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Abstract Aniline oligomers were prepared by the oxidation of aniline with p-benzoquinone in
aqueous solutions of methanesulfonic acid (MSA) of various concentrations. Their molecular
structures were assessed by FTIR spectroscopy. The electrorheological (ER) behaviour of
their silicone oil suspensions under applied electric field has been investigated. Shear stress at
a low shear rate, 0.9, was used as a criterion of the rigidity of internal structures created by the
application of an electric field. It was established from the fitting of the dielectric spectra of
the suspensions with the Havriliak-Negami model that dielectric relaxation strength, as a
degree of polarization induced by an external field contributing to the enhanced ER effect,
increases and relaxation time, i.e. the response of the particle to the application of the field,
decreases when a higher molar concentration of MSA is used. The best values were observed
for suspensions of the sample prepared in the presence of 0.5 M of MSA. This suspension
creates stiff internal structures under an applied electric field strength of 2 kV·mm−1 with 0.9
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of 50 Pa, which is even slightly higher value than that obtained for standard PANI base ER
suspension measured at the same conditions. The concentration of the MSA used in the
preparation of oligomers seems to be a crucial factor influencing the conductivity, dielectric
properties and, consequently, rheological behaviour and finally ER activity of their
suspensions.
Keywords Aniline oligomers · Polyaniline · Electrorheology · Dielectric properties · Steady
shear
Introduction
Electrorheological (ER) suspensions are commonly two-phase systems consisting of an
insulating liquid, such as silicone oil, and a dispersed phase formed by solid particles
including dipoles, which are able to be polarized under an electric field. Such systems were
previously reviewed in detail [1-7]. As a dispersed phase, both inorganic [8-13] and organic
particles have been used. The latter group is widely represented by conducting polymers such
as polyaniline (PANI) and polypyrrole [14-19]. Especially, conducting polymers with
tuneable conductivity have become promising materials for ER suspensions [20-22].
ER suspensions are smart fluids changing their state from liquid-like to solid-like within
several milliseconds under the application of an external electric field. This change is
reversible and is expressed as a rapid increase of rheological parameters such as shear stress,
shear viscosity, and viscoelastic moduli. This increase is connected with the electricallyinduced formation of structures created between electrodes [23]. The formation and stiffness
of these structures depends mainly on the conductivity and consequently on dielectric
relaxation strength of suspended particles [24-27].
The previous paper published by this group [22] was aimed at the preparation of PANI
particles with the help of protonation by various organic acids. The molar concentration of the
acid determined the conductivity of particles: the higher the molar concentration of acid used,
the higher the conductivity obtained. On the other hand, not only PANI particles can be used
as an ER material; other materials based on aniline could be applied due to their semiconducting character [28].
New materials are represented e.g. by aniline oligomers. They are produced by the
oxidation of aniline with ammonium peroxydisulfate at alkaline conditions [28, 29].
Alternatively, aniline oligomers can be prepared also under acidic conditions, when aniline is
oxidized with p-benzoquinone. Such materials have not been tested in ER so far. They are
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prepared by a single-step oxidation process. In contrast, PANI has to be deprotonated with
ammonia to PANI base after such synthesis, i.e. the second preparation step is required.
In the present study, the organization of suspended aniline oligomers in an electric field is
assessed by optical microscopy and discussed with respect to steady-shear rheological
measurements under various external electric field strengths, as well as in relation to dielectric
properties of suspensions. The reproducibility of the transition from liquid-like to solid-like
states and back was evaluated during these periods.

Experimental section

Synthesis of aniline oligomers and standard PANI base

The single-step preparation of ER-active aniline oligomers was performed as follows: Aniline
(0.2 M; Fluka, Switzerland) was oxidized with p-benzoquinone (0.5 M; Sigma-Aldrich, USA)
in aqueous solutions of methanesulfonic acid (Fluka, Switzerland) of various concentrations.
After mixing the aniline and oxidant solutions, the mixture was left at room temperature for
24 h. The solids were isolated by filtration, rinsed with acid solution, then with acetone, dried
in air, and then over silica gel. Separate studies have shown that aniline oligomers of limited
conductivity are produced by the oxidation of aniline with p-benzoquinone, in contrast to
other oxidants, such as ammonium peroxydisulfate, which yield a conducting polymer,
polyaniline, under such reaction conditions [28-33].
PANI base particles were prepared according to the standard procedure [30] using the
oxidation of aniline hydrochloride (0.2 M; Fluka, Switzerland) with ammonium
peroxydisulfate (0.25 M; Lach-Ner, Czech Republic). After the polymerization, PANI salt
was suspended in the excess of 1 M ammonium hydroxide and converted to PANI base, in
order to sufficiently reduce conductivity for ER measurements.

Characterization of the prepared particles

Fourier-transform infrared (FTIR) spectra of samples dispersed in potassium bromide were
recorded in the range 400–4000 cm−1 at 64 scans per spectrum at 2 cm−1 resolution using
a fully-computerized FTIR Spectrometer (Thermo Nicolet NEXUS 870, USA) with a DTGS
TEC detector. The spectra were corrected for the presence of moisture and carbon dioxide in
the optical path. The morphology of the prepared samples was observed with a scanning
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electron microscope (SEM, Vega II LMU, Tescan, Czech Republic). The powders of prepared
aniline oligomers were pressed into pellets of 13 mm diameter and 0.8–1.2 mm thickness at
7 MPa. The conductivity was measured at room temperature on three pellets prepared from
each sample using two-point method after deposition of gold electrodes on both sides of
pellets. The density of PANI was determined by weighing of compressed pellets on Sartorius
R160P balance on air and immersed in decane.

Rheological measurements

Suspensions (10 vol. %) were prepared by mixing aniline oligomers with corresponding
amounts of silicone oil (Fluid 200, Dow Corning, UK; viscosity ηc = 108 mPa s, density

c = 0.965 g cm–3). Before each measurement, the suspensions were stirred at first
mechanically and then sonicated for 30 s.
Rheological measurements were performed under controlled-shear-rate (CSR) mode
using a rotational viscometer (Bohlin Gemini, Malvern Instruments, UK). The suspensions
were placed into parallel-plate geometry 40 mm in diameter with a 0.5 mm gap. The
instrument, modified for ER experiments, was connected to the DC high-voltage source
TREK (TREK 668B, USA) to generate electric field strengths 0–2.0 kV mm–1. Before each
measurement step, the previously built-up particulate structures were destroyed by shearing
the sample at the shear the rate 50 s–1 for 80 s.

Dielectric measurements

The dielectric properties of the prepared suspensions were measured with a Broadband
Dielectric Impedance Analyser Concept 40 (Novocontrol, Germany) connected to the
cylindrical sample cell BDS 1307 for liquid materials. Dielectric properties such as relative
permittivity, ´, and dielectric loss factor, ´´, were investigated in a frequency range from
1 Hz to 5 MHz. The dielectric spectra were analyzed using the Havriliak-Negami model [34],
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where Δε´ = ε´s – ε´ is dielectric relaxation strength, ε´s, and ε´, are relative permittivities
at zero and infinite frequency, f, respectively and, ω, is angular frequency (= 2 π f), trel is the
relaxation time, and a and b are shape parameters which describe the asymmetry of the
dielectric function.

Optical microscopy

Suspensions consisting of 1 vol. % particles in silicone oil were placed between two copper
electrodes deposited on glass with a gap of 1 mm connected to a DC high-voltage source
(Keithley 2400, USA). The formation of ER structures was observed with the help of an
optical microscope (N 400M, China) linked to a digital camera.

Results and discussion

Particle characterization

As can be seen in (Fig. 1), the concentration of the MSA used in the synthesis had little effect
on the flake-like particle morphology.

Fig. 1 Aniline oligomers prepared in (a) 0.1 M MSA, (b) 0.2 M MSA, and (c) 0.5 M MSA
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Furthermore, the conductivity of the prepared samples strongly depends on the molar
concentration of MSA since the concentration changes the conductivity in two orders of
magnitude. On the other hand the density of prepared samples is changed only negligibly
(Table 1).
Table 1 The conductivity, , and density, , of aniline
oligomers prepared in MSA solution of molar
concentration CA
CA [mol L−1]

 [S cm–1]

 [g cm–3]

0.1

2.3×10–10

1.36

0.2

1.02×10–9

1.33

0.5

1.49×10–8

1.35

The molecular structure of aniline oligomers is still open to discussion and a detailed
characterization is under progress. Infrared spectra of the prepared samples confirm the
oligomeric nature of the oxidation products (Fig. 2) [28]. The sharp peak at 1638 cm–1
corresponds to the carbonyl stretching vibration. The bands at 1566 and 1504 cm–1 (various
quinonoid and benzenoid ring-stretching vibrations), a shoulder observed at about 1630 cm–1
(most probably to N–H scissoring vibrations of aromatic amines with the contribution of
benzoquinones), and a shoulder at about 1357 cm–1 (attributed to C–N bonding of variously
substituted aromatic rings) are observed in the spectra. The sharp peak at 1441 cm–1 is
attributed to the skeletal C=C stretching vibration of the substituted aromatic ring, typical of
aniline oligomers, and the sharp peak at 1296 cm–1 indicates the presence of the C─N
stretching vibration of a primary aromatic amine. A broad band of C–H bending in-plane
vibrations reaches its maximum at 1182 cm–1. A prominent band at 828 cm–1 is due to the C–
H out-of-plane bending vibrations of two adjacent hydrogen atoms on a 1,4-disubstituted
benzene ring. In addition to this band, those at 744 and 692 cm–1 correspond to the C–H outof-plane bending and out-of-plane ring-deformations of a mono-substituted benzene ring,
respectively. The spectrum of the oligomers displays a sharp peak at 3230 cm–1, which is
connected to the stretching vibrations of hydrogen bonded N–H groups with carbonyl groups.
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We conclude that oxidation products include both aniline and p-benzoquinone constitutional
units.

Fig. 2 FTIR spectra of aniline oligomers synthesized in 0.1, 0.2, and 0.5 M MSA

Steady-shear viscometry

Experimental results for the suspension containing 10 vol. % of particles in silicone oil
(Figs. 3a–c) demonstrate that the suspensions of aniline oligomers prepared in 0.1 M MSA
exhibit nearly Newtonian behaviour in the absence of the external electric field, while
suspensions of samples prepared in 0.2 M and 0.5 M MSA show pseudoplastic flow character.
The suspension containing the sample prepared in 0.1 M MSA exhibits typical yielding
behaviour under application of an electric field (Fig. 3a). The values of the shear stress, 0.9, at
the given shear rate,  = 0.9, are considerably lower in comparison with other samples
because the chain-like structures have not been properly developed, because the conductivity
of this sample (Table 1) is out of the range (10–5 S/cm to 10–9 S/cm) which was estimated by
Block et. al. [24] as suitable values for creation of internal structures.
The yielding behaviour in the presence of the electric field is observed on suspensions
consisting of the oligomers prepared in 0.2 M and 0.5 M MSA (Fig. 3b–3c). Higher values of
yield stress were obtained for the suspensions composed of oligomeric particles synthesized
in 0.5 M MSA (Fig. 3c). These results imply that the suitable conductivity of sample prepared
in 0.5 M MSA promotes the development of the proper chain-like structures between
electrodes.
7

Generally, after application of an electric field, suspensions change their state from
liquid-like to solid-like, accompanied by the development of internal structures. In order to
investigate the stiffness of these internal structures, the shear stress 0.9 at minimum shear rate
was used. The data in the double-logarithmic plot of 0.9 and electric field strength, E, were
applied to power-law model, where 0.9 = q·Ea (Fig. 4). Parameter q is related to the stiffness
of the internal structures, and parameter a characterizes the response of the particles to the
application of an electric field. These parameters rise with the increasing concentration of
MSA, which denotes the enhanced ER activity of such systems (Table 2).
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Fig. 3 Dependence of the shear stress, , on the shear rate,  , for 10 vol. % silicone suspensions of
aniline oligomers particles prepared in (a) 0.1 M MSA, (b) 0.2 M MSA, and (c) 0.5 M MSA at various
external electric field strengths, E, (kV mm−1): 0 (), 0.5 (), 1 (), 1.5 (), 2 ()
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Table 2. Parameters of the power-law model 0.9 = q·Ea
(Fig. 4)

for

aniline

oligomers

prepared

in

a

methanesulfonic acid solution of various molar
concentrations CA
CA [mol·L−1]

q [Pa]

a

0.1

2.1

0.89

0.2

7.9

1.29

0.5

18.0

1.50

Fig. 4 Dependence of the shear stress, 0.9, at minimum shear rate,  = 0.9 s−1, on the electric field
strength, E, for 10 vol. % suspensions in silicone oil of aniline oligomers particles prepared in 0.1 M
MSA (), 0.2 M MSA (), and 0.5 M MSA ().

The effect of MSA concentration used during the synthesis of aniline oligomers on the
ER activity of their silicone oil suspensions can be clearly seen in Fig. 5. As noted in previous
studies [22, 23], the character of acid used in the preparation of samples considerably
influences the ER effect. Here, with an increasing concentration of MSA, the ER effect of
suspensions increases. At the lowest concentration, the value of the 0.9 is around 5 Pa. On the
other hand, when the concentration of MSA is changed from 0.1 M to 0.5 M, the stress
significantly increases by one order of magnitude and reaches nearly 50 Pa at 2 kV mm−1.
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Fig. 5 Dependence of the shear stress, 0.9, at minimum shear rate,  = 0.9 s−1, on the molar
concentration, CA, (mol L−1) of MSA for 10 vol. % suspensions of aniline oligomers particles in
silicone oil at various external electric field strengths, E, (kV·mm−1): 0.5 (), 1 (), 1.5 (), 2 ()

Finally, the ER behaviour of the aniline oligomers was compared to that of the
standard PANI base suspension at the same volume concentration in the suspension (Fig. 6).
The suspension of aniline oligomer particles prepared in 0.5 M MSA by single-step oxidation
reaction exhibits slightly higher values of the shear stress in the absence of the external field.
However, ER performance in the presence of the external electric field is visibly higher than
that of PANI base suspension. In addition, PANI needs an additional step of deprotonation,
after which it was established in previous studies as good ER material [35, 36]. Here it should
be mentioned that, in the studies provided by other authors [37-39], ER systems exhibit
considerably higher yield stress in comparison to these aniline oligomers. However, they
usually do not properly study the off-state values of their ER systems with more than
30 vol. % particles in the suspension.
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Fig. 6 Dependence of the shear stress, , on the shear rate,

 , for 10 vol. % silicone oil suspension of

aniline oligomers particles prepared in 0.5 M MSA (solid symbols) and PANI base (open symbols) at
various external electric field strengths, E, (kV·mm−1): 0 (, ), 1 (, ) and 2 (, ).

Behaviour during the periodic switching-on and off of the electric field

In the case of potential applications of ER suspensions, the reproducibility of the ER
phenomenon is an important factor. For the purpose of investigating reproducibility, the
dependence of the shear stress against time was plotted (Fig. 7). The response of the
oligomeric particles, dispersed in the ER suspension, on the application of the electric field is
clearly visible when the shear stress rapidly increases (Fig. 7a–c). This rapid increase is more
evident for the suspension consisting of aniline oligomer particles prepared in 0.5 M MSA.
This suspension had a faster response to the electric field as was observed from the
parameters of power-law model (Table 2) and also from the investigation of dielectric
properties, which are discussed below. When the electric field is switched-off, oriented
structures created within the suspension are slowly destroyed by continuous shearing. The
suspension of the oligomer prepared in 0.5 M MSA provides a stiffer solid-like state than
other samples with simultaneously the same reproducibility of the phenomenon.
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Fig. 7 Time dependence of the shear stress, , at 0 and 1.5 kV·mm−1 at shear rate 1 s−1 for 10 vol. %
silicone oil suspensions of oligomers prepared in (a) 0.1 M MSA, (b) 0.2 M MSA, and (c) 0.5 M MSA

Dielectric characteristics

As mentioned in several papers [25-27], dielectric properties of ER suspension are closely
connected to the ER effect. Especially, the dielectric relaxation strength and the relaxation
time of ER suspensions are crucial factors influencing values of the yield stress of
13

suspensions in the presence of an electric field. In order to obtain the appropriate values of
these quantities the dielectric spectra of suspensions (Fig. 8) were applied to the HavriliakNegami model (eq. 1) (Table 3). The calculation showed that the dielectric relaxation strength
of particles increases with the molar concentration of MSA used for synthesis. On the other
hand, relaxation time as a response of the particles to the application of the electric field
decreased with the increasing concentration of MSA. These findings suggest that materials
with higher dielectric relaxation strength and shorter relaxation time provide a stronger ER
effect, as confirmed by rheological measurements.
Table 3 Parameters of the Havriliak-Negami model applied
to the suspensions of aniline oligomers prepared in the
solutions of MSA of molar concentration CA
CA [mol L−1]

´s

´´

´

trel [s]

a

b

0.1

3.65

2.90

0.75

0.30

0.24

1.67

0.2

4.32

2.89

1.43

0.08

0.33

1.44

0.5

4.63

2.98

1.65

0.03

0.58

1.40
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Fig. 8 The frequency dependence of relative permittivity, ´, (a) and dielectric loss factor, ´´, (b), for
10 vol. % suspensions of aniline oligomers in silicone oil. Aniline oligomers were prepared in 0.1 M
MSA (), 0.2 M MSA (), and 0.5 M MSA (). Solid lines represent the Havriliak-Negami model
application.

Development of ER structures

The transition from liquid-like to solid-like state after the application of an external electric
field is connected with the creation of internal structures. In the absence of an electric field,
particles of the sample prepared in 0.1 M MSA are randomly dispersed in the silicone oil
(Fig. 9a). After application of an electric field of 1.5 kV mm−1, the particles create only partial
chain-like structures which were disable to connect the electrodes (Fig. 9b). This fact
confirms previous investigation of the rheological and dielectric properties. On the other
hand, randomly dispersed particles of sample prepared in 0.5 M MSA (Fig. 10a) create rather
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compact internal structures in the presence of an electric field of 1.5 kV·mm−1 (Fig. 10b).
Such developed structures are comparable to those observed for the PANI particles [23].

Fig 9 Optical microscopy of 1 vol. % silicone oil suspension of aniline oligomer prepared in 0.1 M
MSA under various electric field strengths, E, (kV·mm−1): (a) 0, (b) 1.5

Fig. 10 Optical microscopy of 1 vol. % particle silicone oil suspension of aniline oligomer prepared in
0.5 M MSA under various electric field strengths, E, (kV·mm−1): (a) 0, (b) 1.5

Conclusions

Aniline oligomers as promising ER particles were synthesized in the presence of
methanesulfonic acid (MSA) via the oxidation of aniline with p-benzoquinone. Their
conductivity was low and was influenced by the molar concentration of MSA in the reaction
medium. A sample prepared in 0.1 M MSA had insufficient conductivity and was unable to
produce compact internal structures under an applied electric field. On the other hand, the
sample prepared in 0.5 M MSA provides a material of suitable conductivity, dielectric
properties and the ability to develop compact internal structures confirmed by
electrorheological measurements and optical microscopy. Finally, suspensions consisting of
particles prepared via single-step oxidation reaction exhibit slightly higher ER activity in
comparison to standard PANI base, which requires an additional reaction step involving
deprotonation.
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