Effect of hydrophilicity of polyaniline particles on their electrorheology: Steady flow anc

dynamic behaviour
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ABSTRACT

Electrorheological properties of suspensions are osiderably affected by hydrophilicity of suspensionparticles. As a model material, polyaniline bse powder protonatec
with sulfamic, tartaric, or perfluo- rooctanesulfonic acids provided particles of various hydrophilicty. The experiments revealed that, in the absence of eleatrfield, due to a
good compatibility of hydrophobic polyaniline particles with sili- cone-oil medium, their interactionswere limited and the viscosity of suspension wasw. When the eletric
field was applied, the rigidity of the polarized chain structure of the particles increased and, consgiently, viscosity increased as well. In the contst, the field-off suspensior
viscosity of highly interacting hydrophilic particles, which are incompatible withthe oil, and where particle aggregation may set inwas high especially at low shear rate
and the material had a pseudoplastic character. The a relative increase in viscosity due to the polezation of the particles or their clusters in theelectric field was muct
lower than in the former case. Due to a different pmary structure of suspension, depending on the paicle compatibility with the oil the field- off storage modulus o
suspensions of hydrophobic particles was lower thathe loss modulus, while in suspensions of hydroghi particles the former modulus dominated. In both cases, a
increase in elasticity with increasing electric file strength was higher than that in viscosity.

1. Introduction

The electrorheological (ER) phenomenon [1], an eéase in vis-
cosity of suspensions within milliseconds on apaiien of a direct c
alternating electric field, has been the objectaofiumber of studie
The mechanism of building a fibrous or chain stowetof polarize:
suspension particles organized along the electreamiines has bee
discussed in several review articles §R- Due to its remarkab
properties, this effect could be important in vasgoengineerin
applications, such as in hydraulic valves, dammard clutches. Fc
that purpose, atrong viscosity increase within a short time intdris
needed; hence particles of various materials swigzem the oil hav
been investigated. The performance of ER liquidsan be expressi
as the ratio of electroviscosity [Q/]t = fle-rjo, and field off viscosity,
rjo, @s e = Kelfjor Wwhere % is the viscosity at the electric field sgth
used,E. It is obvious that not onlyje, but alsor]o is important in th:
selection of the material for practical use.

Our recent investigation of dynamic properties dlicane-oil
suspensions of the silica particles surface-modifigth urea dung
the transition from a liquid to solid state in télectric field

showed that urea may strongly affect the field-ei§cosity of sus-
pensions [10]. It apgared that strong interactions of silica parti

manifesting themselves by high suspension viscosiye elimnatec

by urea coating. These findings revealed that theary structure c

particle chains in the suspension controlled by pgatibility of

components may considerably influence the ER paréorce [11]. It i

clear that a very highje [12] need not priori mean a great relati

increase in ER viscosity.

In the present study, suspensions of polyanilineNP particles of
various compatibility with the silicone oil havedreinvestjated. Thi
conducting PANI proved to be a suitable materiak do its eas
preparation. Its chemical structure given by aléimg of a- and n-
bonds and the presence charge carriers allowsalbny conductvity
of PANI by treatment with various organic and inangc acids ti
various extents [135]. Electric properties of PANI can also
influenced efficiently by changing of the reactieonditions durini
the polymerization of aniline [16,17]. Thus, theter@al with variable
conductivity and dielectric properties [181] can be obtained, whi
the morphology and particle size of PANI remaintwaily the sam
[15].

PANI base and acid constitute a salt. The masgifraof acid in the
salt is 10-50% [15],depending on the degree of protonation
molar mass of an acid. Therefore, the propertiescads are projecte
into those of salts. When acids having a long hptm



bic chain, such as perfluorooctanesulfonic acidydpce a salt wit
PANI base, pettiorinated chain endows resulting PANI salt wit
marked hydrophobicity. When, on the contrary, aid amontaining
hydroxy or amino groups, such as in tartaric orfaulc acids
respectively, is used for reprotonation of PANI &a®ANI salt i
consideraly hydrophilic. For that reason, PANI representg@od
model for ER studies because the particle hydraghjlcan be varie
while keeping other properties about the same.

2. Materials and methods

2.1. Preparation of PANI and its protonation

PANI powder was prepared by the oxidation of 0.2 ind aniine
hydrochloride with 0.25 mol £ ammonium peroxydisulfate
aqueous medium [22]. PANI hydrochloride obtained the poly-
merization was converted to a PANI base with excefs¢ mol L*
ammonium hydroxide. The conductivity of dry PANIdsawas 3x
10“° S cm. The PANI base (1.81 g, 5 mmol; four aniline ui
considered as repeating units) were suspended im4®f agueus
acid solution for 24 h [15]. The resulting (protved) PANI salt wa
filtered off, rinsed with acetone, dried in airrabbm temperatureral
kept in a desiccator.

2.3. PANI characterization

In this study, four PANI samples (S84) were used (Table 1). T
water contact angles measured on compressed pellts asesse
with a measuring system OCA20 (Dataphysic, Germanyhe
conductivity was measured by a fopoint van der Pauw method
the same pellets, 13 mm in diameter, compresséd@tMPa with i
manual hydraulic press, using a current source Sdéithley 237 ani
a Multimeter Keithley 2010 voltmeter with a 2000 AC 10-channe
scanner card [15]. The highest contactglanof PANI particle:
protonated with perfluorooctanesulfonic acid cop@sded to the mo
hydrophobic sample (Sl). On the other hand, prdiona with
sulfamic acid provided the most hygtdlic PANI salt particles (S4
The PANI base particles (S2) and the particles remated with
tartaric acid (S3) represent intermediate cases.

2.4. Preparation of PANI particle suspensions

PANI powders were ground in an agate mortar, sieiedbtair
particle sizes smaller than 45 jam, added at 80 °C in a vacuu
oven to constant weight. The suspensions (10 volvésk prepared t
mixing PANI powders with silicone oil (Lukosiol M2) Chemcal
Works Kolin, Czech Republic; viscosity. = 200 mPa s, density: -
0.965 @ arr, conductivity o« 10 S cm?). The suspesions wer
stirred at first mechanically, then in an ultrasobath for 30 s befol
ER measurement.

Table 1
The contact anglesp and densities,p of PANI protonated in aqueous solutions of acids.

PANI sample Aquecus acid #i{") plgem™)
51 5% perfluorooctanesulfonic acid 102 1.45
52 None B3 1.33
53 1M tartaric acid 61 133

54 1M sulfamic acid 36 133

2.2. ER measurements of PANI particle suspensions

Both the steadylow measurements in the controlled shear
mode and the dynamic oscillatory experiments in ltinear visco-
elasticity region were performed with a rotatiomaéometer Bohtin
Gemini (Malvern Instruments, UK)with parallel plates of 40 m
diameters and a gap of 0.5 mm, modified for ER expents. Thi
plates were connected to a DC higbltage source TREK 66¢&
(TREK, USA) providing the electric field strengti= 0-500 Vmnrt.
Before measurement at a new étac field strength, any structu
produced by particles was destroyed by shearingstimaple at th
shear rate 207sfor 80 s. The tempature in all experiments was ke
at 25 °C.

3. Results and discussion
3.1. Steady-state flow of PANI particle suspensions

A considerable influence of hydrophobicity of paktis on the flov
behaviour of particle suspewsis in the absence of electric field |
been found (Fig. 1 ). Unlike the suspension of lopdhilic particles
(S4) showing the pseudoplastic flow, the suspensibhydrophobi¢
PANI (Sl) was nearly Newtonian. Other PANI suspiems (S2, S
showed slightf pseudoplastic behaviour. It appears that ¢
compatibility of hydrophobic particles with theistbne oil provided .
system of highly isolated particles with very weelteractions an
high fluidity. In the contrast, the incompatibilitpf hydrophilic
particles with the oil results in strong particleteractions whict
hinder their movement in the flow field. In thisssm also patrticl
aggregation and formation of clusters may take ealas a result, th
shear stress and viscosity of suspensiornseaally at low shear rate
were high and the suspensions behaved as\wewtonian materials. .
similar behaviour was
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Fig. 1. The dependence of the shear stress,(a), and viscosity,y], (b) of PANI suspensions on the she
rate, y in the absence of electric field. PANI samplesA S|, m S2,T S3, + S4.



observed for suspensions of silica particles incaile oil and fc
particles treated with urea [10].

Under the influence of an electric field, the shetess and tt
viscosity of suspensions of hydiogbic PANI (Fig. 2) increased. T
slopes 1.9, 1.4 and 1.8 of the double logarithmiat pf the she:
stressus. electric field strength (Fig. 3) correspond to jupolarizec
nondinteracting hydrophobic (Sl), rather hydrophobi@)%nd rathe
hydrophilic (S3) particles, respectively. On the other hahe, slop
0.54 for the hydrophilic PANI salt (S4) sgests a low effect
polarization. Thus, the performance of these
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Fig. 2. The dependence of the shear stresspf PANI suspensions on the shear rate, }'. The el field
strength, E(Vmm™): 0 (solid), 200 (open symbols). For the meaning symbols, see Fig. 1.
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Fig. 3. The dependence of the shear stresspn the electric field strength,Eat the shear rate,y= 1 s*. For
the meaning of symbols, see Fig. 1.
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Fig. 4. The dependence of the relative increase in viscogijte = (/0 - >70)/>70 on the shear ratey. For the
meaning of symbols, see Fig.

suspensions; = {rje- 770)/*70, is much higher than that of hydro-
philic materials at low shear rates. However, white@ hydrodyamic
forces dominate over the elegstatic ones, at high shear rate

inclines to the field-off state (Fig. 4).
3.2. The dynamic behaviour of PANI particle suspensions

A remarkable influence of hydrophobicity of parésl on the dy-
namic behaviour of their suspensions characterittiegbalance of
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Fig. 5. The dependence of the field-off storageG(solid), and loss,Ggmoduli (open symbols) on the angule
frequency, @ For the meaning of symbols, see Fig. 1.
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Fig. 6. The dependence of the storageG'{s (solid), and loss, Giso moduli (open symbols) on the angule
frequency, mat the electric field strength, E= 100 V mm'. For the meaning of symbols, see Fig. 1.
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Fig. 7. The dependence of the storagezz, (solid), and loss, G, moduli (open symbols) on the angule
frequency, « at the electric field strength,E = 200 V mm'. For the meaning of symbols, see Fig.




their fluidity and elasticity was observed. In thbsence of electr
field (Fig. 5), the loss modulus of the suspensiohkydrophdic (SI)
and rather hydrophobic (S2) PANI particles viégher at low angule
frequencies than the storage modubusThis indicates a low elasticit
of the system due to good compatibility of suspensparticles witl
the oil. The elasticity of suspensions of ratheddwophilic particle:
(S3) was higher and, at low angulardoencies, the storage modu
dominated, while at higher angular frequenciegihained low. In th
case of highly hydrophilic PANI salt (S4), the stge modulus ¢
suspension prevailed, but at higher angular freqgiesnit coincieéd
with the loss modulus.
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Fig. 8. The dependence of the storage; (solid), and loss,G" moduli (open symbols) on the electric fiel
strength, E at the angular frequency,o=7 rads”. For the meaning of symbols, see Fig. 1.

When the electric field was applied, both moduii,particular th:
storage component, increased due to formation of oaganizec
structure of polarized particles withesply increasing elasticity (Fi
6). Thus, the storage modulus gradually dominatésb an the
suspensions of rather hydrophobic and hydrophitittiples (S2, S3
respectively. In the case of PANI salt (Sl), theodus character
suspensions prevailsven in the presence of electric field due
weaker particle interactions (Fig. 7).

Fig. 8 illustrates a different dependence of visaséc moduli fol
particle suspensions of various hydrophobicity de electric fielc
strength at a single angular frequeney = 1 rad s'). For the mos
hydrophobic PANI (SI), the loss modulus prevailguto the highes
field strength usedE = 400 V mm'). The difference between t
moduli diminished and, as observed on extrapolatmrihe highes
field strengths, disappearedat E = 500 V mm'* (Fig. 8a). For rathe
hydrophobic (S2) and rather hydrophilic (S3) PANdn®les, th
dependences of the moduli cross at low field stiemgas thei
hydrophilicity increases (Fig. 8b and c). In theseaof hydrophilic
PANI salt (S4), the predominance of the storage moduldlse whole
range of the field strengths was observed as aecpresice of stror
particle interactions (Fig. 8d).

4. Conclusions

The results demonstrate that the compatibility ANP suspesion
particles vith the silicone oil depends on the hydrophiliciy the
particles. The compatibility can significantly adtea relative increas
in viscosity and elasticity of the material dueamplicaion of electric
field. Thus, hydrophobic particles suspended an hydrophobi
silicone oil provide a homogeneous suspension witlow field-off
viscosity. On application of electric field, a selfganized viscoelasti
chain structure of independent polarized mdes can arise and a fi
increase in viscoelastigit sets in. On the other hand, due
interactions of hydrophilic particles, aggregate<lsters are forme
and, consequently, the fielff suspension viscoelasticity is high. T
effect of the electric field on a relative increasethis quantity i
much lower than that in suspensions of hydropholadiples. This
means that the compatibility of uension particles with the silico
oil is a decisive factor contdiohg the ER efficiency, and should
taken into account in the design of high-performag® liquids.
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