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A B S T R A C T

Electrorheological properties of suspensions are considerably affected by hydrophilicity of suspension particles. As a model material, polyaniline base powder protonated 
with sulfamic, tartaric, or perfluo- rooctanesulfonic acids provided particles of various hydrophilicity. The experiments revealed that, in the absence of electric field, due to a 
good compatibility of hydrophobic polyaniline particles with sili- cone-oil medium, their interactions were limited and the viscosity of suspension was low. When the electric 
field was applied, the rigidity of the polarized chain structure of the particles increased and, consequently, viscosity increased as well. In the contrast, the field-off suspension 
viscosity of highly interacting hydrophilic particl es, which are incompatible with the oil, and where particle aggregation may set in, was high especially at low shear rates, 
and the material had a pseudoplastic character. Then, a relative increase in viscosity due to the polarization of the particles or their clusters in the electric field was much 
lower than in the former case. Due to a different primary structure of suspension, depending on the particle compatibility with the oil the field- off storage modulus of 
suspensions of hydrophobic particles was lower than the loss modulus, while in suspensions of hydrophilic particles the former modulus dominated. In both cases, an 
increase in elasticity with increasing electric field strength was higher than that in viscosity. 

1. Introduction 

The electrorheological (ER) phenomenon [1], an increase in vis-
cosity of suspensions within milliseconds on application of a direct or 
alternating electric field, has been the object of a number of studies. 
The mechanism of building a fibrous or chain structure of polarized 
suspension particles organized along the electric stream-lines has been 
discussed in several review articles [2-8]. Due to its remarkable 
properties, this effect could be important in various engineering 
applications, such as in hydraulic valves, dampers and clutches. For 
that purpose, a strong viscosity increase within a short time interval is 
needed; hence particles of various materials suspended in the oil have 
been investigated. The performance of ER liquids, e, can be expressed 
as the ratio of electroviscosity [9], Af]E = f]E-rj0, and field-off viscosity, 
rj0, as e = AfjElfj0t where % is the viscosity at the electric field strength 
used, E. It is obvious that not only rjE, but also r]0 is important in the 
selection of the material for practical use. 

Our recent investigation of dynamic properties of silicone-oil 
suspensions of the silica particles surface-modified with urea during 
the transition from a liquid to solid state in the electric field 

showed that urea may strongly affect the field-off viscosity of sus-
pensions [10]. It appeared that strong interactions of silica particles 
manifesting themselves by high suspension viscosity were eliminated 
by urea coating. These findings revealed that the primary structure of 
particle chains in the suspension controlled by compatibility of 
components may considerably influence the ER performance [11]. It is 
clear that a very high rjE [12] need not a priori mean a great relative 
increase in ER viscosity. 

In the present study, suspensions of polyaniline (PANI) particles of 
various compatibility with the silicone oil have been investigated. The 
conducting PANI proved to be a suitable material due to its easy 
preparation. Its chemical structure given by alternating of a- and n-
bonds and the presence charge carriers allows controlling conductivity 
of PANI by treatment with various organic and inorganic acids to 
various extents [13-15]. Electric properties of PANI can also be 
influenced efficiently by changing of the reaction conditions during 
the polymerization of aniline [16,17]. Thus, the material with variable 
conductivity and dielectric properties [18- 21] can be obtained, while 
the morphology and particle size of PANI remain virtually the same 
[15]. 
PANI base and acid constitute a salt. The mass fraction of acid in the 
salt is 10-50% [15], depending on the degree of protonation and 
molar mass of an acid. Therefore, the properties of acids are projected 
into those of salts. When acids having a long hydropho 



bic chain, such as perfluorooctanesulfonic acid, produce a salt with 
PANI base, perfluorinated chain endows resulting PANI salt with a 
marked hydrophobicity. When, on the contrary, an acid containing 
hydroxy or amino groups, such as in tartaric or sulfamic acids, 
respectively, is used for reprotonation of PANI base, PANI salt is 
considerably hydrophilic. For that reason, PANI represents a good 
model for ER studies because the particle hydrophilicity can be varied 
while keeping other properties about the same. 

2. Materials and methods

2.1. Preparation of PANI and its protonation

2.2. ER measurements of PANI particle suspensions 

Both the steady-flow measurements in the controlled shear rate 
mode and the dynamic oscillatory experiments in the linear visco-
elasticity region were performed with a rotational rheometer Boh- lin 
Gemini (Malvern Instruments, UK), with parallel plates of 40 mm 
diameters and a gap of 0.5 mm, modified for ER experiments. The 
plates were connected to a DC high-voltage source TREK 668B 
(TREK, USA) providing the electric field strength E= 0-500 Vmnrr1. 
Before measurement at a new electric field strength, any structure 
produced by particles was destroyed by shearing the sample at the 
shear rate 20 s-1 for 80 s. The temperature in all experiments was kept 
at 25 °C. 

PANI powder was prepared by the oxidation of 0.2 mol L -1 aniline 
hydrochloride with 0.25 mol L-1 ammonium peroxydisulfate in 
aqueous medium [22]. PANI hydrochloride obtained by the poly-
merization was converted to a PANI base with excess of 1 mol L-1 
ammonium hydroxide. The conductivity of dry PANI base was 3 x 

10“9 S cm“1. The PANI base (1.81 g, 5 mmol; four aniline units 
considered as repeating units) were suspended in 40 mL of aqueous 
acid solution for 24 h [15]. The resulting (protonated) PANI salt was 
filtered off, rinsed with acetone, dried in air at room temperature and 
kept in a desiccator. 

2.3. PANI characterization 

In this study, four PANI samples (S1-S4) were used (Table 1). The 
water contact angles measured on compressed pellets were assessed 
with a measuring system OCA20 (Dataphysic, Germany). The 
conductivity was measured by a four-point van der Pauw method on 
the same pellets, 13 mm in diameter, compressed at 700 MPa with a 
manual hydraulic press, using a current source SMU Keithley 237 and 
a Multimeter Keithley 2010 voltmeter with a 2000 SCAN 10-channel 
scanner card [15]. The highest contact angle of PANI particles 
protonated with perfluorooctanesulfonic acid corresponded to the most 
hydrophobic sample (SI). On the other hand, protonation with 
sulfamic acid provided the most hydrophilic PANI salt particles (S4). 
The PANI base particles (S2) and the particles reprotonated with 
tartaric acid (S3) represent intermediate cases. 

2.4. Preparation of PANI particle suspensions 

PANI powders were ground in an agate mortar, sieved to obtain 
particle sizes smaller than 45 jam, and dried at 80 °C in a vacuum 
oven to constant weight. The suspensions (10 vol.%) were prepared by 
mixing PANI powders with silicone oil (Lukosiol M200, Chemical 
Works Kolín, Czech Republic; viscosity rjc = 200 mPa s, density pc = 

0.965 g CITT3, conductivity oc« 10~n S cm-1). The suspensions were 
stirred at first mechanically, then in an ultrasonic bath for 30 s before 
ER measurement. 

Table 1 

The contact angles, 0 and densities, p of PANI protonated in aqueous solutions of acids. 

3. Results and discussion 

3.1. Steady-state flow of PANI particle suspensions 

A considerable influence of hydrophobicity of particles on the flow 
behaviour of particle suspensions in the absence of electric field has 
been found (Fig. 1 ). Unlike the suspension of hydrophilic particles 
(S4) showing the pseudoplastic flow, the suspension of hydrophobic 
PANI (SI) was nearly Newtonian. Other PANI suspensions (S2, S3) 
showed slightly pseudoplastic behaviour. It appears that good 
compatibility of hydrophobic particles with the silicone oil provided a 
system of highly isolated particles with very weak interactions and 
high fluidity. In the contrast, the incompatibility of hydrophilic 
particles with the oil results in strong particle interactions which 
hinder their movement in the flow field. In this system also particle 
aggregation and formation of clusters may take place. As a result, the 
shear stress and viscosity of suspensions, especially at low shear rates, 
were high and the suspensions behaved as non-Newtonian materials. A 
similar behaviour was 

Fig. 1. The dependence of the shear stress, t0 (a), and viscosity, y]q (b) of PANI suspensions on the shear 

rate, y in the absence of electric field. PANI samples: ▲ SI, ■ S2,T S3, + S4. 



observed for suspensions of silica particles in silicone oil and for 
particles treated with urea [10]. 

Under the influence of an electric field, the shear stress and the 
viscosity of suspensions of hydrophobic PANI (Fig. 2) increased. The 
slopes 1.9, 1.4 and 1.8 of the double logarithmic plot of the shear 
stress vs. electric field strength (Fig. 3) correspond to fully polarized 
non-interacting hydrophobic (SI), rather hydrophobic (S2) and rather 
hydrophilic (S3) particles, respectively. On the other hand, the slope 
0.54 for the hydrophilic PANI salt (S4) suggests a low effect of 
polarization. Thus, the performance of these 

 

Fig. 2. The dependence of the shear stress, x of PANI suspensions on the shear rate, }’. The electric field 

strength, E (Vmm -1): 0 (solid), 200 (open symbols). For the meaning of symbols, see Fig. 1. 

suspensions, e = {rjE- 77o)/*7o, is much higher than that of hydro-
philic materials at low shear rates. However, when the hydrodynamic 
forces dominate over the electrostatic ones, at high shear rates, e 
inclines to the field-off state (Fig. 4). 

3.2. The dynamic behaviour of PANI particle suspensions 

A remarkable influence of hydrophobicity of particles on the dy-
namic behaviour of their suspensions characterizing the balance of 

Fig. 5. The dependence of the field-off storage, G'0 (solid), and loss, Gq moduli (open symbols) on the angular 

frequency, co. For the meaning of symbols, see Fig. 1. 

Fig. 3. The dependence of the shear stress, x on the electric field strength, E at the shear rate, y = 1 s_1. For 

the meaning of symbols, see Fig. 1. 

Fig. 6. The dependence of the storage, G'{00 (solid), and loss, Gi'00 moduli (open symbols) on the angular 

frequency, co at the electric field strength, E = 100 V mm-1. For the meaning of symbols, see Fig. 1. 

Fig. 4. The dependence of the relative increase in viscosity, e = (/7200 - >7o)/>7o on the shear rate, y. For the 

meaning of symbols, see Fig. 1. 

 

Fig. 7. The dependence of the storage, G200 (solid), and loss, G£00 moduli (open symbols) on the angular 

frequency, co at the electric field strength, E = 200 V mm-1. For the meaning of symbols, see Fig. 1. 



their fluidity and elasticity was observed. In the absence of electric 
field (Fig. 5), the loss modulus of the suspensions of hydrophobic (SI) 
and rather hydrophobic (S2) PANI particles was higher at low angular 
frequencies than the storage modulus G'0. This indicates a low elasticity 
of the system due to good compatibility of suspension particles with 
the oil. The elasticity of suspensions of rather hydrophilic particles 
(S3) was higher and, at low angular frequencies, the storage modulus 
dominated, while at higher angular frequencies it remained low. In the 
case of highly hydrophilic PANI salt (S4), the storage modulus of 
suspension prevailed, but at higher angular frequencies it coincided 
with the loss modulus. 

Fig. 8. The dependence of the storage, G’ (solid), and loss, G" moduli (open symbols) on the electric field 

strength, E at the angular frequency, co = 7 rads-1. For the meaning of symbols, see Fig. 1. 

When the electric field was applied, both moduli, in particular the 
storage component, increased due to formation of an organized 
structure of polarized particles with steeply increasing elasticity (Fig. 
6). Thus, the storage modulus gradually dominated also in the 
suspensions of rather hydrophobic and hydrophilic particles (S2, S3), 
respectively. In the case of PANI salt (SI), the viscous character of 
suspensions prevails even in the presence of electric field due to 
weaker particle interactions (Fig. 7). 

Fig. 8 illustrates a different dependence of viscoelastic moduli for 
particle suspensions of various hydrophobicity on the electric field 
strength at a single angular frequency (co = 1 rad s-1). For the most 
hydrophobic PANI (SI), the loss modulus prevailed up to the highest 
field strength used (E = 400 V mm-1). The difference between the 
moduli diminished and, as observed on extrapolation to the highest 
field strengths, disappeared at ca. E = 500 V mm-1 (Fig. 8a). For rather 
hydrophobic (S2) and rather hydrophilic (S3) PANI samples, the 
dependences of the moduli cross at low field strengths as their 
hydrophilicity increases (Fig. 8b and c). In the case of hydrophilic 
PANI salt (S4), the predominance of the storage modulus in the whole 
range of the field strengths was observed as a consequence of strong 
particle interactions (Fig. 8d). 

4. Conclusions 

The results demonstrate that the compatibility of PANI suspension 
particles with the silicone oil depends on the hydrophilicity of the 
particles. The compatibility can significantly affect a relative increase 
in viscosity and elasticity of the material due to application of electric 
field. Thus, hydrophobic particles suspended in a hydrophobic 
silicone oil provide a homogeneous suspension with a low field-off 
viscosity. On application of electric field, a self-organized viscoelastic 
chain structure of independent polarized particles can arise and a fast 
increase in viscoelasticity sets in. On the other hand, due to 
interactions of hydrophilic particles, aggregates or clusters are formed 
and, consequently, the field-off suspension viscoelasticity is high. The 
effect of the electric field on a relative increase in this quantity is 
much lower than that in suspensions of hydrophobic particles. This 
means that the compatibility of suspension particles with the silicone 
oil is a decisive factor controlling the ER efficiency, and should be 
taken into account in the design of high-performance ER liquids. 
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