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Polyaniline (PANI) nanotubes were fabricated successfully using a micelle soft-template method in the
presence of oxalic acid as a dopant and applied as the dispersed phase of an electrorheological (ER) fluid.

The obtained nanotubes were with averagely 110 nm in an external diameter and 10 nm in an internal

diameter with several micrometers in length. The X-ray diffraction pattern confirmed the crystalline

structure of PANI owing to its tubular morphology. The rheological characteristics of the flow curves and

yield stress of its ER fluid when dispersed in silicone oil were examined using a rotational theometer

equipped with a high voltage generator. Under an electric field, the PANI nanotubes showed improved
ER effects, confirming that elongated particles have enhanced ER properties due to the higher aspect
ratio. The dielectric spectra also showed the relaxation time and polarizability of the PANI nanotube-

based ER fluid, corresponding to its ER performance.

1. Introduction

Polyaniline (PANI) is one of the most well-known conducting
polymers that has been widely studied due to its ease of synthesis,
low cost, good chemical and thermal stability, sensitive response
to an electric field, and reversible acid/base doping/dedoping
process to control the conductivity.'? Therefore, it has many
engineering  applications, including  chemical
anticorrosion coatings, electrodes, batteries, capacitors and so
on.' As an electro-responsive polymer, PANI has been also
studied extensively as a disperse phase of electrorheological (ER)
fluids,>* in which ER fluids generally consist of polarizable
particles dispersed in an insulating liquid. ER fluids are often
called smart materials because their structural and rheological
phenomena observed in an electric field are reversible and
tunable. When a high electric field is applied, ER fluids show a
drastic increase in their shear viscosity as well as changes in
rheological properties due to the formation of chain-like
structures along the applied external electric field.”” In the
absence of an electric field, however, the fluids exhibit
Newtonian-like behavior. In addition, it features electrically
tunable viscoelasticity and precisely controllable rheological
properties under various electric fields. Furthermore, the
reversible, controllable and rapid response to an electric field
gives ER fluids many applications, such as dampers, actuators,
brakes, shock absorbers, engine mounts, clutches, haptic devices
ete.510

To promote the potential applications of ER technology, a
range of substances, such as high dielectric inorganics and
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organics, conducting polymers, and their composites, have been
developed for ER materials.*'' Nevertheless, the application of
ER fluids based on PANI is still limited by either particle
sedimentation or low yield stress. To overcome these weaknesses,
various efforts have been made to enhance the yield stress
including the fabrication of PANI/clay nanocomposites. '

On the other hand, the shape of particles is also considered as
an important factor for ER properties. For example, in the case of
a PANI-based ER fluid, the morphology of the PANI
micro/nanostructures strongly influences the electronic/ionic
properties."* Many studies have examined the electrorheology of
nanofiber suspensions.'*"> Compared to spherical particles,
fibrous-shaped particles have been reported to exhibit a larger
yield stress and induced dipole moments as well as lower rates of
sedimentation not only in ER fluids, but also in magneto-
responsive magnetorheological fluids.'®'® Lee et al.'” and Yin et
al.?® reported that PANI tubes and PANI fibers exhibited an
enhanced ER effect and sedimentation ratio than granular PANI,
respectively. Heat treatment of the PANI nanotubes at various
temperatures was found to result in a stronger ER effect
compared to the corresponding granular PANL?' Compared to
nanorods and nanospheres, titania-coated silica nanotubes? and
PANI-coated titanate nanotube* were also showed higher yield
stress and ER properties. Therefore, shaped controlling can
improve the ER properties of suspensions.

Among the various ways to synthesize shape-controlled PANI,
the soft template technique is one of the most effective methods
because of easy processing, high yield, no organic solvents and
no agitation.”* In this method, many reagents can be used to
synthesize PANI nanotubes.””?*’ Compared to other
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dicarboxylic acid dopants, the oxalic acid-doped PANI has a
conducting emeraldine salt phase predominantly and high
conductivity.”*?® The particle conductivity is an important factor
in the ER effects.”’

In this paper, PANI nanotubes were synthesized using a
micelle soft-template method in the presence of oxalic acid as a
dopant and adopted the dispersed phase in ER fluids. The
experimental results showed that the PANI nanotube-based ER
fluids exhibited improved rheological properties under various
electric fields compared to the conventionally fabricated PANI-
based ER fluids.'® The rheological and dielectric properties were
measured, and their correlation was investigated further.

2. Experimental
2.1 Materials and sample preparation

Aniline (DC Chemical, Korea), oxalic acid (Sigma-Aldrich) and
ammonium persulfate (APS) (Daejung Co. Ltd., Korea) were
used as received. Distilled (di) water was used in all experimental
processes.

First, 2 mmol of aniline monomer and 0.5 mmol of oxalic acid
were dissolved in di-water (10 ml) under sonication for 30 min.
After cooled down to 4 °C, an aqueous solution of APS (2 mmol
in 5 ml di-water) was added to the reactor under vigorous stirring.
The resulting mixture was left to stand for 12 h at 4 °C without
any disturbance. The product was washed sequentially with di-
water, methanol and diethyl ether.?* The electrical conductivity of
the obtained PANI was controlled by a dedoping process for its
ER fluid application. Specifically, the PANI nanotubes dispersed
in di-water were sonicated for 30 min, and the pH was then
adjusted to 9.0 using a 1 M NaOH solution. The density of the
obtained PANI nanotubes was measured to be 1.41 g/enr’,
whereas the electrical conductivity was decreased from 9.5 x 107
to 4.7 x 10'° S/cm via a dedoping process. The PANI nanotubes
were shaken through a molecular sieve (100 um) to separate the
agglomerated particles. A 10 vol% ER fluid was prepared by
dispersing the PANI nanotubes in silicone oil (density: 0.96
g/em’, kinematic viscosity: 50 cS).

2.2 Characterization

The morphology and particle size of the synthesized
nanostructured PANI particles were characterized by both high
resolution scanning electron microscopy (HR-SEM) (SU-8010,
Hitachi) and transmission electron microscopy (TEM) (Philips
CM200). Their chemical and crystalline structures were analyzed
by Fourier transform infrared spectroscopy (FT-IR, VERTEX
80v, Bruker) and powder X-ray diffraction (XRD, DMAX 2500,
Rigaku) using Cu Ko, radiation (A = 0.154 nm), respectively. The
nitrogen adsorption-desorption isotherm was obtained using a
Quantachrome Nova 3000 BET specific surface area analyzer at
77 K. In addition, the specific surface area of the sample was
calculated using the Brunauer-Emmett-Teller method and the
pore size distributions were calculated from the adsorption plots
using the Barrett-Joyner-Halenda (BJH) model. The rheological
properties of the ER fluid were measured using a rotational
rheometer (Physica MCR 300, Anton Paar) equipped with a high
voltage power supply (HCN 7E-12 500, Fug) and using Couette-
type sample loading geometry with a bob and cup (CC 17/E, gap
distance between cup and bob: 0.71 mm) at room temperature.
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The electrical conductivity of the PANI nanotubes was measured
using a 4-pin probe resistivity meter (QPP, Loresta-GP,
Mitsubishi Chem. Co.) and the optical microscopy (OM,
Olympus BX51) was also used to examine the fibrillation
phenomenon of the ER fluid. Furthermore, the dielectric
properties of the ER fluid were measured using a LCR meter
(Agilent HP 4284A) in a liquid cell over the frequency range, 20
-10° Hz.

3. Results and discussion

The PANI nanostructures, particularly nanotubes, were fabricated
by a micelle soft-template method in the presence of oxalic acid
as a dopant** Fig. 1 shows SEM images of the PANI
nanostructure synthesized and then doped with oxalic acid.
Doping PANI with oxalic acid resulted in the formation of fibers,
which were found by TEM to be hollow tubed (Fig. 2). The outer
and inner diameter of the nanotubes distribute in the range of 90 —
130 nm and 6 — 12 nm with their mean value about 110 nm and
10 nm, respectively. PANI nanotubes have lengths of up to
several micrometers. The aspect ratio by SEM and TEM analysis
was ca. > 9, average in 18.

Fig. 1 SEM images of the PANI nanostructure. The inset is the SEM
image under magnification.

j

Fig. 2 TEM images of the PANI nanostructure. The inset is the TEM
image under magnification.

— - N — &

Fig. S1 shows the FT-IR spectrum of the PANI nanotube. The
characteristic bands of the emeraldine salt of the PANI were
observed; the C=C stretching vibration of the quinoid and
benzenoid rings at 1568 cm™ and 1492 cm’™, respectively.*’ In
addition, the C-N stretching band of the secondary aromatic
amine at 1303 cm™ and the N=Q=N absorption peaks (Q: the
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quinoid ring) at 1135 cm™ were observed.' In particular, the
absorption of the ~COOH group at 1041 cm™ and 509 cm’
indicated that the resulting PANI had been doped with the
carboxylic acid.?**

Fig. S2 presents the XRD pattern of the synthesized PANI
nanotubes. Peaks were observed at 20 of 6.4°, 11.9°, 18.9°, and
25.7° and the corresponding inter-surface distances were 13.8, 7.5,
4.7, and 3.5 [J, respectively. The peaks at 18.9° and 25.7° were
assigned to the periodicity perpendicular and parallel to the
10 polymer chain, respectively.® In particular, a sharp peak at 6.4°
was attributed further to the separating aliphatic chains,®
showing the orientation of the dicarboxylic acids in the polymeric
chain, which was assigned as the periodic distance between the
dopant and N atom on the adjacent main chains. These results
15 confirm that the PANI nanotubes are of partly crystalline owing
to their distinctive tubular morphology and possibly the presence
of the double ~-COOH groups of the dicarboxylic acid.”

Isothermal adsorption-desorption curve and pore size
distribution of the PANI nanotubes were obtained from the N,
20 adsorption measurements at 77 K, as shown in Fig. S3. The BET
surface area of the PANI nanotubes was 57.8 m¥g. This
hysteresis loop exhibited a type IV isotherm. In addition, the
mean pore size was approximately 22.62 nm (Inset of Fig. S3).

Fig. 3 presents optical microscopy images of the distinctive
25 characteristic ER phenomenon of the fibrillation process of PANI
nanotubes dispersed in silicone oil under an applied electric field.
Note that the ER fluids act as smart materials, whose rheological
properties can be controlled precisely in an applied electric
field."***3* Transformations in the microstructure of the ER fluid
50 under an applied DC electric field using a DC high voltage source
were observed by the OM. The gap distance between the parallel
electrodes was fixed to 150 um. In the absence of an electric field,
the particles were dispersed randomly in silicone oil like a
Newtonian fluid. On the other hand, under an electric field (0.1
35 kV) applied, the particles began to move and form rigid
fibrillated chain structures in the direction of the electric field.

Fig. 3 OM images of the PANI nanotubes-based ER fluid (10 vol%, 50 ¢S
silicone oil) with and without an electrical field (0.1 kV). A dilute ER
40 fluid was dropped between two parallel electrodes (150 pm) and observed
by OM.

The flow curves of the PANI nanotubes suspension (10 vol%,
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50 ¢S silicone oil) under the controlled shear rate (CSR)
measurement mode was examined using a rotational rheometer

ss equipped with a high voltage generator under a range of electric

field strengths, as shown in Fig. 4(a). In the absence of an electric
field, the shear stress increased linearly with increasing shear rate,
in which the fluid behaved similar to a Newtonian fluid.>* On the
other hand, when a high electric field was applied, the ER fluid
showed a large enhancement in shear stress because the particles
were polarized and formed chain-like structures, as indicated in
the OM images. When the strength of the electric field was
enhanced, the shear stress of the PANI nanotube increased due to
an inter-particle interaction force.’” As a result of the chain-like
structures, the ER fluid under an applied electric field is
considered a Bingham fluid with yield stress, which is described
as the shear stress extrapolated to the zero shear rate limit region.

When the ER properties were compared with those'’ of the
previously studied PANI microtubes-based ER fluid, it was found
that the PANI nanotube particle suspension exhibited higher
shear stress than that of the PANI microtube under the same
conditions, which agrees with the effect of the particle
morphology on the ER properties investigated.” Anisotropic
fibrous-like particles were reported to have the strongest ER
effect than that of the spherical- and granular-shaped particle
suspensions, which were attributed to the viscous drag force for a
fibrous particle moving perpendicular to its long axis in a fluid
that was significantly larger than a spherical particle of the same
volume.”’. This results from the high aspect ratio, which makes
particles link more strongly together and form robust chain
structures.”>** For this reason, the PANI nanotubes show higher
flow resistance and shear stress, which is induced when the fluid
was sheared. Therefore, the aspect ratio presents an important
role in improving the ER performance.'®'” In the case of a
particle suspension,® the particle with a high aspect ratio is well-
known to have a larger viscosity than that with a smaller aspect
ratio based on the increased drag coefficient related to the shape.
This tendency explains that the increase in the aspect ratio of the
PANI nanotube enhances the flow resistance owing to its high
drag coefficient.

To examine the flow curves of an ER fluid, the simple
Bingham fluid model is generally adopted, introducing the
dynamic yield stress (z,) and shear viscosity () of 7z, = 7 + ;1;.).
The dynamic yield stress can be acquired by extrapolating the
flow curve to a zero shear rate limit, but in the present case, there
was an unusual decreasing trend in the shear stress in the high
shear rate region. Therefore, in this study, a modified rheology
equation of state, the Cho-Choi-Jhon (CCJ) model,* was used to
describe the special shear stress behavior and yield stress.

T=—2
T 1+ (4 p)e

+ e (1+ (tzi")ﬁ)y 1

The CCJ model, as shown in equation (1) was introduced to
reanalyze the shear stress behavior by fitting the curves via six
parameters. Here, 7, is a function of the electric field, t; and t, are
the time constants used to describe the change in shear stress, and
7, is the shear viscosity at a high shear rate presented as the shear
viscosity in the absence of an electric field. The exponent, a, is
related to the reduction in shear stress at the low shear rate region,
whereas f in the range of 0 to 1.0 indicates the high shear rate
region. Using the optimal parameters, the CCJ model showed a

This journal is © The Royal Society of Chemistry [year]
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much better fit to the flow curves than the Bingham model. The
parameters are listed in Table 1.
Fig. 4(b) shows the shear viscosity as a function of the shear
rate. Compared to the consistent viscosity at a zero electric field
s exhibiting Newtonian fluid characteristics, general shear thinning
behavior was obtained under different electric field strengths.!
The shear thinning behavior becomes increasingly significant
with increasing shear rate and electric field strength.
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15

¢S silicone oil) as a function of the shear rate with increasing electric field
strengths. The line was fitted by the CCJ model.

Table 1. Fitting parameters in the CCJ model equation from the flow
curves of PANI nanotubes-based ER fluid (10 vol%, 50 cS silicone oil).

Electric field strength (kV/mm)

Model Parameters

0.5 1.0 1.5 2.0 2.5 2.7

Tay 39.95 113 207.59 319.61 446.67 452
t 0.0001 0.004 0.002 0.0015 0.003 0.005

o 0.3 0.45 0.38 0.3 0.3 0.4
cca oo 0266 0315 0391 0482 0.581 0.625
t 0.3 0.05 1 0.08 0.5 0.02

g 0.8 0.7 0.9 0.9 0.8 0.9

From the measured flow curves, the dynamic yield stresses ()
were presented by extrapolating the shear stress at a 0.1 s™' shear
rate from Fig. 4(a). In general, the interrelationship between the
dynamic yield stress and electric field strength (£) can be
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represented by a power-law relationship as follows:

7y O¢ E” ?2)
The power law index o was suggested to be 1.5 in the conduction
model, and o = 2 was indicated by the polarization model.* The
power law dependence o was found to approach 1.5 for these ER
fluids (Fig. 5)
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Fig. 5 Yield stresses versus electric field strength for PANI nanotubes-
based ER fluid (10 vol%, 50 cS silicone oil). The line is fitted by Eq. (2).

To examine the sensitivity and stability of the PANI
nanotubes-based ER fluid, the shear stress was measured at a
fixed shear rate of 1 s™! using a square voltage pulse (t = 20 s), as
shown in Fig. 6. Under each applied electric field, the shear stress
increased upon the application of the external electric field and
decreased immediately to a zero-field level when the electric field
was removed. The transition of the shear stress at each turning
point was fast and the shear stress was quite steady at the same
electric field, indicating sensitive, reversible well-controlled ER
characteristics. These are optimistic results for the applications of
PANI nanotube-based ER materials in controlled mechanical

systems.g'lo’43
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Fig. 6 Shear stress of the PANI nanotubes-based ER fluid (10 vol%, 50
¢S silicone oil) in the electric field with a square voltage pulse (t = 20 s)
at a fixed shear rate of 1 ™',
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A dynamic oscillation measurement was conducted to analyze
the viscoelastic properties of the ER fluid. Before the test, the
strain amplitude sweep tests were performed to find a linear
viscoelastic region (yyg) at a certain angular frequency of 6.28
rad/s (1.0 Hz), as shown in Fig. 7(a). This specific angular
frequency was recommended by the manufacturer and several
previous experiments in ER systems were also performed at this
frequency.'®**° At the low strain region, the storage modulus, G,
is always higher than that of the loss modulus G”. In addition, the
values of G' and G" are independent within the region of strain,
which referred to as the linear viscoelastic region.46 In the ypyg,
the elasticity is superior (G' > G") compared to the viscosity, and
the structures generated from the electric fields are the same.
When the applied strain exceeds y;vg, both G’ and G” are reduced
significantly due to the irreversible transition in the structure of
the ER fluid. In addition, the value of G” becomes larger than that
of G'. This suggests that the structures begin to break down after
a certain degree of deformation with the increased input strain.
The elasticity of the ER fluid disappeared rapidly at a certain
degree of strain.

Under the induced electric fields, the ER fluid showed a
transition from a viscoelastic liquid to a viscoelastic solid.*® This
transition causes the formation of particle aggregates, string and
then rigid column structures. In the strain amplitude sweep test,
slight deformation results in an unstable state, as shown in Fig.
7(a). The data was reanalyzed to the magnitude of elastic
component of stress (t' = G'y) as a function of strain, which is an
effective  way of examining the progressive structural
breakdown,?” (Fig. 7(b). The rigidity of the fluid begins to
deteriorate at the critical strain (y.), which shows the linearity
limit of the dynamic modulus.** y. increased linearly with
increasing electric field from 0.08 to 0.2 %, as shown in the Fig.
7(b) inset. This yield strain point reflects the breaking of the
interparticle bonds in the fluid network. This energy dissipation
explains the decrease in G' and G" (Fig. 7(a)), as well as the
sublinear strain-stress relationship in Fig. 7(b). With increasing
electric field strength, the attraction force between the
neighboring ER particles was enhanced, which tends to suppress
bond breakage affecting the increase in y.. The elastic component
of the stress increased linearly with strain within the linear
viscoelastic limit, reaching equilibrium, after which yield or
structural breakdown occurred. The maxima or shoulders of these
points provide another way of examining the yield points.***’ The
elastic yield stresses (z.) also increased with increasing applied
electric field strength and showed a power-law dependence with
an exponent of 1.5, as shown in Fig. 5. It is interesting to
compare this result of 7, from dynamic oscillation test with the z,,
in which the dynamic yield stress 7, is obtained from the
controlled shear rate measurement via an extrapolation method at
a very low shear rate. On the other hand, it was further observed
that the yield stress measured from the steady-state measurement
is slightly larger than the one determined by dynamic
investigation.”® Nonetheless, both of the yield stresses as a
function of electric field strength showed similar tendency.
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Fig. 7 (a) Strain amplitude sweep (G": closed, G": open) and (b) elastic
component of stress as a function of strain of the PANI nanotube-based
ER fluid (10 vol%, 50 cS silicone oil). The vertical lines indicate the limit
of linear viscoelasticity at each of electric field strength. The inset is a
critical strain value.

Previously selected y yg value was applied to the frequency
sweep measurements. Both G’ and G” were measured over the
angular range, 1 to 100 rad/s, with a strain of 0.01 % in y;vg, as
shown in Fig. 8(a). The G’ and G” values increased with
increasing electric field strength. G' was always higher than G”,
suggesting the dominance of the elastic behavior beyond the
viscous behavior in the structure of the ER fluid. G' was almost
stable when the deformation frequency was increased to 100 Hz,
which is similar to the typical behavior of combined colloidal
dispersions and cross-linked rubber.* Moreover, the relaxation
time for deformation was long enough and it is believed that the
ER fluid with the interfacial polarized chain structures was not
destroyed by deformation under the allowed condition. This
increase in G’ under an applied electric field indicates the
enhanced solidification properties of the PANI nanotubes
suspension.

This solid-like behavior can be explained by the damping
factor, tan ¢, which is defined as the ratio of the loss modulus
(viscous) to the storage modulus (elastic) as follows:*

tan J = G"(0)/G'(w) 3)

This journal is © The Royal Society of Chemistry [year]
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Fig. 8(b) shows the tan J value of the PANI nanotube as a
function of angular frequency. Tan 0 was less than 1 over the
entire frequency range representing solid-like properties of the
PANI nanotube due to highly concentrated particulates. An

s increased electric field resulted in a decrease in tan J, indicating
that the strong particle interaction in the PANI nanotube and the
elastic properties of PANI nanotube suspension were further
enhanced compared to the lower electric field.
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the PANI nanotube-based ER fluid (10 vol%, 50 cS silicone oil) as a
function of angular frequency from an oscillatory shear test.

This change in PANI nanotubes to a solid-like state can also be
confirmed by examining the stress relaxation behavior. Observing

1s the relaxation behavior is one way of confirming the phase
change in an ER fluid from a liquid-like to solid-like phase.
Instead of performing the stress relaxation measurement directly,
they can be estimated from the dynamic modulus data. Fig. 9
shows the stress relaxation behavior, in which the stress

4

4

measurement arising from the equipment itself, can be predicted
from this equation. G(t) becomes linear with increasing electric
field on a log-log scale, indicating that all are solid-like except in

30 the absence of an electric field.
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Fig. 9 Relaxation modulus G(t) of the PANI nanotube-based ER fluid (10

vol%, 50 cS silicone oil) as calculated from G'(w) and G"(w).

The dielectric properties were examined to verify the ER
performance of the PANI nanotube suspension. Fig. 10 shows the
dielectric spectra as a function of the frequency, and Cole-Cole
fitting plot for the PANI nanotubes-based ER fluid analyzed by

3

s

the Cole-Cole equation:*

So-Sm

e*= 8/+i£”:8m++m
(1+iwd)

&)

3

o

entire frequency range. If a =

S

=

5

b

where & is the dielectric constant (¢) when the angular frequency
(w) is close to 0 and ¢, is ¢ at the high frequency limit. The
difference in the dielectric strength Ae = g, — ¢, indicates the
polarizability of the ER fluids and it is correlated with the
electrostatic interaction among the particles. The polarizability is
generated either from dielectric or conductive mismatch between
the carrier medium and dispersed particles considering the
dominant factor in the ER effect.® The exponent (1 — a)
characterizes the distribution of the relaxation times over the
0, equation (5) reduces to the
Debye single relaxation time model. The relaxation time (4 =
1/2nfnay) reflects the rate of interfacial polarization when an
electric field is applied, where f,, is the maximum dielectric loss
(¢") of an ER fluid. In some studies, ¢’ and ¢" have an important
role in the ER behavior.>> Therefore, a high dielectric constant
has a positive influence on the ER effects. According to the
parameters fitted by equation (5), & and &, are 6.7 and 1.7,
respectively, and a is 0.33. The PANI nanotube suspension has a
large Ae over the frequency range, 10* to 10° Hz, which shows

20 relaxation modulus G(t) was calculated from the values of G'(w)
and G"(w) in Fig. 8(a) using the Schwarzl equation, which is the
numerical formula given as follows:

51,52

G(t) = G'(w) — 0.560G"(w/2) + 0.200G"(e)

The very short-term behavior of the material, which is difficult to
25 obtain experimentally because of the intrinsic properties of

6

S

“)

6 higher shear stress.”’

polymeric materials and the limitation of the mechanical

that it is a good ER fluid®® with a high dielectric loss peak around
10> Hz. In addition, the relaxation time (1 = 0.75 ms) was very
short. A short relaxation time has the feature of fast interfacial
polarization, which is related to the faster chain reformation
under an applied electric field once the chain has been broken in a
higher shear flow field. A short relaxation time corresponds to
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