions
among the particles and also between the parti-
cles and the electrodes.

However, the conduction model does not de-
scribe the flow effect accurately; that is, ER re-
sponse is influenced by the conductivity mismatch
and the interaction between particle and medium.
Various ER fluids show different exponents in eq.
(2). A correlation between yield stress and electric
field strength is represented in Figure 9. To cor-
relate yield stress with the broad range of electric
field strengths, Choi et al..38 introduced the uni-
versal yield stress equation

�y�E0� � �E0
2�tanh �E0/Ec

�E0/Ec
� (3)

where � depends on the dielectric constant and
the particle volume fraction, and Ec is the critical
electric field strength, which is proportional to the
particle conductivity. By the normalized scaling
function,38

�̂ � 1.313Ê3/2 tanh�Ê (4)

where Ê � E0/Ec and �̂ � �y(E0)/�y(Ec). The PPP
data are collapsed onto a single curve by using eq.

Figure 6 Yield stress versus volume fraction for
various electric field strengths.

Figure 7 Shear viscosity versus volume fraction for
various electric field strengths.

Figure 8 Yield stress versus electric field strength for
four different PPPs with 5 wt % doping of FeCl3 at 25°C.
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(4), which is shown in Figure 9. Ec’s for the four
PPP volume fractions are 1.8, 1.5, 1.3, and 1.0
kV/mm, respectively.

CONCLUSION

The ER fluids of PPP for four different volume
fractions in silicone oils show an increase in the
apparent viscosity under the electric field
strengths. The shear stress and shear viscosity
increased with electric field strength and volume
fraction. The yield stress of the doped PPP-based
suspension increased with volume fraction and
correlated very well with the universal scaling
curve proposed by Choi et al.38

This work was supported by Hallym Academy of Sci-
ences, Hallym University, Korea (2001).
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