Korea-Australia Rheology Journal
Vol. 16, No. 4, December 2004 pp. 193-199

Electrorheological characteristics of poly(o-ethoxy)aniline nanocomposite

Jun Hee Sung and Hyoung Jin Choi*
Dept. of Polymer Science and Engineering, Inha University, Incheon 402-751, Korea

(Received November 18, 2004; final revision received December 1, 2004)

Abstract

Poly(o-ethoxy)aniline (PEOA)/organoclay nanocomposite was prepared via a solvent intercalation using
chloroform as a cosolvent with organically modified montmorillonite (OMMT) clay. The PEOA initially
synthesized from a chemical oxidation polymerization in an acidic condition at pH = 1 was intercalated into
interlayers of the clay with 25 wt% clay content. Electrical conductivity of the PEOA/OMMT nano-
composite was found to be controlled via the intercalating process. The synthesized PEOA/OMMT nano-
composite was characterized via an XRD and a TGA, and then adopted as an electrorheological (ER)
material. The PEOA/OMMT synthesized with controllable electrical conductivity without a dedoping pro-
cess was found to show typical ER characteristics possessing a yield stress from both steady state and
dynamic measurements under an applied electric field.
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1. Introduction

A conducting polymer/clay nanocomposite system has
been introduced to improve its engineering applicability
such as colloidal stability or mechanical strength (Kim et
al., 2002a; Kim et al., 2001a) or physical properties includ-
ing good thermal, environmental properties, and electrical
conductivity over the pure conducting polymers, such as
polypyrrole (PPy) and polyaniline (PANI) (Joo et al., 2000)

As one of the novel conducting polymers, PANI contains
large equilibrium phenylene ring with torsional displace-
ments out of the plane defined by the ring bridging atoms
(amine/imine nitrogens). Because of its strong inter- and
intra- molecular interactions resulting in stiff backbone of
the PANI, it is known to be interactable in common organic
solvents. Thereby, ways to improve the solubility of PANI
have been studied using some derivatives of the substituted
PANIs (Mello et al., 1995). Substituent groups (-CHs,
-OCH; or -OC,Hs) in the monomer or polymeric chain of
the PANI appear to enhance the solubility, by displaying at
the same time a significant increase in electronic local-
ization with simultaneous decrease in conductivity but an
excellent solubility in a number of organic solvents. The
PEOA substituted with -OC,H; in PANI has been attracted
to the synthetic metals community due to its good solu-
bility and corrosion inhibition of metallic surfaces (Mello
et al., 1995; Macinnes, 1998). Its conductivity is lower
than that of PANI within the whole doping range because
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of ethoxy side group which disturbs electronic conjugation
of the conductivity in polymer backbone.

Meanwhile, the OMMT is a natural montmorillonite
(MMT) moedified with a quaternary ammonium salt of
dimethyl, hydrogenatedtallow, 2-ethylhexyl quaternary
ammonium. As the most affluent natural clay, the MMT
consists of a sheet of octahedral alumina between two tet-
rahedrally coordinated silica sheets. Originally, the clay
consists of anionically charged layers of aluminum/mag-
nesium silicates and small cations such as sodium or potas-
sium located in silicate interlayer galleries (Ogawa and
Takizawa, 1999; Wu and Lerner, 1993). Since the sub-
stituted ions for higher charge in the octahedral (e.g., Mg**
replacing AI’*) and tetrahedral (e.g., AI’* replacing Si**)
sheets show negatively charged layers, these silicate layers
can be exchanged with organic cationic molecules and then
swelled under a polar solvent.

Intercalation of polymer in layered hosts has been intro-
duced to synthesize nanophase organic-inorganic hybrids
of polymer/clay nanocomposites, and it is well known that
they usually exhibit superior physical and mechanical
properties, such as solvent resistance, ionic conductivity,
optical properties, heat resistance, tensile modulus and
strength, decreased gas permeability and flammability
when compared with the pristine commercial polymers or
conventional polymer composites (Galgali and Ramesh,
2001; Usuki et al., 1993; Messermith and Giannelis, 1995,
Choi et al., 2001b; Gilman, 1999; Okada et al., 2003; Ryu
et al., 2004; Sur et al., 2003). The inorganically con-
strained environment at internal gallery of the clay gives a
significant effect on polymer structure, properties, and
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electrical conduction mechanism. Conducting polymer/
clay nanocomposite system has been thus introduced to
improve the applicabilities or physical properties of the
conducting polymers. This enhances not only better pro-
cessability (Kim et al., 2002a; Kim et al., 2001a) but also
characteristics. The fabrication of nanocomposite materials
shows the high potential for advanced electrochromic
devices (Roth and Graupner, 1993), electromagnetic
(Wessling, 1998), mechanical, thermal (Lan et al., 1994),
and chemical sensing applications (Shim et al., 1991).

Nanocomposites of conducting polymers and inorganic
materials have been also used for electrorheological (ER)
fluids (Kim et al., 2001b; Park er al., 2001), which are
composed of a suspension of micro-sized semiconducting
or conducting particles in an insulating fluid. The applied
electric field induces chainlike structures of particles in
surrounding fluid, thus changing from liquid-like to solid-
like phase due to the interaction among the particles, which
can be polarized in the order of milliseconds. ER fluids
have potential applications such as torque transducers, and
vibration attenuators such as shock absorbers, because of a
rapid and reversible change of viscosity with an applied
electric field (Park and Park, 2001; Kim et al., 1999).

Most ER fluids are made of particulate materials (Kim et
al., 2001¢), including inorganic non-metallic, organic, and
polymeric semi-conducting materials, dispersed into an
insulating non-polar liquid. Various polymeric particles
have been used as ER materials including many conduct-
ing polymers, such as, PANI (Lee er al., 1998), PPy
(Goodwin et al., 1997), poly(p-phenylene) (Plocharski et
al., 1997) and PANIs derivatives, e.g., PANI nanoparticles
(Cho et al., 2004b), microencapsulated PANI (Lee ef al.,
2001), PANI core-shell structure (Cho et al., 2002), and
PANI nanocomposites with clay (Kim et al., 2001b) or
MCM-41 (Cho et al., 2004a) which are thermally stable
and relatively easy to synthesize. These typical conducting
polymers and modified particles are based on a w-conju-
gated electron system in the polymer backbone.

In this study, we synthesized soluble PEOA and then pre-
pared nanocomposite with PEOA (25 wt%) and OMMT
via a solvent intercalation method using chloroform
(CHCl;). We examined the characteristics of PEOA/
OMMT nanocomposite by correlating the intercalated
nanostructures with electrical and thermal properties.
Based on the electrical conductivity which can be easily
controlled by the PEOA intercalation into clay gallery, we
investigated ER response of the PEOA/OMMT nanocom-
posite based suspensions.

2. Experimental
Polymer solution intercalation is based on a solvent sys-
tem in which the polymer is soluble and the silicate layers

are swellable (Greenland, 1963). The silicate layer is swol-
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len in a solvent and then polymer chains are intercalated by
displacing the solvent. The driving force for polymer inter-
calation into layered silicate from solution is the entropy
gained by desorption of solvent molecules, which com-
pensates for the entropy decrease of the confined, inter-
calated chains (Then, 1979). As a soluble conducting
polymer in organic solvents, the PEOA particle was syn-
thesized initially following our previously reported method
(Sung er al., 2003). A 0.6 mole ethoxyaniline monomer
(Aldrich, USA) in 400 ml of 1 M HCI was stirred for 2 h,
and the polymerization was initiated by a solution of 0.36
mole ammonium persulfate in 240 ml of 1 M HCI. The
reaction was performed at 25°C. After polymerization of
the PEOA particles, final products were dried at room tem-
perature for 2 days using a vacuum oven. Because the
PEOA particles were polymerized in acidic condition (pH
=1) which was measured in reaction product slurry, the
particles showed a doped state in the polymer backbone.
The Cloisite 25A (Southern Clay Product, USA) (OMMT)
was used as the organic clay. The OMMT in chloroform
was swollen for 1 day. The PEOA particle was also dis-
solved in chloroform, concurrently. Both clay and PEOA
in chloroform solutions were mixed together at same con-
centration (0.5 wt%) for each component, and stirred for 1
day. The mixed solution was filtered and dried at room
temperature for 2 days using a vacuum oven. The nano-
composite obtained as powder form of products was with
25% weight content of PEOA in the PEOA/OMMT com-
posite.

The shape and size of the final products were observed
using a scanning electron microscopy (SEM, S-4300, Hita-
chi). The image by the intercalation of PEOA/OMMT
nanocomposite was observed using a transmission electron
microscope (TEM) (CM 200, Philips). The XRD mea-
surement was performed using the Rigaku DMAX 2500 (4
= 1.54 A) diffractometer. The thermal properties were also
examined using a thermogravimetric analyzer (TGA, TA
instrument Q50, USA). The electrical conductivity ‘of
PEOA particle and nanocomposite was measured using a
2-probe method with a pressed disk of polymer with silver
electrodes on each side. The pellet of PEOA particle was
prepared using a 13 mm KBr pellet die, and the pellet
resistance was measured using a picoammeter (Keithley
model 487, Cleveland, U.S.A) with a conductivity cell.
The conductivity (6) (S/cm) was then obtained from ¢ = d/
(A - R). Here d is the thickness (cm), A is the surface area
(cm®) and R is the resistance of the pellet (1/S).

In addition, the ER properties were measured using a
commercially available rotational rheometer (Physica MC
120, Stuttgart) with a Couette geometry (Z3-DIN) equipped
with a high-voltage generator (Meyport series 230). Sev-
eral DC electric field strengths (0~3.0kV/mm) were
applied to the bob. The maximum stress is 1,141 Pa and
capacity of ER fluid for measuring has about 17 ml in the
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(b) 10 um

Fig. 1. SEM images of the (a) OMMT and (b) PEOA/OMMT
nanocomposite.

1.06 mm of the gap. Temperature can be changed from —40
to 150°C by circulating oil bath (VISCOTHERM VT 100).

3. Results and Discussion

The SEM photographs of (a) pristine OMMT and (b)
PEOA/OMMT nanocomposite are presented in Fig. 1.
While the PEOA particle showed aggregation of round-
shaped small particles, the OMMT image displayed sheet-
like plates. Thereby, the PEOA/OMMT nanocomposite
possesses two characteristic morphologies of round-shape
of the particles and plate-like OMMT, since the dissolved
PEOA could combine with surface of OMMT and inter-
calate into OMMT, anticipating the nanoscopic intercala-
tion of PEOA chain with OMMT interlayers. Fig. 2
displays the sectional micrograph using microtomed nano-
composites by TEM. The image of PEOA/OMMT nano-
composites confirms successful intercalation into OMMT.
The soluble PEOA particles were well dispersed in the
interlayer of OMMT.

The Bragg’s law is expressed by,

nA=2dsin 0 e))

where A the X-ray wavelength (0.154 nm), d the spacing
between the atomic planes, and 8 the angle between the X-
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Fig. 2. TEM photograph of the PEOA/OMMT nanocomposite.
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Fig. 3. XRD of the PEOA, OMMT, and PEOA/OMMT nano-
composite.

ray beam and the atomic plane. Constructive interference
occurs for integer values of n. By measuring 6 for a known
wavelength the Bragg spacing d can be determined. Fig. 3
shows the XRD patterns for PEOA particle before inter-
calation and PEOA/OMMT nanocomposite. The peak at
20=4.8" (d-spacing: 1.84 nm) corresponds to crystallo-
graphic planes of the pristine OMMT clay layer, (001)
basal spacing reflection. The d-spacing expansion was
identified from the shift of the diffraction peak to lower
angles of 20=4.18" (d-spacing: 2.11 nm) of PEOA/
OMMT (Scaife, 1989; Cho er al., 2003). Table 1 presents
the d-spacing expansion and the electrical conductivity of
PEOA/OMMT nanocomposite. Electrical conductivity of
pure PEOA obtained by 2-probe method was 2.0 x 107 8/
cm. This effect of particle conductivity was an important
factor for the delocalization of charge carriers. The changes
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Table 1. XRD data and electrical conductivity of PEOA and
PEOA/OMMT nanocomposite

d-spacing 20 Conductivity
(nm) ©) (S/cm)
PEOA 20x107
OMMT 1.84 4.80 -
PEOA/OMMT 2.11 4.18 73%x 107

of electrical conductivity was attributed to the fact that
intercalation into clay takes a role of resistance of the
PEOA (Conrad et al., 1999). The electrical conductivity of
PEOA/OMMT nanocomposite was found to become lower
than that of pure PEOA. It has been reported that the elec-
trical conductivity of composites decreases in the presence
of insulating organoclay since the clay layers interrupt the
delocalization of charge carriers and weaken the interchain
interaction and induce more disorder state, resulting in
lower electrical conductivity (Kim et al, 2001a). This
nanocomposite with such a low electrical conductivity can
be directly used as ER materials (Choi er al, 2001a). As
expected by both XRD and TEM analyses, these results are
attributed to the internal structure of nanocomposites. It
can, therefore, be conjectured that PEOA chains in the
interlayer spaces are more extended than in the bulk form
and charge carriers can move more freely (Kim et al.,
2002b; Jia et al., 2002).

Fig. 4 shows the TGA thermograms of weight loss as a
function of temperature for PEOA and its nanocomposite
with PEOA. The onset decomposition temperature of
nanocomposite is higher than that of PEOA. This behavior
confirms the increased thermal stability of nanocomposite.
Also, the residual weight of nanocomposite is much higher
than that of PEOA, showing that the thermal stability of
nanocomposites increases due to the retardation effect of
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Fig. 4. TGA curves of PEOA and PEOA/OMMT nanocomposite.

196

10°
gﬁ
*ﬁ
Yo
~~ *
E PODRE, >g 52 gﬁ%e
2 10O, D ‘>>>>|>l>
« 2 77O, {:Sﬁ’
ETE 000000000
g Passn AAAAAAAAAAAAAAAGQ o 005 g;mm
= 5 o 8 mm
“ A 1.0kV/mm
OOoooooooooOOOOOB9 & 2.0kV/mm
i > 3.0 kV/mm
* 4.0 kV/mm
101 1 i aaaal i e | A1 aaasl n 2 a
107" 10° 10’ 10? 10°
Shear Rate (s™)
()
10° g
5 0 kVimm
o 0.5kV/mm
10° K A 1.0kV/mm
@ IO ¢ 2.0kV/mm
2 IOAA<><>§ > 3.0kV/mm
O SRS * 4.0 kV/mm
=10 O AA
g O 0Bk 3
5] [ Ooo A gﬁ
2 A
5T ©o AAX{P
y 10'F OOO 2§
© E (o]
s Oo9
L QD
10° 3 66@@%%5
E N L u sl 1 L st l " i 2l i AR

Shear Rate (s')
(b)

Fig. 5. (a) Shear stress and (b) shear viscosity vs. shear rate for 20
wt% PEOA/OMMT nanocomposite based ER fluid.

organoclay platelets on the decomposition of the polymer.
The PEOA/OMMT nanocomposite based ER fluid with
20 wt% of particle was prepared. The ER property of the
PEOA/OMMT nanocomposite suspension upon applica-
tion of an electric field displays a Bingham fluid behavior.
Fig. 5(a) and (b) present the dependence of shear stress and
shear viscosity as a function of electric field strength for
PEOA/OMMT nanocomposite dispersed in silicone oil.
The electrostatic force of inter-particle shows at low shear
rate region and the hydrodynamic force of each particle
presents at high shear rate region. The plateau region
describes the overcoming of electrostatic force over exter-
nal shear force. That is, the relaxation time is faster in case
of low electric field strength. However, at the higher elec-
tric field, the shear stress shows the high values. The non-
Newtonian shear thinning behavior is also shown in Fig. 5
(b). When an electric field was applied to this suspension,
the shear stress abruptly increased over the entire shear rate
range, and yield stresses appeared as in a Bingham fluid.
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Fig. 6. Static yield stress vs. electric field strengths of 20 wt%
PEOA/OMMT nanocomposite based ER fluid.

Fig. 6 presents the dependence of static yield stress on
electric field strength of PEOA/OMMT based ER fluid. The
ER fluid was stressed by an applied mechanical torque until
the fibrillar chain structure of the suspended particles was
broken to lead flow, and the stress at starting point of flow
is termed as a static yield stress. The slope displays approx-
imately 1.52 slightly deviating from the exponent 1.5 of the
conductivity model due to irregular shape and size of the dis-
persed particle. In particular, OMMT possessing a high
aspect ratio is related with the ER effect with flow direction.

The yield stress originates from the attractive forces
between particles, by fully taking into account both polar-
ization and conduction models. The nonlinear conductivity
effect with the bulk conducting particle model and the
exponent of the power law is 1.5 at high electric field
strengths. The previously proposed universal yield stress
equation which can fit both polarization and conduction
models at the same time is as follows (Choi et al., 2001):

5 (£ = A 2 ELE:) @)
’ JE/E.

where x depends on the dielectric constant and the particle
volume fraction, and E. is the critical electric field strength,
which is proportional to the particle conductivity. We also
found that E, is influenced by the conductivity mismatch
between the particle and medium liquid and is weakly
dependent on the volume fraction and for higher electric
field case, Eq. (2) becomes as follows giving the exponent
of 1.5 as a function of an applied electric field,

t,(E,) = kE3(JE/E) = KJEEY < E3>
since tanh,JE/E =1 for E,»E.,. 3)
Fig. 7 shows the G' remained constant of PEOA/OMMT
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Fig. 7. G' as a function of angular frequency for 20 wt% PEOA/
OMMT nanocomposite based ER fluid.

based ER fluid 20 wt% of particles as a function of angular
frequency at different electric field strengths. The linear
region viscoelastic region shows at overall region and the
higher G’ with induced high electric field strength. A small
strain (0.002) as a linear viscoelastic region was applied and
the frequency was fixed at 10 Hz. The inter-particle inter-
actions due to polarization contribute to the enhancement of
the dynamic moduli and the steady shear viscosity to a great
extent. The polarization forces between the particles increase
with increasing the electric field strength resulting from
increasing the particle chain length and magnitude of G'.

4. Conclusions

The soluble conducting PEOA was prepared by the chem-
ical oxidation polymerization and PEOA/OMMT nanocom-
posite was intercalated via a solvent casting process. The
degree of d-spacing of PEOA/OMMT nanocomposites was
expanded to 2.11nm compared to the pristine clay
(1.84 nm). The electrical conductivity of PEOA/OMMT
could be controlled by intercalation into clay, and was much
lowered than that of PEOA. Thereby, it is found that the syn-
thesis of PEOA/OMMT is one of the best ways to prepare
ER sample without dedoping the conducting polymer. We
found that the clay layers interrupt the delocalization of
charge carriers and weaken the interchain intercalation and
induce more disorder, resulting in lower electrical conduc-
tivity. The ER fluid showed the Bingham fluid behavior pos-
sessing yield stress and displayed a linear viscoelastic
response at given angular frequency range.
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