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Two kinds of cross-linked polyether solid electrolytes (CPESE) with high ionic conductivijy of
8.0x10°°Scm ! (25°C, for double ionic conducting CPESE2) or 4007°S cm™* (3C°C, for single ionic
conducting CPESE1) were obtained by polymeriziags-bismethacryloyl capped poly(ethylene glycol)
(BMAPEG) after complexing with LiCIQ or copolymerizing BMAPEG with salt of methacrylic acid
(MAAM), respectively. In the mean time, the CPESE based anhydrous electrorheological (ER) fluids with
relatively high activity were directly synthesized by inverse suspension polymerization of BMAPEG after
complexing with LiCIQ, or of BMAPEG with MAAM. The influences of structure of CPESE on their
conductivity and properties for ER fluids based on them were studied. The results showed that maximum
occurred at an optimum molecular weight of poly(ethylene glycol) segmégtd as well as a certain value of

[Li TJ/[EO] or [MAAMJ/[EO], while o decreased with increasing functionality of BMAPE®.(For ER fluids
containing CPESE2, yield stress)increased withf while 75 showed a maximum value at a certain {[EQO].

Leak current densitydj increased with increasing [[EJ/[EQ] or with decreasing. A maximumJ occurred with
change oMpgc For ER fluids containing CPESE1, bathandJ showed a maximum value with increasiiggg

or [MAAM]/[EQ], while 75andJ decreased with increasirfg 75 hardly depended on the type of its counterion,
while Jdecreased in the following counterion ordef: % Li * > Na'. © 1998 Elsevier Science Ltd. All rights reserved.

(Keywords: cross-linked polyether; polymeric solid electrolyte; electrorheological fluid)

INTRODUCTION semiconducting particles such as polyaniline (PAn)*
polyphenylen’, poly(pheny! diacetylenéj and poly(pyr-
idinium) salt®. PAn was widely used as dispersed particles
to design high performance ER fluids owing to its low
density, low temperature coefficient of conductivity, non-
melting, insolubility as well as its adjustable dielectric
constant and conductivity in a large range. Recently, we
have modified PAn particles used in anhydrous ER fluids by
three different methods of blending, graft copolymerization
or non-equilibrium deprotonation, as a result, we have
greatly both improved the ER effect and decreased the leak
current density for the ER fluids based on BAn

Following Wright's discovery of high ionic conductivity
from several crystalline complexes of poly(ethylene oxide)
(PEO) with various alkali metal salf$'® and Armand’s
suggestion of the use of these materials as ionic conductors
for lightweight rechargeable batteries using alkali metal
electrode®’, polymer solid electrolytes, to which a great
deal of scientists groups worldwide have devoted consider-
able research effort, have already been developed to be a
kind of advanced functional materials and identified to have
many important potential applications in electrochromic
devices, capacitors and sensors %fcapart from in the
high energy density solid-state secondary lithium battery.
These have mainly been owing to their high plasticity,
*To whom correspondence should be addressed good viscoelastic property as well as chemical and

Since the discovery of electrorheological (ER) fluids by
Winslow" in the 1940s, the ER fluids, which have superior
features of rapid, reversible and controllable changes from
liquid into solid upon application of electric field, have
attracted great interest owing to the potential of improving
the electronic control of mechanical devit&sER fluids
may be classified into hydrous ER fluids and anhydrous ER
fluids. The former, for example, suspensions of salt of
poly(methacrylic acid) in chlorinated hydrocarbon, fluor-
oluble FS, dipolar halogenated aromatics, or pentachlor-
ophenyl phenyl ether, which were first discovered by
Stangroom and Harnésand recently synthesized directly
by us using inverse emulsion polymerization to overcome
the crippling problems of poor stability and complicate post-
treatment, still have several problems about operating
temperature, leak current density, reproducibility and
durability because of the essential requirement of water or
other low molecular weight polar liquids, so far hydrous ER
fluids are not applicable to engineering. The anhydrous
ER fluid, first developed in the late 19808 offer a
possibility to overwhelm the exhausting problems of hydrous
ER fluids. Anhydrous ER fluids most contain electronic
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electrochemical stability. Since PEO has strong solvating with bi-ionic, or single ionic conductive properties, then
power for alkali metal salts and forms complexes with good directly synthesized these two kinds of CPESE based
redox stability as well as acceptable ionic conductivitydt anhydrous electrorheological (ER) fluids with somewhat
temperatures in excess of X@) researches on polymer high activity by inverse suspension polymerization of
solid electrolytes have mainly focused on the systems BMAPEG after complexing with LiCIQ or copolymeriza-
consisting2 of PEO and inorganic alkali salts, i.e. LiGlar tion of BMAPEG with MAAM, followed by azeotropic
LICF3SO522 It is well accepted that whatever the mechan- distillation, overcoming the obstacles as mentioned earlier.
ism of ion transport in the PEO matrix, the amorphous phase This paper deals with the synthesis and some factors
only is involved. However, suffering from the disadvan- influencing ionic conductivity §) of CPESE as well as
tage of forming partially crystalline polymer—salt complex, properties for ER fluids based on them.

the PEO-salt polymer solid electrolytes at ambient

temperature have poor conductivity, therefore much effort

since the 1980s has been concentrated on modification ofEXPERIMENTAL

PEO aimed at optimizing the ionic conductivity and .
mechanical properties of these PEO-salt polymer solid Materials

electrolyte$*~?” These include synthesis of blending,  c.w-bismethacryloyl capped poly(ethylene glycol)s
block, graft, cross-linked or interpenetrating networks (BMAPEG) with different functionality f) from 1.1 to
polymers, which incorporate PEO segments in such a way 2.0 were prepared by reacting poly(ethylene glycol)s (PEG)
as to eliminate or even restrain the crystallization both of samples with different molecular weight of 400, 600, 1000,
PEO and of the PEO-salt complex, thus increasing the 2000 and 8000 with different amount of methacryloy!
amorphous phase and improving ionic conductivity. For chloride in the presence of pyridine as catalyst in toluene to
example, polymer solid electrolytes with both good different extent.f of BMAPEG was calculated ag =
mechanical properties and ambient ionic conductivity as 2-Now, where the number of hydroxyls of BMAPEGJN
high as 10°-10~* S cm* were reported to be available by ~Wwas determined by the isocyanate method. The synthesis
introducing such organic liquids as propylene carbonate into and characterization were described in detail in our previous
the amorphous cross-linked PEO systg‘?rm the systems  Paper”. Methacrylic acid (MAA), C.P., was purified by
prepared by Comp|exing PEO with flexible 0|ymers by dlStI”at_lOﬂ under reduced pressurg; lithium, sophum and
means of intermolecular hydrogen bon ?]g Using pqtaSS|um salts'of MAA.WQFG obtamed by .reactlng MAA
polymer containing PEO and low-melting inorganic With corresppndlng aIkahs. Polymeric stabilizer (PSR) was
mixture to design a new kind of ‘polymer-in-salt’, polymer ~ self-made with the following structure:

solid electrolyte?® have also recently begun to attract

scientists’ interests. In addition, owing to the bi-ionic |CH3 CHs
conductive behaviour of complexes between PEO-contain- —C—CH—C—CHZ)—
ing polymers and inorganic alkali salts, which suffers from CO0H éOOR "

the inconvenience of decreasing ionic conductivity with
time under DC conditions, Tsuchigaal.> first synthesized
poly[oligo(oxyethylene) methacrylaies-alkali metal
methacrylate], which allows only cationic single-ion
conduction. where R= CHn.1. Azobisisobutyronitrile (AIBN), C.P.,
Using polymer solid electrolytes to design ER fluids may was recrystallized with 95% ethanol. (NHS;Og, C.P., was
not only avoid the problems of low ambient ionic recrystallized by distilled water. Poly(diethyl siloxane)
conductivity and poor mechanical property, occurring in (PDES), supplied by Wuhan Institute of Chemical Technol-
most PEO-containing systems, but also have the advantage99y, was used as dispersing media. Other reagents such as
of lightweight and allowing us to tailor the properties of ER  Xylene, LiCIO, and ROs etc. were chemically pure and
fluids by adjusting the structure and ionic conductive used without treatment.
properties of polymer solid electrolytes. Further, it is . o ]
expected that ER fluids based on them may have an ERSynthess and characterization of cross-linked polyether
effect even without a low molecular ‘activator’ such as Solid electrolytes
water because polymer solid electrolytes contain movable To an aqueous solution in which BMAPEG and LiG|O
ions themselves, thus, they seem to have the potential to be ar MAAM were dissolved, aqueous (N}$S,0Og solution
new kind of anhydrous ER fluids to overcome the was added. Polymerization was carried out by heating in an
disadvantages of hydrous ER fluids, which were mentioned N, atmosphere for several hours. Then, the samples were
before. However, polymer solid electrolytes such as completely dried under vacuum at°@) and were finally
amorphous PEO are usually difficult to make into particles put in a desiccator with s in it to cool to room
and disperse in insulating oil because of their viscoelastic temperature. Thus, two kinds of the cross-linked polyether
state at ambient temperature and easy agglomeration ofsolid electrolytes (CPESE) were obtained. They are
PEO particles in insulatin% oil. To overcome these symbolized as CPESEL, synthesized from BMAPEG and
obstacles, Bloodwortht al3>**synthesized the anhydrous MAAM, and CPESEZ2, from BMAPEG in the presence of

polyurethane based ER fluid by reacting trifunctional
EO-polyether with toluene diisocyanate in insulating oil
containing stabilizer in the condition of high temperature
and high-speed stirring.

Sincea,w-bismethacryloyl capped poly(ethylene glycol)
(BMAPEG) has hydrophilic and easily polymerizable

LiClO,, respectively.

The soluble parts of the specimens were available by
Soxhlet extracting the specimens in water for 48 h. The IR
spectra of CPESE1 or the water Soxhlet extracts solutions
were recorded on a Shimadzu IR-408 spectrophotometer
directly or using NaCl plate cells. Differential scanning

properties, we first synthesized two kinds of the cross- calorimetry (d.s.c.) was carried out using a TAS-100
linked polyether solid electrolytes (CPESE), respectively, Thermal Analyzer with a standard technique described by
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Ballardet al.?®

Leitz large polarizing microscope.

Measurements of ionic conductive properties of CPESE

The specimens were cut into circular plates with diameter
of 13 mm and thickness of 1-2 mm. Conductivity measure-
ments were carried out using two polished copper disks
electrodes for all specimens by means of a DDS-11A
conductometer at 1100 Hz after the specimens were
completely dried under vacuum at “?) and dried in a
desiccator with phosphorus pentoxide in it for at least 48 h.
All measurements were conducted between ambient
temperature and 100 in the presence of ®s. The rate
of raising temperature was about E2min unless cooling
was labelled, in this case, the cooling rate was abo?€/15
min. To calculate ionic conductivitysf, sample area and
thickness were taken into consideration to calibrate the

. Some specimens were also observed using aLiClO,4, with conductive properties bi-ionic in character,

are named the bi-ionic conductive cross-linked polyether
solid electrolytes, and symbolized as CPESE2. The
structure of CPESE2 is described in the following:

| |
CH,

CH, |
|
CH3~—(IZ—COO‘—(—CHZCH20—}—OC—C—CH3 '
n | |
CH, CH, CH,

I ! |
CHy —(IZ—COO (CHZCH2 0LH CH, —LI -COo0o l:CrI2 CH2 OjnOC—"T‘—Ch3
CHZ

CH,
| |
CH3—([:—COO ~—CH,CH,0 —};\—-OC—(IJ—CH3

electrode constant. The method of measurement was proved

to be effective by the fact that the data obtained in the

CPESE2 with molecular weight of PEG segmenitt€o)

present condition is almost the same as that calculated bynot more than 1000 are fully amorphous because they only
depicting the Cole—Cole plot measured with Hewlett- show a glass transition temperatufig)( which decreases

Packard 4275A Multi-frequency LCR Meter in the
frequency range from 20 Hz to 10 MHz.

Direct synthesis and characterization of anhydrous ER
fluids based on CPESE

ER fluids were directly synthesized by inverse suspension
polymerization, i.e. to an oil phase involving PSR, AIBN,
xylene and PDES, aqueous BMAPEG solution containing
LiClIO4 or MAAM was added slowly with stirring. After
stirring for 30 min, polymerization was initiated by heating
in an N, atmosphere with stirring. Polymerization lasted for
several hours at ?Q@. Then, water and Xxylene were
completely removed by azeotropic distillation under
reduced pressure. The sample was finally dried in vacuum
at 80°C for at least 24 h, and was put in a desiccator with
P,Os in it to cool to ambient temperature. Thus, the
anhydrous ER fluid was obtained.

The method of measurements for content of particles is
the same as that in our previous pap@he weight percents
of particles were fixed at 45.0 wt% in ER fluids in this paper.
The particles in ER fluids were examined to be perfect
sphere with diameter of 2.5—154M by using a JEOL.JMS-
35C scanning electronic microscope.

Measurements of static yield stresg)@nd current density
(J) of anhydrous ER fluids

Static yield stress was determined by the static yield
stress gpap
literature® and calculated ass = (mg — mgyQ)/S, where
mg is the load needed to cause the ER fluid to flow under
electric field,mqg the load needed to cause the ER fluid to
flow without electric field, ands the electrode area (1.8
10*m?). The distance between the two electrodes is
1.0 mm. High DC voltage was supplied by a high voltage
test transformer. Electric current) (was monitored by a
microamperemeter. Current density= I/S

RESULTS AND DISCUSSION

Conductivity of bi-ionic conductive cross-linked polyether
solid electrolytes

The cross-linked polyether solid electrolytes synthesized
by polymerization of BMAPEG in the presence of lithium
perchlorate, consisting of cross-linked polyethers and

aratus made by ourselves according to the &

from — 50°C to — 56°C asMpgg increases from 400 to
1000. However, CPESE2 witid oz of 2000 or 8000 shows
both a melting endothermic peak at abouf®@Gand T
Together with polarized micrographs, which indicate clear
spherulites, these d.s.c. results support that CPESE2 with
Mpeg 0f 2000 and 8000 are semicrystalline polymeric solid
electrolytesFigure 1shows the dependence of conductivity
of CPESE2 with differenMpgs 0n temperature. It is shown
that the conductivity ) at 25C goes through a maximum
with increasingMpee. At Mpeg = 1000, the sequence of the
increase ob is in accordance with that of the decreas& gf
thus the increase ob with increasing Mpgg may be
reasonable to result from the increase of the mobility of
PEG segments, represented By, and enhancement of
migration of Li* complexed by O atoms in PEG chains.

logo (S/cm)

[+

2.9 3.1
10%/T (K™

[S%)
~1
(S]]

(33

Figure 1 Logo versusl/T for CPESE2 containing differem pgg of 400
(e); 600 (d); 1000 (c); 2000 (b); and 8000 (a)
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(L)/CEO] (mol%) from the decrease of the number of graft PEG chains, which
4 6 3 10 could act as ‘bridges’ to connect the ionic conductive
T T j ! pathways separated by the chains containing methacrylol
groups. In this case, it is reasonable to suppose that the graft
PEG chains in CPESE2 would be helpful to promote the
migration of Li* complexed by O atoms in PEG side-chains,
hence increase. Together with the effect dflpggon o, the
contributions of graft PEG chain to ionic conductivity
suggest that of CPESE2 does not mainly depend on the
motion of PEG segments between two crosslinks, but also
depends on graft PEG chains. This similar conclusion was
also drawn by Huet al. in research on graft polyether
networks®. o of CPESE2 with arf of 1.1 andMpgg 0f 1000

o
V)

1073

z reaches 8.0< 10°Scm* at 25C. This indicates that
= 10-*‘-‘ q slightly cross-linked CPESE2 have relatively high ionic
g T conductivity.

From curve (b) ofFigure 2 for CPESE2 withMpgg of
1000 andf of 1.1, with increasing complexing ratio [Li]/
[EOQ], a maximume occurs at [Li[/[EO]= 2 mol%. That is
to say,o reaches a maximum not at [EO]/[L# 20, but at
[EQY/[LI] = 50. The same results were observed in graft
° polyether network® and some systems of branched ‘comb’
polymer containing PE®. It is well accepted thats
1077 ) 1 ! ! depends on both the number and the immigration of charge

1.0 1.2 1.4 1.6 1.8 2.0 carriers. Increasing [Li]/[EO], the number of charge carriers

increases, so doesat low value of [Li]/[EQ]. On the other

¥ hand, when [Li)/[EO] is increased, it also increases the
degree of a 9regati0n of inorganic alkali s#itsand
microviscosity~ owing to ion—dipole interaction between
O atoms in PEG chains and alkali metal ions, thus
decreasing the number of carrier ions and suppressing the
However, at Mpgg > 1000, with increasingMpgg © mobility of carrier ions. Therefore, at [Li]/[EO] more than a
decreases. This is owing to the crystallization of PEG, critical value, i.e. 2 mol% for CPESEZ, decreases with
which hinders the motion of PEG segments. This inter- increasing [Li]/[EO].
pretation, on the other hand, may be verified, at least to
some extent, by the observation that CPESE2 witMaps Conductivity of single-ionic conductive cross-linked
of 2000 or 8000 exhibits a conductivity as high as that of polyether solid electrolytes
CPESE?2 withMpgg of 1000 when the temperature is raised Because of localization of ion pairs in the bi-ionic
over the melting point of the PEG crystals in the CPESE conductive solid electrolyte, itsdecreases under long-time

Figure 2 Influence off (a) and [Li[/[EO] (b) ono of CPESE2T = 25°C

(about 60C measured by d.s.cligure 1also shows thad subjection to DC current even when alkali metal nonblock-
increases with temperature, and that the relationshiping electrodes are used. This prevents the bi-ionic
between log and 1T is a broken line, and aMpgg = conductive solid electrolyte from being employed in high-

1000, with a knee indicating a transition to a lower performance devices for DC current in spite of its high ionic
activation energy for conduction at higher temperature. conductivity. On the other hand, the DC ionic conductivity
This knee may be attributed to the disintegration of locally of single-ionic conductive solid electrolytes shows excellent
organized complexed aggregatest Mpeg > 1000, with stability®X. So, in this paper, in an attempt to overcome the
increasing T, the occurrence of phase transition from disadvantage of the bi-ionic conductive polymer solid
crystalline phase into amorphous phase makes laysus electrolytes mentioned above, we are also encouraged to
1/T to go through two knees. Between these two knees, synthesize another kind of cross-linked polyether solid
changes significantly. This phenomenon is owing to the electrolytes by copolymerization of BMAPEG and MAAM.
rapid decrease of microviscosity as well as enhancement ofThe fact of the absence of feature peak at 1717cfor
the mobility of PEG segments and conductive pathways as aunsaturated G= C in the IR spectra of this kind of cross-
result of melting from crystalline phase into amorphous linked polyether solid electrolytes films indicates that
phase, which contributes to ionic conductivity. MAAM and BMAPEG were completely polymerized.
Curve (a) inFigure 2shows the effect of functionalityf} Further, the absence of homopolymers of MAAM in this
of BMAPEG used in polymerization omof CPESE2. Itcan  kind of cross-linked polyether solid electrolytes films was
be seen that decreases with increasirfg It is well known also confirmed by the IR spectra of water Soxhlet extract
that increasing’ would decrease the number of graft PEG solutions with the absence of the characteristic peak of
chains and increase the degree of crosslinking of CPESE2.1560 cm* for »¢_g in the -COO M group. On the other
However, the d.s.c. results show thg§ of CPESE2 is hand, atMpgg = 1000, this kind of cross-linked polyether
independent offi, thus, increasing the degree of crosslinking solid electrolyte shows only one glass transition temperature
of CPESEZ2 by increasinf does not prevent the motion of in the range from— 100°C to + 15C°C in the d.s.c. profiles,
PEG segments. This is different from that case of increasing and the polarizing micrographs, independent of counterions
the degree of crosslinking of CPESE2 by decreasihgg, M*in MAAM, indicate no phase separation. Therefore, it is
where Ty of CPESE2 increases with decreasillpes at reasonable to suggest that this kind of cross-linked polyether
Mpec = 1000. So, the decrease @fs reasonable to result  solid electrolytes are single ionic-conductive polymer solid
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electrolytes with only the desired cationic species as charge T(T)
carriers owing to the fixation of the opposite charges -COO-
on the polymeric matrix. Here, we called them single-ionic . 90 60 30
conductive cross-linked polyether solid electrolytes and = T T T
symbolized them as CPESE1, where 1 represents single-
ionic conductive, possibly with the following structure:
. 4+ aq.
B R N Q
' : | TS,
I | ] - V¥ a0
CH, Cty & > Vg 00,
CH,—C-COO'M* CHS—T—COO-(—CHQCHZO—‘&‘—OC—\T—CF? g S 1\ e
B [ 3
CIH2 ?HQ : ‘? %\
(=)
crg—clr—coo{—c%c%o%-oc—f—cyg g L %\*
c|H2 flin \‘Z‘/\
CHB—(IZ—COO‘M" CH3—<|?—COO'M+ \‘*(})\f o
[ ] \,
: ! iy N¥xe
-~
a
where M™ = Li ", Na" or K™. P . , 1
Figure 3shows the relationship between tognd 17 for 5 . . R
2.6 2.8 3.0 32 3.4

CPESEL with differenMpgc It can be seen that at 30, o
of CPESE1 with variousMpgg decreases in the following )
order: PEGgy > PEGsyy > PEGy > PEGye This 10°T (K)

observation is consistent with that for CPESE2 and can beFigure 3 Loge versusl/T for CPESE1 withM peg of 2000 (a); 1000 (b);
explained by the same reasons for CPESE2, as discussedoo (c); 400 (d); 2000 (e, cooling). [EOJ/[MAAME 50, f = 2.0
before.os of CPESE1 containing PEfgy is the minimum
owing to the existence of strong crystallizing power.
However, as temperature risesjncreases rapidly, and at

T =54C or moreg is higher than that of any others because
the crystallites become amorphous. To clearly elucidate the
effect of crystallite of PEG segments enthe changes of

of CPESEL containing PEfg, during cooling (at cooling

rate of about 18C/min) from a high temperature are 107 1
described as plot (e) iRigure 3 In a comparison of (a) and

(e), it can be seen that at = 54°C, ¢ measured during A~
heating is almost the same as that measured during °/°

cooling. But, below 54C, ¢ measured during cooling is

obviously higher than that measured during heating. This

may be explained by that af < 54°C, although the

polymeric solid electrolyte may have a tendency to

crystallize, CPESE1 containing Pkgg are cooled too

quickly to crystallize. Thusg measured during cooling is ~__

higher. X 4
Figure 4 shows that for CPESE1l synthesized by

copolymerization of MAAM and BMAPEGy is affected

by both the amount of comonomer MAAM and the type of

counterions. A maximunw (oma) OCCUrS in each system R

with increasing [MAAMY]/[EOQ]. This is similar to CPESE2, 10° 1 ! L

and the reasons have already been discussedo jheof 0 2.0 4.0 6.0 8.0

CPESE1 with different counterions fits the following order:

Li* =~ K* > Na'; while the value of [MAAM]/[EO] [MAAMY/[EQ] (mol%)

corresponding toom.« decreases in the following order:  Figure 4 Influence of [MAAMJ[EO] on ¢ of CPESE1 containing Nt

Li* > Na* > K™. The former phenomenon may possibly be Li* (O); Na* (A); K* (X ). T=30C, f = 2.0,Mpeg = 2000

connected with the compensation of two factors, namely,

the migrating resistance and dissociation energy of counter-

ions, because with increasing counterion radiyg:{, on increasingf for BMAPEG used. Atf of 1.1 andMpgg =

one hand, the migrating resistance of"Nhcreases thus 1000, s of CPESE1 with counterion of i reaches 4.0x

decreasings, on the other hand, the dissociation energy of 107®S cm™ at 30C, which is not the half of ther for

M * decreases thus increasingrhe latter pnenomenonisin  CPESE2, but less than that of CPESE2 by more than one

agreement with the increasing order f+ because the  order. This can be explained by considering two aspects.

number of EO units needed to complex Nhcreases with First, there are only one kind of ion, M used as charge

increasingry; + . carriers in CPESEL1, but two in CPESE2. Second, counter
Similar too of CPESE2¢ of CPESE1 also decreases with anions of alkali metal ions strongly influence the

0 (S/cm)
j

o

o/

S
/
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Meeo (J) for the anhydrous ER fluids containing CPESE2 with
, 8000 2000 1000 600 400 differentMpg It can be seen that with increasiitpeg the
2.6 ! ! ! T 100 changes ofis intricate;rs exhibits a maximum as well as a
minimum. In contrast) only goes through a maximum with

' * increasingMpgg this is in agreement with the relationship
L 7/ 130 betweens of CPESE2 andMpee SO, it is reasonable to

(8]
N

suggest thal is predominantly determined lay At Mpgg =

° 1000, the mobility of PEG segments increases with

increasingMpgg thus increasing long-range mobility of

ions or migration of ions between particles, and decreasing

the ‘local field’ as well as effective polarization of particles.

Consequentlyzs for ER fluids decreases arlincreases.

However, aMpgg > 1000, CPESE2 can have strong power

to crystallize, eliminating the amorphous phase, thus with

increasingMpeg long-range migration of ions to neighbour-

ing particles is initially hindered and increases the local

13k , <20 field, then even short-range migration of ions and effective

polarization of particles are also deeply prevented. As a

° °\ result, a maximumoccurs, following initial increase af;,

. andJ decreases. Thus, it is reasonable to suppose that the

B Lo 5.9 50 complicated relationship betweeny and Mpgg is related

’ 108/ Mopea with polarization caused by migration of charge carriers,
. _ . which strongly depends on a number of factors such as

Faure Z_S'E\f}ﬁ;ﬁ_o{m/ﬁg{'z?ﬂﬂg{ Eﬁrﬂﬁ“f iOQ%PESEZ INPDES  crosslinking degrees of polymer, mobility of PEG segments,
crystallization phases and local field etc. The maximiim
corresponding to the minimum at the samé/pgg to some
extent, gives support to the suggestion tham ER fluids

f may possibly lead to a decrease in local field and

S L0 L2 L4 1.6 1.8 2.0 It is known that at [Li"]/[EO] < 1 mol%, the increase of
' [Li *J/[EO] mainly causes an increase in the number of
charge carriers, thus improving(Figure 2). From curves
(a) and (b) ofFigure 6, it can be seen that with increasing
[Li TJ/[EQ], 7s for ER fluids exhibits a maximum value,
while J increases monotonically. It is reasonable to suppose
that a maximunrgoccurs with increasing of particles. The
same results were demonstrated in ER fluids based on
electronic semiconductors®® for example polyaniline,
about which we discussed the relationships betwesor
ER fluids ando of particles in detail in terms of the
‘conductivity effect™™. However, to explain the occurrence
of maximum 7 with increasingos, Block et al®® have
assumed that ER effect depends on not only polarization
strength, but also polarization rate of particles.

From curves (c) and (d) dfigure 6, it is shown that with
increasingf of BMAPEG usedysincreases anddecreases
owing to the reduction of the number of graft PEG chain,
which act as ‘bridges’ to connect the ionic conductive
pathways and would be helpful to promote long-range
migration of ions or migration of ions between particles

J CpA /clnz)

7, (kI’a)

[¥]
o
r
1

S

7, (kPa)
JCuA Jem®)

1.4 - L = - = rather than short-range mobility ions or ionic migrating
0 - v 59 8.9 10.0 polarization. In this case, we may consider that the number
[Li'V[EO] (mmel/ mol) as well as the length of graft PEG chain play an important
Figure 6 Influence of [Li/[EO] (a and b) ang (c and d) onrs andJ for role in destroying ER effect and increasid@f ER fluids.
ER fluids of CPESE2 in PDES &tof 2.8 kV mm™. Mpgg= 2000,f = 2.0 This once more supports the idea that the growth of
(a and b)Mpeg = 400, [Li}/[EQ] = 1 mmol mol™* (c and d) crosslinking degrees of particles, either by decreablag,

where the length of bridges is shortened, or by increaging
of BMAPEG used, where the number of bridges is reduced,
conductivity of the polymer solid electrolytes with the primarily prevents migration of ions between particles, and
formation of ion-pairs resulting in a decrease «f, and enlarges the local field, and has little effect on short-range
counter anions in CPESEL have a strong tendency to formmobility of ions or ionic migrating polarization.
ion-pairs owing to the simple electrostatic repulsive effect
of —COO"™ of polymer chain rather than Cjoin CPESE2.  ER properties of suspensions based on CPESE1
) . As in the case of ER fluids containing CPESEZ2,
ER properties of suspensions based on CPESE2 properties for ER fluids containing CPESEL depend on
Figure 5 shows the effect of molecular weight of PEG both molecular weight of PEG segments and functionality
segments on the static yield stresg) @nd current density  (f) of BMAPEG used Figure 7 demonstrates that both
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and J for ER fluids containing CPESE1 go through a
maximum value with increasingMpge As mentioned
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Figure 9 Influence of [MAAMJ/EO] on 75 and J for ER fluids of
CPESE1 with M of Li * (@, O); Na* (A, A); K™ (B, 0). Mpgg = 2000,
other conditions are same ashigure 7

Figure 8 indicates that bothrg and J for ER fluids
containing CPESE1 decreases monotonously with
increasingf, whereas the amplitudes thaf decreases is
by far less than thatl decreases. It is reasonable to
suggest that with increasing of BMAPEG used in
polymerization or crosslinking degrees of CPESEL, the
mobility of both Li* and the PEG segments, which
determines ionic migrating polarization of particles and
migration of ions to the neighbouring particles, is impeded,
resulting in a decrease of bothy and J, becauserg is
proportional to ionic migrating polarization of particles, and
J is related with migration of ions to the neighbouring
particles. The latter result implies that by adjustifigthe
loss energy that ER fluids consume to get ER effeetoan
be decreased a lot in the condition thatlecreases a little.
That is to say, with increasing of BMAPEG used, the
efficiency of ER fluids, which is proportional tq/J, will be
improved.

Figure 9shows the effects of the amount of comonomer
MAAM used in polymerization orrs and onJ for the ER
fluids containing CPESEL in PDES, respectively. It is
evident thatrg and J both reach a maximum value with
increasing [MAAMJ/[EQ] in each ER fluid, just as a
maximume of CPESEL occurs with increasing [MAAM]/
[EQ]. For ER fluids of CPESE1 with its counterions of K
the maximum values of boths and J occur at a lower
[MAAMJ/[EQ] than that for those of CPESE1 with its
counterions of L or Na* owing to its largest radius of K
The type of its counterions has almost no effect on the

before, CPESE1 produces more easily crystallites with maximum 75, but shows strong effect on the maximum
increasingMpee Thus, these phenomena may be explained J (Jma). Jmax decreases in the following order:fks Li ™ >

by the decrease aof of particles, with increasing crystal-
lizing power for CPESEL, becausg shows a maximum
value with decreasing of particles. FronFigure 7, it can
be further seen thal depends oM pgc more strongly than
Ts especially atMpgg below 2000. It is reasonable to

Na®. This can be attributed to the compensation of such
factors as the dissociation energy and migrating resistance
of counterions. It is reasonable to conclude that from

the efficiency of ER fluids, which is proportional tq/J,

the ER fluid synthesized by copolymerization of

suggest that for ER fluids containing CPESE1, of which BMAPEG with the optimum amount of Na-MAA has
the conductive properties are single-ionic in character, superior comprehensive ER properties than those synthe-

Mpgg has little effect onrg as well as the local field in ER
fluids.

sized by copolymerization of BMAPEG with Li-MAA or
K-MAA.
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CONCLUSION

7
8.
Both the bi-ionic conductive cross-linked polyether o
solid electrolyte with conductivity (at 2€) of 8.0 X ﬂ)

107° S cm™* and the single-ionic conductive CPESE with
(at 30C) of 4.0 X 10°Scm™ can be obtained by
polymerizing BMAPEG in the presence of LiClOor

MAAM, respectively.o decreased with increasing function-  13.
ality of BMAPEG while o increases withT, and the 14.

15.

relationship between log and 1T was a broken line. The
maximum ¢ occurred at an optimum value of both

molecular weight of PEG segments and the*l[EOQ] or 16.

[MAAM/[EO].

The CPESE1 or CPESE2 based anhydrous electro-17:
rheological (ER) fluids with somewhat high ER activity g

can be synthesized directly by inverse suspension poly-

merization followed by azeotropic distillation. ER proper- 19.
ties can be improved by increasing crosslinking degree of 20.

CPESE particles, and the influence of molecular structure of

particles on ER properties can be explained in terms of the 51
dependence of ER properties on conductivity of particles. 22.

ER fluids containing CPESE1 with its counterions of 'Na

have superior comprehensive ER properties than those of23-
oy v 24.
Li™ or K™. o5,
26.
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