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Abstract

According to the point that the host structure and the properties can be easily modified by the formation of host–guest complex, the

supramolecular complexes of b-cyclodextrin cross-linking polymer/1-(2-pyridlazo)-2-naphthol (b-CDP-PAN) particles were synthesized.

Then the electrorheological properties of the suspensions of b-CDP-PAN particles in silicone oil have been investigated under DC electric

fields. It was found that the yield stress of the typical b-CDP-PAN ER fluid was 6.16 KPa in 5 kV/mm, which is much higher than that of

pure b-cyclodextrin polymer (b-CDP), that of pure 1-(2-pyridlazo)-2-naphthol (PAN) as well as that of the mixture of the host with the guest

(b-CDP þ PAN). The structure of b-CDP-PAN was characterized by the fluorescence analysis and IR spectrometry, respectively. The

results confirmed that the naphthalene ring of PAN is included in the cavity of b-CDP. Just as expected, the improvement of dielectric

constant, conductivity and loss tangent of b-CDP resulted in good ER effect of b-CDP-PAN. Furthermore, it was found that the cross-linking

degree (CLD) of the polymer strongly influences the ER behavior of b-CDP-PAN and b-CDP. When CLD remains in the range of 4-6,

b-CDP-PAN exhibits much stronger ER effect, and for b-CDP, its suitable range is 5–8.

q 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Electrorheological (ER) fluids are such smart materials

whose rheological properties (viscosity, yield stress, shear

modulus, etc.) can be readily controlled using an external

electric field. Because ER fluids can switch from a liquid-

like material to a solid-like material within a millisecond,

they can be used as electrical and mechanical interfaces in

various industries, including the automotive industry,

robotics, and the military industry [1–3]. However, some

of the shortcomings of these materials, such as low shear

stress, narrow working temperature range, easy sedimen-

tation, high leak current and toxicity, have greatly restricted

their industrial development [2,4,5]. Hence, research into

ER fluids that are nontoxic and show useful properties and

high performance is the key to ER technology.

Initial studies on the ER fluids covered various wet-base

suspensions, including cornstarch, silica gel, and cellulose

as dispersed phases. In the wet-base systems, ER particles

contained small amounts of water, typically adsorbed on the

particle surface [6]. Many shortcomings are pertinent to

these systems, for example, a narrow working temperature

range due to water evaporation at high temperature and

solidification at low temperature, a high current density due

to the high conductivity of water, and device erosion caused

by water [1]. Thus, it is quite nature that many kinds of

water-free ER materials were developed, such as alumino-

silicate [7,8], fullerene-type [9], high-TC superconducting

[10], micro-composite particles [6] and nanostrutural

compounds [11,12]. Particularly, semiconducting polymers,

including poly(acene quinone) radicals [13], polyaniline

[14] copolypyrrole [15], and copolyaniline [16] have been

widely adopted as materials for anhydrous ER fluids. But

these materials also have some limitations such as toxicity,

etc.

Recently, some organic polymers that contain polysac-

charide or consist of glucose units, such as chitosan [17,18],
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phosphate cellulose [19], kaolinite-carboxymethyl starch

[20] and polysaccharide/titanium oxide [21], have been

adopted as anhydrous ER fluids. One of the advantages of

these materials is no toxicity. Note that those wet-base

materials including cellulose and starch have been con-

verted into the dry-base materials that exhibit high

performance ER effect by the modified structures. In fact,

the high performance ER materials are closely related to

their molecular structures. With the developing of ER

materials, it is clear that those materials that possess either

branched polar groups such as amine (–NH2), hydroxy

(–OH) and amino-cyano (–NHCN), or semi-conducting

repeated groups. The polar groups may affect the ER

behavior by playing the role of the electronic donor under

the imposed electric field [19]. Therefore the chemical

structure of the materials is a primary factor in the ER

performance.

In recent years, much attention has been focused on

molecular self-assembly. Molecular self-assembly is the

spontaneous association of molecules under equilibrium

conditions into stable, regular and structurally well-defined

aggregates joined by noncovalent interactions (hydrogen

bonding, Van der Waals forces, electrostatic forces, p–p

interactions, size effect, etc.). Using molecular self-

assembly to build supramolecular systems may give rise

to many unique structural characteristics and novel

physical/chemical properties [22–25]. Supramolecular

chemistry, one of important branches in the self-assembly

field, has taken a rapid progress in recent years. Cyclodex-

trins (CDs) are cyclic molecules which consist of six to eight

glucose units: a-, b-, g-cyclodextrins with six, seven, and

eight glucose units, respectively. Their cylindrical structures

with cavities of about 0.7 nm deep and 0.5–0.8 nm inside

diameter yield various unique properties [26]. In particular,

CDs form supramolecular complexes in solution or in the

solid state with organic molecules, especially aromatics,

through host–guest interactions. In addition, polymers

containing CDs also have the capacity to form supramole-

cular complexes [27–29]. The main applications of these

complexes are related to chromatographic techniques [30,

31], catalysts [32], absorbents [33], and some potential

applications fields including molecular switches and

molecular wires [34,35]. Up to now, it has not been found

to apply CDs complexes to ER materials.

In this paper, we use a kind of b-cyclodextrin polymer as

the host to build supramolecular complex. There are two

routes to affect the properties of b-CDP used as a basic ER

material. One is that b-CDP can form supramolecular

complex with a suitable guest, therefore, the intrinsical

dielectric and polarization properties of b-CDP could be

easily modified by different guest molecules into its cavity.

The other is that b-CDP is one of polymers whose structure

can be controlled by the cross-linking degree (CLD). The

CLD decides the size of polymer arms and shows the

monomer content in the polymer. Sequentially, it acts as a

key to link the microstructure and macro-property of the

polymer. Therefore, the supramolecular complex of b-

cyclodextrin polymer with 1-(2-pyridlazo)-2-naphthol

(PAN) has been prepared, and ER fluids have been

presented by dispersion of b-CDP-PAN, b-CDP and PAN

particles in dimethyl silicone with volume fractions of 27–

31%, respectively [36]. The schematic structure of the

preparation of b-CDP-PAN and b-CDP ER fluids is shown

in Fig. 1. The experimental results showed that the

supramolecular complex with notable dielectric properties

really have a good ER effect. Furthermore, the influences of

b-CDP-PAN and b-CDP, the CLD of the polymer on the ER

effects, have been investigated.

2. Experimental

2.1. Synthesis of b-CDP-PAN, b-CDP particles and

preparation of the ER fluids

b-CD was provided by Shantou (China). Epichlorohy-

drin and PAN (dark red powder) were purchased from Xi’an

(China). All reagents were used without further purification.

A typical synthesis procedure [27,29] for a molar ratio

EP/b-CD ¼ 10 and NaOH ¼ 20% w/w is described below:

a mixture of 3.4 g soluble starch, 15 g b-cyclodextrin and an

aqueous solution of 34 ml 20% NaOH was stirred at 50 8C

and 12 ml of epichlorohydrin was slowly added with

dropwise. The temperature was monitored during polym-

erization and kept at 50 8C. The reaction was stopped after

2 h by addition of acetone. After 30 min, acetone was

removed and a pale yellow gel was obtained. The gel was

washed liberally with distilled water until no chloride ion

remained in aqueous solution, then filtered and dried at

110–120 8C for 12 h. A gray and insoluble product, b-CDP

was obtained. The polymer was ascertained to have retained

the characteristic structure of b-CD by IR spectroscopy [27]

and the ratio of components (EP/b-CD) of the polymer was

determined by the phenol-sulfuric acid method [37]: 25 mg

dried polymer particle was immersed in a solution of 15 ml

0.5 mol. dm23 H2SO4, hydrolyzed at 100 8C for 6–8 h,

diluted in a volumetric flask by water, and then obtained a

250 ml hydrolytic solution. An aqueous solution of 3 ml 5%

phenol was added to 1 ml the hydrolytic solution, mixed

with 5 ml concentrated sulfuric acid and then recorded on a

TU-1901 UV–Vis spectrophotometer at 490 nm after

20 min. Sequentially, several polymers were obtained at

various reaction time (T ¼ 0; 110, 120, 60 and 150 min) as

well as their components, respectively. Here, the definition

of the cross-linked degree (CLD) is one b-CD contains

molecular numbers of epichlorohydrin in the polymer, so

CLD of the polymers (0, 4.0, 4.6, 6.0 and 10.0) were

determined, respectively.

The supramolecular complexes of b-CDP-PAN particles

were prepared by self-assembly. 10 g b-CDP was ground

into fine powder, immersed in water for 1–2 h, and then

filtered. The mixture was added to a saturated alcohol
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solution of PAN, kept for 24 h, filtered and washed with

distilled water until no color was found in aqueous solution.

The filter residue was dried for 10 h at 110–120 8C and b-

CDP-PAN particles were obtained. Similarly, the different

CLD of b-CDP-PAN particles (CLD ¼ 0, 4.0, 4.6, 6.0 and

10.0) were achieved with the different b-CDP.

ER fluids were prepared by dispersing the b-CDP-PAN

(CLD ¼ 0, 4.0, 4.6, 6.0 and 10.0), b-CDP (CLD ¼ 0, 4.0,

4.6, 6.0 and 10.0), PAN, b-CDP þ PAN (mixture of b-CDP

with PAN, the molar ratio b-CD/PAN was 1:1, CLD ¼ 4.6)

particles in a nonconductive dielectric silicone oil

(1f ¼ 2:60–2:80; sf ¼ 10212 –10213 S=m; r ¼ 0:9–1:0 �

g=cm3; h < 500 MPa S (25 8C)) in volume fractions of 27–

31%, respectively, which were ground by a mortar, passed

through a 10 mm sieve to control the particle size and

distribution, and then dried in a vacuum oven before use.

2.2. Measurement

The chemical structure of b-CDP-PAN was character-

ized employing fluorescence spectra (Fig. 2) and IR

(Fig. 3). Fluorescence emission spectra were recorded on a

PE LS50B fluorescence spectrophotometer (lex ¼ 400 nm;

ðSem ¼ 8 nmÞ=ðSex ¼ 8 nmÞ). IR spectra were recorded on

a Bruker Equinox-55 using KBr pellets. Absorbency data

were recorded on a TU-1901 UV–Vis spectrophotometer.

The shear stresses of the ER fluids were measured via a

system consisting of a rotary rheometer (NXS-11A,

CHINA) and a high-voltage DC power source (GYW-

010, China). The yield stress was measured with a

parallel-plate force transducer. The dielectric properties of

ER fluids were measured using Automatic LCR Meter

4225 (Germany).

3. Results and discussion

3.1. Characterization of b-CDP-PAN

Fig. 2 gives the fluorescence spectra obtained at lex ¼

400 nm of b-CDP-PAN, PAN, b-CDP and a simple mixture

(b-CDP þ PAN) of b-CDP with PAN (the molar ratio of

PAN is the same as that in b-CDP-PAN). The spectrum of

PAN shows that the peaks at 486, 545 and 600 nm in a solid

sample. Also, for b-CDP-PAN, three peaks are observed at

the same wavelength as PAN. Obviously, b-CDP-PAN

causes strikingly larger increase in fluorescence than b-CDP

and PAN in the wavelength range tested from 510 to

700 nm. In addition, b-CDP-PAN shows enhanced fluor-

escence with a ratio of the relative intensities at 545 and

600 nm, which I545=I600 is 1.01 for b-CDP-PAN and 0.58 for

PAN. However, no fluorescence enhancement is observed

for the simple mixture and virtually nonfluorescent for b-

CDP in this case. Therefore, it gives the evidence to the

Fig. 1. Schematic structure of the preparation of b-CDP-PAN and b-CDP ER fluids.

Fig. 2. Fluorescence spectra of b-CDP-PAN, PAN and b-CDP

(CLD ¼ 4.6).
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structural unit of PAN in the supramolecular complex, the

fact indicating that the fluorescence change is caused by

formation of a complex.

Fig. 3 shows IR spectra of b-CD, b-CDP and b-CDP-

PAN. The similar peak-shaped variation of b-CDP and b-

CD implies that b-CDP keeps the original structural

character of b-CD. Also, the characteristic bands of CD

are observed at 1028–1159 cm21 (C–O and C–O–C of

stretching, named Band A) and at 1624 cm21 (O–H of

plane bending, named Band B) for b-CDP-PAN. However,

the relative intensities of b-CDP-PAN and b-CDP are very

different from Band A and Band B. For b-CDP-PAN, the

relative intensity of Band B is stronger than that of Band A,

while they reverse for b-CDP. Obviously, the complex

formation between b-CDP and PAN results in the change of

polarity in or around CD cavity, and suggests that the

polarity of CD cavity decreases and that of the hydroxyl

group in CD entrance increases. When the internal cavity

does not include any guest molecular, a few of water

molecules exist in it according to the literature [26], the

change of the relative intensity shows that PAN is included

in CD cavity due to the polarity of PAN is less than that of

water molecules. Hence, these results further indicate that

the smallest polarity group among PAN molecule, naphtha-

lene ring of PAN, is thought to be included in the cavity of

b-CDP.

Su et al. reported [27] that the ratio of the complex

between b-CDP and PAN is 1:1, but they thought that azo

group of PAN is included in the cavity. In order to further

prove our points, we used Chem3D to simulate the structure

of the complex between b-CD and PAN. Examination of

molecular models indicates that PAN is too large to be

completely included in a single b-CD cavity, which can

accommodate only one aromatic ring, either the naphtha-

lene ring or the pyridine ring can enter the b-CD cavity.

Since the naphthalene ring may be more hydrophobic than

the pyridine ring, the first binding of PAN to CD could occur

with the naphthalene ring, leaving the pyridine ring still

exposed to the outside CD. Model studies further shows that

PAN is not able to penetrate the b-CD cavity and the azo

group of PAN in the cavity is difficult. Fig. 4 shows a

proposed structure of the complex between b-CD and PAN.

3.2. Dielectric properties

The dielectric properties of the ER fluids were measured

at room temperature in the range of 102 to 104 Hz. For the

ER fluids of b-CDP-PAN, b-CDP and PAN, the dielectric

constant ð1Þ; conductivity ðsÞ and dielectric loss ðtgdÞ were

measured as shown, respectively, in Figs. 5 and 6. From the

figures it can be seen that 1; s and tgd were increased by

different degrees in PAN (except for 1), b-CDP and b-CDP-

PAN sequence. As shown in Fig. 5, the dielectric constant of

b-CDP-PAN ER fluid is 1.2 times than that of the pure b-

CDP ER fluid, 2.1 times than that of the pure PAN ER fluid

(100 Hz, 22 8C). The conductivity is 2.5 times than that of

the pure b-CDP ER fluid, 20.3 times than that of the pure

PAN ER fluid (1000 Hz, 22 8C). In Fig. 6, the dielectric loss

of the supramolecular complex ER fluid is 1.9 times than

that of the pure b-CDP ER fluid (1000 Hz, 22 8C). These

results show that the dielectric properties of the supramo-

lecular complex ER fluid were increased obviously

compared with the pure b-CDP or PAN ER fluid. From

the dielectric properties of b-CDP-PAN and b-CDP ER

fluids, it can be seen that the dielectric constant decreased

quickly, but that the conductivity was increased rapidly with

an increase in frequency. Due to interfacical polarization,

the dielectric constant at low frequency is usually large, but

with the emergence of loss peak at critical frequency, 1

values at high frequency were completely declined [38,39].

It is well known that a high dielectric constant and dielectric

loss, proper conductivity is the physical base to obtain the

critical optimum ER effect [1]. In this paper, the dielectric

Fig. 3. IR spectra of b-CDP-PAN, b-CDP and b-CD (CLD ¼ 4.6).

Fig. 4. The proposed structure of the complex between b-CD and PAN.
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constant and dielectric loss of the supramolecular complex

ER fluid were both increased notably and the conductivity

remained around 1028 S/m. These properties are customary

for the ER effect. However, the dielectric constant of PAN

ER fluid has no change with the enhancement of the

frequency and it is similar to that of silicone oil (2.60–2.80).

According to the dielectric constant mismatch model [40],

PAN ER fluid has, therefore, no ER effect.

3.3. Rheological properties

Generally, the yield stress and corresponding leaking

current density are widely accepted as the most common

standard to evaluate ER properties. Fig. 7 shows the change

of yield stress of b-CDP, PAN, the mixture of b-CDP þ

PAN and b-CDP-PAN ER fluids, as well as leaking current

density of b-CDP-PAN ER fluids (volume fractions of 31%

in silicon oil, CLD ¼ 4.6) with the increase of DC field at

22 8C, respectively. It can be seen from the curves that the

b-CDP-PAN ER fluid displays a good ER effect. The yield

stress of b-CDP-PAN ER fluids is 6.16 KPa at 5 kV/mm,

whereas it is only 1.26 KPa for the pure b-CDP, 0 KPa for

the pure PAN and 1.78 KPa for the b-CDP þ PAN at the

same electric field, respectively. This value is about 4.9

times that of the pure b-CDP and 3.5 times that of b-

CDP þ PAN. It is note that the pure PAN suspension has no

ER effect even in the strong electric field, and the simple

mixture b-CDP þ PAN suspension has slightly enhance-

ment compared with b-CDP ER fluid, in the meantime, the

b-CDP-PAN ER fluid is much stronger than that of the pure

b-CDP. Such observed ER phenomena are hard to explain if

PAN would be regarded as an additive. Generally, additives

can adsorb on the surface of the dispersed particles [41]. In

fact, the surface effect of PAN is quite little in the b-CDP-

PAN ER fluid as well as in the b-CDP þ PAN suspension.

According to our structural characteristics, the reasonable

explanation is that the supramoleular complex formation

between b-CDP and PAN results in the change of the host

structure as well as its properties. In addition, the leaking

current density of b-CDP-PAN ER fluids is less than 5 mA/

cm2 at 5 kV/mm. This shows that b-CDP-PAN ER fluids

may be regarded as anhydrous ER materials.

Fig. 8 gives the relation of b-CDP-PAN and b-CDP ER

fluids between shear stress and shear rate under an applied

electric field (0–3.5 kv/mm, 22 8C). It can be seen that the

b-CDP-PAN ER fluid behaves as Newtonian fluid in the

absence of electric field and as Bingham fluid when

subjected to an electric field. The widely accepted ER

mechanisms suggest that particle polarization is responsible

for the interaction forces between particles, which leads to

rheological change in the ER fluids. The parameters in

connection with particle polarization, such as high dielectric

constant, suitable dielectric loss and conductivity, play an

important role for high performance ER materials [1]. The

dielectric properties of b-CDP-PAN ER fluid was improved

Fig. 5. Dielectric constant and conductivity vs. frequency for b-CDP-PAN,

b-CDP and PAN ER fluids (F ¼ 31%; CLD ¼ 4.6).

Fig. 6. Dielectric loss vs. frequency for b-CDP-PAN, b-CDP and PAN ER

fluids (F ¼ 31%; CLD ¼ 4.6).

Fig. 7. The yield stress of b-CDP-PAN, b-CDP þ PAN, b-CDP and PAN

ER fluids (F ¼ 31%; CLD ¼ 4.6) vs. electric intensity ðT ¼ 22 8CÞ:
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by the supramolecular complex formation compared with

the pure b-CDP ER fluid, so the shear stress of b-CDP-PAN

ER fluid was increased notably.

Fig. 9 shows the variation of shear stress of b-CDP-PAN

and b-CDP ER fluid with the increase of the temperature

under 3 kV/mm (DC). It can be seen that the shear stress of

b-CDP-PAN (1.9 KPa, 22 8C) increases gradually with the

increase of the temperature, and it approaches to the max

(2.9 KPa) when the temperature reached about 65 8C. After

this temperature, however, the shear stress decreases

gradually (2.8 KPa, 75 8C), and the leaking current density

increases abruptly with the increase of temperature. In

addition, the shear stress of b-CDP-PAN ER fluid is higher

than that of b-CDP though it increases gradually with the

increase of the temperature. The temperature range of ER

fluid is one of the most important parameters to evaluate ER

effect [36,37]. Generally, the temperature has two effects on

the ER fluid: the effect on the polarization intensity of

particle as well as Brownian motion. The increase of the

temperature results in the decrease of activation energy

polarized by electric field, but results in the increase of the

polarization ability of the particle. On the other hand,

Brownian motion does not contribute to the chain formation

of the b-CDP-PAN particles. As a result, the ER effect

decreases with the increase of the temperature while the

leaking current density increases.

The sedimentation property of ER materials is one of the

main criterion to evaluate whether the materials can be

commercialized [5]. The property of the ER fluids decreases

abruptly with the increase of the sedimentation of the

particles, and this can be realized by controlling the size of

the particles, preparing hollow particles or porous particles,

selecting the base solution with close density and adding

surfactant. The b-CDP-PAN ER fluid posses more long-

term stability against sedimentation than the pure b-CDP

ER fluid. For b-CDP-PAN, less than 3% oil of total volume

fluid could be observed after standing the b-CDP-PAN fluid

for 150 h and even longer period. As shown that in Fig. 10,

the sedimentation ratio of b-CDP-PAN ER fluid is about

97% in 150 h and that of b-CDP is only about 80%

indicating the stability of ER fluid can be changed due to the

complex formation between b-CDP and PAN.

3.4. Influences of CLD on yield stress of b-CDP-PAN and b-

CDP

The CLD plays an important role for a polymer. The

higher CLD has the larger mechanical strength of the

polymer. Also, it has greatly influences on b-CDP-PAN or

b-CDP ER effect. The yield stress of b-CDP-PAN (left) and

b-CDP (right) under various E and CLD are shown in Fig.

11, respectively. Obviously, the yield stress of them always

increases with E but it appears a maximum when CLD

Fig. 8. The curves of shear stress of b-CDP-PAN and b-CDP ER fluids

(F ¼ 27%; CLD ¼ 4.6) vs. shear rate ðT ¼ 22 8CÞ:

Fig. 9. The temperature dependence of shear stress of b-CDP-PAN and b-

CDP ER fluids (F ¼ 27%; CLD ¼ 4.6) at different shear rate of 2.110 S21

ðE ¼ 3 kV=mmÞ:

Fig. 10. The sedimentation ratio of b-CDP-PAN and b-CDP ER fluids

(F ¼ 27%; CLD ¼ 4.6) at 22 8C.
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reaches a suitable value. When the electric field strength

remains a certain value, the yield stress increases with CLD

firstly, reaches the maximum and then decreases gradually.

For example, the highest yield stress of b-CDP-PAN ER

fluids is 6.2 KPa under a 5 kV/mm DC field when CLD is

4.6, and that of b-CDP is 2.7 KPa under the same electric

field when CLD is 6. Thus, it is necessary to select a

proprietary CLD range for b-CDP-PAN and b-CDP,

respectively. The results indicate that the suitable CLD is

in the range of 4–6 for b-CDP-PAN, 5–8 for b-CDP,

respectively. Note that both b-CDP and its supramolecular

complex have no ER effect when CLD is 0. Hence, CLD

apparently influences the yield stress and makes it appear a

maximum demonstrated the suitable CLD is quite

important.

When CLD is 0, the dissociative b-CD is hard to get

together regularly under an electric field. Once the cross-

linking polymer forms, the polymer network is in favor of

the formation of chainlike structure under the imposed

electric field. However, the too high CLD means the

reduction of their polarization strength due to the highly

dense polymer network. Apparently, for b-CDP-PAN, the

existence of the polarity group in PAN is very helpful in

enhancing the polarization strength, and further makes its

ER effect much stronger than b-CDP. Therefore, in this

case, the CLD of the polymer plays an important role and

like a bridge, which can combine the microstructure and the

macro-property of the polymers. In the meantime, the

supramolecular complex formation of cyclodextrin polymer

is also an effective way to further change the microstructure

and the macro-property of b-CDP.

4. Conclusion

A novel self-assembly technique was proposed to

prepare the ER particles. The supramolecular complexes

of b-cyclodextrin cross-linking polymer/PAN particles

were synthesized and then mixed with silicon oil to prepare

the ER fluids. It was found that the typical b-CDP-PAN ER

fluid (CLD ¼ 4.6) showed a good ER effect, due to the

enhancement of dielectric properties by the structural

change of b-CDP. The yield stress is 6.16 KPa (22 8C)

under 5 kV/mm DC, with leaking current density less than

5 mA/cm2. The temperature dependence and sedimentation

stability were also improved simultaneously. Furthermore,

the ER behaviors can be regularly affected by the CLD of

the supramolecular complex. The results indicated that the

suitable range of CLD was 4–6 for b-CDP-PAN. This

technique provides a new route to design ER materials in

chemical approach. The further study will be continued in

the future.
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