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ABSTRACT: In this study, functional pendants of chito-
san were focused on enhancing the shear stress of electro-
rheological (ER) fluids. Chitosan succinates and chitosan
phthalate were synthesized for ER particles and ER fluids
were prepared by dispersing the particles in silicone oil.
After comparing the shear stress of all prepared ER fluids,
obtained conclusions were that ER particle having two
functional groups (one is þve charge and another is �ve
charge) showed higher shear stress than that having only
one functional group like the comparison between chitosan

succinate(I) and chitosan succinate(II). However, though
expect of the intermolecular overlapping between the p
electrons clouds supporting the charge carrier generation
and transport leading to a significant delocalization of elec-
trons, chitosan phthalate shows lower shear stress than
chitosan succinate(I) and chitosan succinate(II). � 2006
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INTRODUCTION

Many researches about electrorheological fluids have
been studied since the phenomenon of electrorheology
was first reported by W. M. Winslow in 1947 and this
phenomenon occasionally bears his name.1 The elec-
trorheological (ER) fluids are one kind of suspension
whose rheological properties can reversibly change
several orders of magnitude under a sufficiently
strong electric field.2 Positive ER materials have rheo-
logical properties that dramatically increase with the
applied electric field.3 Many researches have been con-
ducted for practical utilizations of such suspensions in
active control devices such as dampers, shock absorb-
ers, clutches, and brakes,4 and in new devices such as
gripping devices,5 seismic controlling frame struc-
tures,6 human muscle stimulators,7 and spacecraft de-
ployment dampers.8 However, they remained unsuc-
cessful due to problems like particle sedimentation,9

aggregation or solidification, particle or electrode ab-
rasion, poor durability or temperature dependence,
and a high current density due to the high conductiv-
ity of water, and device erosion caused by water.10 For
solving these problems, water-free ER fluids were
developed under the assumption that they do not
have the shortcomings of hydrous ER fluids.11

The modeling for understanding ER phenomena has
been well studied.12–14 The chemical structure design-
ing studies of ER particles for the practical utilizations

still leave much to be desired despite of various studies
of chemical structures including polymethyl methacry-
late-block-polystyrene,15 acene quinine radical poly-
mers,16 polyaniline,17 polyphenylenediamine,18 poly(2-
acrylamido-2-methyl-1-propane sulfonic acid),19 poly-
styrene-block-polyisoprene,20 and polymer-diatomite
composites with polyacrylonitrile21 or polyaniline.22

The high-performance ER materials are closely re-
lated to their molecular structures. With the develop-
ment of ER materials, it is clear that those materials
possess branched polar groups such as amine (��NH2),
hydroxyl (��OH), and aminocyano (��NHCN), or semi-
conducting repeated groups. The polar groups may
affect the ER behavior by playing the role of the elec-
tronic donor under the imposed electric field.23 ER ma-
terial is far from a green process because of its toxic-
ity.24 Therefore, chitosan has been studied for solving
environmental problems recently.25–29 This material
shows the ER effect due to amine and hydroxyl groups,
and these groups can be substituted to other functional
groups easily. In this study, carboxyl groups are intro-
duced to chitosan with various pendant and linkage
groups. Then the ER properties of the suspensions of
these modified chitosan particles in silicone oil have
been investigated under DC electric fields.

EXPERIMENTAL

Synthesis and FTIR analysis

Chitosan succinate(I) was synthesized by the follow-
ing method. Chitosan (10 g, Jakwang, Korea), succinic
acid (1 mol, Aldrich, Milwaukee, WI), triphenyl phos-
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pine (0.01 mol, TPP, Aldrich, Milwaukee, WI), diethyl
azo dicarboxylate (0.01 mol, DEAD, Aldrich), and
dimethylformamide (500 mL, DMF, Aldrich) were put
into a round flask under N2 purging and reacted at a
temperature of 358C in an oil bath for 24 h with stir-
ring. After reaction, modified chitosan was washed
with DMF and distilled water, and dried at a tempera-
ture of 408C in vacuum oven. The reaction yield was
64%. Note that all OH (hydroxyl group) react with
adipic acid if the reaction temperature increases or the
reaction time become longer. Then, any OH should
not be observed. In this work, OH did not react with
adipic acid. This was confirmed by FTIR (GX FTIR
spectrum, Perkin–Elmer, Wellseley, MA).

IR (KBr): 3452 (OH, carboxylic acid), 3350 (OH,
hydroxyl group), 1717 (C¼¼O, carboxylic group),
1658 cm�1 (NH��C¼¼O, amide group).

Chitosn succinate(II) was obtained by the reaction
of chitosan (10 g) with succinic anhydride (80 g) in
dimethyl sulfoxide (400 mL, DMSO, Aldrich) and
pyridine (200 mL) solution at a 608C oil bath for 5 h
with stirring. After reaction, modified chitosan was
washed with DMSO and distilled water, and dried
at a temperature of 408C in vacuum oven. The reaction
yield was 67.5%.

IR (KBr): 3452 (OH, carboxylic acid), 1733 (C¼¼O,
ester group), 1717 (C¼¼O, carboxylic group), 1658 cm�1

(NH��C¼¼O, amide group).
Chitosan phthalate was synthesized by the follow-

ing method. Chitosan (10 g, Jakwang, Korea), phthalic
acid (1 mol, Aldrich, Milwaukee, WI), triphenyl phos-
pine (0.01 mol, TPP, Aldrich, Milwaukee, WI), diethyl
azo dicarboxylate (0.01 mol, DEAD, Aldrich), and dime-
thylformamide (500 mL, DMF, Aldrich, Milwaukee,
WI) were put into a round flask under N2 purging

and reacted at a temperature of 358C in an oil bath
for 24 h with stirring. After reaction, modified chito-
san was washed with DMF and distilled water, and
dried at a temperature of 408C in vacuum oven. The
reaction yield was 58%.

IR (KBr): 3005 (OH, carboxylic acid), 3350 (OH, hy-
droxyl group), 1692 (C¼¼O, carboxylic group), 1652
(NH��C¼¼O, amide group), 1584, 1495, 1403, 1156,
1073 cm�1 (benzene group).

All synthesized polymers are depicted in Scheme 1,
and their FTIR spectra are shown in Figure 1.

Suspension preparation and methods
of measurement

The size distribution of particles was examined by dy-
namic light scattering (DLS, BI9000AT, Brook heaven).
Synthesized polymers were grinded to 5–30 mm par-
ticles using a ball mill and their particle sizes are
shown in Figure 2. ER fluids were prepared by dis-
persing these particles into silicone oil whose viscosity
was 30 cS at 258C. The silicone oil was dried by molec-
ular sieves before use, and the particle concentration
was fixed at 30 vol %. The rheological properties of
the suspension were investigated in a static DC field
using a Physica Couette-type rheometer (Physica US200,
Germany) with a high voltage generator. The meas-
uring unit was of a concentric cylindrical type, with a
1 mm gap between the bob and the cup. The shear
stress for the suspensions was measured under shear
rate of 1–300 s�1 and electric fields of 0–3 kV/mm.

The dc current density J of chitosan compounds
suspension were determined at room temperature
by measuring the current passing through the fluid
upon application of the electric field E0 and dividing
the current by the area of the electrodes in contact
with the fluid. Current was determined from the vol-
tages drop across a 1 MO resistor in series with the

Scheme 1 Structures of chemically modified chitosan.

Figure 1 FTIR spectra of (a) chitosan, (b) chitosan succina-
te(I), (c) chitosan succinate(II), and (d) chitosan phthalate.
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metal cell containing the oil, using a voltmeter with
a sensitivity of 0.01 mV.

The experimental cell was assembled by mounting
two parallel electrodes with 1 mm gap on a Teflon
slide in which a drop of well-mixed ER fluid was
dispersed. The behavior of ER fluids was observed
under 3 kV/mm using an optical microscope.

Thermal analysis data were obtained using a Dupont
910 differential scanning calorimeter (DSC) and 915
thermogravimetric analyzer (TGA), with a heating rate
of 108C/min under nitrogen atmosphere. In the case
of DSC, indium metal was used for calibration (Tm(In)
¼ 156.78C and DHm(In) ¼ 28.36 J/g).

RESULTS AND DISCUSSION

Thermal and structural characterizations

Figure 3 shows differences in the peak area and
position of endotherm, indicating that these macro-
molecules differ in their water-holding capacity and
strength of water–polymer interaction. The peak posi-
tion of the chitosan raw material is at 1438C and it is
higher than that found in other researches.30 In the
case of the chitosan succinate(I), the peak position is
shifted to higher temperature (1668C), indicating that
the water interaction with hydroxyl and carboxylic
groups is stronger that with hydroxyl and amine
groups of chitosan raw material. Chitosan succinate(II)
shows two peak positions. One is at 1438C because of
the water interaction with hydroxyl and carboxylic
groups, and the other is at 2238C because of the water
interaction with carboxylic groups. These tempera-
tures are much higher than the boiling temperature of
the water, indicating that water interaction with func-
tional groups is very strong, and these two positions
of endotherm indicate that all hydroxyl groups are

not substituted. In brief, hydroxyl- and amine-substi-
tuted chitosan coexists with only amine-substituted
chitosan. This adsorbed water bond with functional
groups of chitosan. Therefore, these synthesized ER
materials do not show a high current density and
cause device erosion. The glass transition temperature
(Tg) can usually be obtained by DSC. The glass transi-
tion temperature of chitosan is still a subject of contro-
versy. The main reason may be that some properties
like crystallinity, molecular weight and deacetylation
degree will influence Tg. Ratto et al.31 observed the
chitosan glass temperature at 308C for water contents
ranging from 8 to 30%. Lazaridou and Biliaderis32

found Tg ranging from �23 to 678C, according to the
water content, indicating, in both cases, the plasticiz-
ing effect of water. On the other hand, Sakurai et al.33

observed the Tg of chitosan at 2038C, while Kittur
et al.34 found no evidence for Tg suggesting that Tg for
chitosan could lie at a higher temperature, where deg-
radation prevents its determination. In this study, the
DSC curves show no significant stepwise increase in
specific heat, showing, therefore, no evidence in favor
of the occurrence of a glass transition temperature,
and Pereira and coworkers also showed the same re-
sult.35

TGA curves of chitosan, chitosan succinate(I), and
chitosan succinate(II) are shown in Figure 4. For chito-
san, weight loss took place in two stages. The first one
starts at 458C and reaches 2158C. The second stage
starts at 2758C and reaches 3158C. The first stage is
assigned to the loss of water. The second one, corre-
sponds to the decomposition (thermal and oxidative)
of chitosan, vaporization, and elimination of volatile
products. Chitosan succinate(I) also degraded in two
stages. However, in the case of chitosan succinate(II),
first stage is divided into two steps. This well matched

Figure 2 Size distribution of chemically modified chitosan.

Figure 3 DSC thermograms of (a) chitosan, (b) chitosan
succinate(I), and (c) chitosan succinate(II).
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with the result of DSC curve. According to the litera-
ture,36 pyrolysis of polysaccharides starts by a random
split of the glycosidic bonds, followed by a further
decomposition forming acetic and butyric acids and
a series of lower fatty acids, where C2, C3, and C6
predominate, and the difference of the weight loss

between chitosan and modified chitosans after start of
pyrolysis is caused by the weight of functional groups
coupled chitosans.

Rheological and electric properties

To observe the alignment of particles in the ER fluid,
the chitosan succinate(II) particles were used in this
study. Figures 5(a) and 5(b) were observed using an
optical microscope. In Figure 5(a), the electric field is
zero; therefore, the particles have a random distribu-
tion. In Figure 5(b), an electric field of 3 kV/mm has
been applied. The presence of fibrils is obvious, al-
though they are not always linear and even have dou-
ble loops in some cases. These partial fibrils are thought
to contribute to the viscosity increase, since an attempt
to move one electrode relative to the other would be
hindered by the drag of the dangling fibrils.

Shear stress curves as a function of shear rate for
chitosan carboxylate series under 3 kV/mm electric
field were shown in Figure 6. All chitosan carboxylate
series showed the typical Bingham plastic behavior
although they showed some deviations.37 This means
that flow is observed only after exceeding a minimum
yield stress (ty). All ER fluids showed good particle
dispersion, durability, and yield stress. After dispers-
ing chitosan carboxylate particles in silicone oil, the
precipitated particle was not observed even after
1 week because of good particle dispersion. Chitosan
succinate(I) was synthesized by the reaction of chito-
san with succinic acid. This polymer has two branch
groups consisting of a hydroxyl group and a carboxyl
group in the side chains. This was detailed in the ex-
perimental part. The other side, chitosan succinate(II)
was synthesized by the reaction of chitosan with suc-
cinic anhydride. This polymer has only one kind of

Figure 5 Optical microscopy images of (a) chitosan succi-
nate(II) suspension and (b) same portion of the gel after
application of 3 kV/mm dc electric field.

Figure 6 Shear stress versus shear rate for (a) chitosan,
(b) chitosan succinate(I), (c) chitosan succinate(II), and (d)
chitosan phthalate.

Figure 4 TGA curves of (a) chitosan, (b) chitosan succina-
te(I), and (c) chitosan succinate(II).
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the branch group of the carboxyl group in the side
chains. However, some amount of chitosan succina-
te(I) coexists as previous comments on Figure 3 due to
nonreacted hydroxyl group with succinic anhydride.
End groups of chitosan phthalate are same with chito-
san succinate(I). However, benzene ring is used for
linking carboxyl group to chitosan unlike the alkyl
group of chitosan succinate(I) as depicted in Scheme 1.
Chitosan succinate(I) suspension showed higher shear
stress than chitosan succinate(II) suspension. In the
case of chitosan succinate(II) suspension, proton ex-
change does not occur, because this suspension has
only carboxyl groups for end groups in the side
chains. However, a proton can be exchanged between
the hydroxyl group and the carboxyl group. Therefore,
the attractive force between ER particles increases.
Although expect of the intermolecular overlapping be-
tween the p electrons, chitosan phthalate showed low
shear stress. Estimated alignment structures under the
electric field are shown in Scheme 2.

Figure 7 shows the current density of chitosan car-
boxylate suspension. The current density of chitosan
raw material was very low. After carboxyl group cou-
pling onto the chitosan, current density values of these
modified chitosan were rather high. Only chitosan
phthalate suspension showed very high value. This
showed � 2.6 mA/cm2 of the current density at 3.0 kV/
mm. The electronic properties of most organics are
dominated by the weak coupling of the van der Waals
bound molecules. In benzene ring molecules, the inter-
molecular coupling is supposed to be stronger because
of the significant overlapping between the p electron
clouds supporting the charge carrier generation and
transport leading to a significant delocalization of elec-
trons and, as a consequence, relatively significant
intrinsic conductivity.38,39

The yield stresses obtained from various logarithmic
shear stress versus shear rate curves also plotted as a
function of electric field strength (E) for eight kinds of
ER fluids are shown in Figure 8. Chitosan succinate(I)-
suspended ER fluid showed the highest yield stress.

Scheme 2 Estimated alignment structures under the electric field of (a) chitosan succinate(I), (b) chitosan succinate(II),
and (c) chitosan phthalate.

Figure 7 Current density versus electric field for (a) chi-
tosan, (b) chitosan succinate(I), (c) chitosan succinate(II),
and (d) chitosan phthalate.

Figure 8 The yield stress under various electric field
strengths.
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The change of yield stress with different electric field
can be represented by the following equation ty ! Ea.
The a values of chitosan raw material, chitosan succi-
nate(I), chitosan succinate(II), and chitosan phthalate
are 2.10, 2.12, 1.50, and 2.16, respectively. This result
differs from the theoretical prediction that ty is pro-
portional to the electric field strength E2. The differ-
ence is due to several factors, such as particle concen-
tration, shape of the particle, etc. Specifically, ER fluids
prepared with chitosan succinate(II) particles showed
a low a value. We think that the electron transfer
between alkyl carboxylic groups in the high electric
field is not good in comparison with the electric field
power. Choi et al. explained this using a polarization
model and a conductivity model.40

CONCLUSIONS

In brief, the various ER fluids based on chitosan were
prepared for comparing the shear stress under an elec-
tric field. The alignment of ER particles like fibrils on
an electric field was observed using an optical micro-
scope in this experiment. After comparing the shear
stress of all prepared ER fluids, obtained conclusions
were that ER particle having two functional groups
(one is þve charge and another is �ve charge) showed
higher shear stress than that having only one func-
tional group like the comparison between chitosan
succinate(I) and chitosan succinate(II). Though expect
of the intermolecular overlapping between the p elec-
trons clouds supporting the charge carrier generation
and transport leading to a significant delocalization of
electrons, chitosan phthalate showed lower shear
stress than chitosan succinate (I) and (II).
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