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Comb-like polymer having polyethylene oxide) (PEO)side chain was synthesized from the macromer
polyethylene glycol) ethyl ether methacrylate (PEGEEM). Copolymers of PEGEEM with hydrophobic
methyl methacrylate (MMA) of varying compositions were also synthesized. The copolymers were
characterized by ‘H n.m.r. Hybrid film of polyelectrolyte was prepared from these polymers with PEO and
LiC104 by the solution cast technique. Ionic conductivities were studied by the impedance method for these
hybrid films with respect to MMA percentage and salt concentration. It was found that the conductivity at
high frequency semi-circle (uh) was independent of MMA concentration, while the bulk (ad) conductivity
was higher than the PEO–salt complex up to 20–30°/0 of the MMAconcentration. The salt variations in
hvbrid films showed that the ionic conductivity for (ethvlene oxide), EO/Li= 8 waslowerthan that for–-a---------
EO/Li= 12and 20.G 1997ElsevierScienceLid.
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Introduction
The discoveryof polymericelectrolytesby Wright and

Amandl,z has led t. intensifiedresearch in the synthesis

of polyme; electrolyteswith high ionic conductivityand
3–9 Among these, polyethylenedimensional stability .

oxide) (PEO) based lithium conductiveelectrolyteshave
10,11Ionic conduction inbeen found to be attractive .

solvent free polymer electrolytesprimarily occurs in the12 The conductance of pEO–Saltamorphous phase .
complexelectrolyteis poor at room temperature because
of the semi-crystallinityand hence research is targeted at
development of newer amorphous systems13’14.

Recently, comb-likeamphiphilicpolymer with hydro-
philic PEO side chains have gained interest15.These
polymers simultaneouslyprovide the main chain rigidity
and the pendant hydrophilic PEO as side chains impart
flexibility. Thus, these amorphous polymers have the
desired combination of structural strength and low T .

fIn the present study we report on the synthesis o a
comb-likepolymer having PEO sidechains derivedfrom
the macromer polyethylene glycol) ethyl ether metha-
crylate (PEGEEM). Copolymers of PEGEEM with
hydrophobic methyl methacrylate (MMA) of varying
compositionswere also synthesized.Polyblendsof PEO
with homopolymer poly[(poly ethylene glycol ethyl
ether) methacrylate] (PEGEEP) as well as with copoly-
mers of PEGEEM and MMA were prepared by solution
casting. The ionic conduction of lithium perchlorate
(LiC104)complexesof these polyblendswere studied.

Experimental
Materials. PEO (M. = 400000), LiCIOQ and

*To whom correspondenceshould be addressed.e-mail:jsg@physics.
unipune.ernet.in

monomers of PEGEEM (MW = 246) and MMA were
procured from Aldrich Chemical Co., USA. The
initiator, azobis isobutyronitrile (AIBN) was from
Fluka, Switzerland. Toluene was from S.D. Fine
Chem., India.

The monomers were distilled before use, PEO was
used after dryingunder reduced pressureat 40°Cfor 12h
and LiC104was used after vacuum drying at 120°Cfor
20h. Acetonitrileof reagent grade from Ranbaxy, India
was used as received.

Polymerization. The polymers were synthesized by
radical polymerization in toluene at 65°C for 24h. In a
typical experiment the monomer, PEGEEM 15ml was
added to toluene (75ml) and was purged with oxygen
free nitrogen gas for 5min. The initiator, AIBN, 1wt%
with respect to monomer, was added and the flask
containing this solution was stoppered. The polym-
erizationswerecarried out by keepingthe flaskin a water
bath set at 65°C.After 24h of polymerization, the flasks
were cooled to ambient temperature. The toluene was
then distilled off under vacuum and the polymers were
precipitated by pouring into cold petroleum ether 60–80
followed by filtration and drying under vacuum. The
yieldswerein the range 80–85Y0.Copolymersof differing
molar compositions of MMA/PEGEEM (0/100,20/80,
30/70, 40/60, 50/50 and 75/25) were synthesized in a
similar manner. The total volume of the monomer
mixture was kept constant at 15ml.

Electrolyte preparation. The homo/copolymer–
LiCIOdelectrolytes(hybrid films)were prepared as fol-
lows. PEO/PEGEEP (homopolymer)/PEGEEM/MMA
(copolymer)and LiC104were dissolvedin acetonitrileat
desired ratios as described in Table 1 and magnetically
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Table 1 Nomenclature and details of composition

S1. EO/Li=12
No. polymer electrolyte Text description

1 PEO–LiC104 PEO–salt complex
2 [(PEo)0,45{PEGEEP}0.55]-LiC104 HybridA–salt complex
3 [(PJ30)0.45{(PEGEEW0.8 Hybrid B–salt complex

(MMA)O.ZO}O.~jl-LiCIOl
4 [(PEO)045{(PEGEEM)070 Hybrid C–salt complex

(MMA)O.sO}O.jjl-LiCIOd
5 [(pEo)045{(pEGEEM)o.a Hybrid D–salt complex

(MMA)O.10}0.sSl-LiCIOl
6 [(pmo.45{(p=EEM)o.50 Hybrid E–salt complex

(MMA)O.jO}O.ssl-LiCIOl
7 [(PEO)0.45{(PEGEEM)0.25 Hybrid F–salt complex

(MMA)O.Ts}O,ssl-LiCIOd
PEO = linear polyethylene oxide), A4n= 400000; PEGEEM = poly-
ethylene glycol) ethyl ether methacrylate; MMA=methyl methacry-
late; PEGEEP= comb-shaped poly and polyethylene glycol) ethyl
ether methacrylate; hybrid A = poly blend of PEO 45 wtO/Oand
PEGEEP homopolymer 55wt%; hybrid B=poly blend of PEO
45 wt% and copolymer of PEGEEM–MMA 80–20 are 55wt%;
hybrid C=poly blend of PEO 45wt% and copolymer of PEGEEM-
MMA 70–30 are 55wt%; hybrid D = poly blend of PEO 45wt% and
copolymer of PEGEEM–MMA 60–40 are 55wt%; hybrid E = poly
blend of PEO 45wt% and copolymer of PEGEEM–MMA 50–50 are
55wt%; hybrid F=poly blend of PEO 45wt% and copolymer of
PEGEEM–MMA 25–75 are 55wt%

stirred at 25°C for 10h inside an argon filled glove
chamber maintained at a relative humidity of less than
2!4..The slurry was cast on to a polypropylenedish. The
cast hybrid film was dried initially inside the glove
chamber at ambient temperature for 16h and was later
transferred to a vacuum chamber for further drying at
40°C for 48h.

Polymer/film characterization. ‘H n.m.r. of
PEGEEM/MMA copolymers were taken in CDC13.
The ionic conductivities of the hybrid films (polymer
electrolytes)weremeasured at 25°Cin argon atmosphere
by impedance measurements between 20Hz and 1MHz
using a Hewlett–Packard 4284A Impedance Analyser.
The film(16mm in diameter) was sandwichedbetween a
stainless steel electrode for impedance measurements.
D.s.c. measurements of homo/copolymers and polymer
electrolytefilmsweremade with a Mettler DSC-30,in the
temperature range of –1OO”Cto +1OO”Cin dynamic
mode at 10”Crein-l after an initialannealingfor 5min at
100”C.

Results and discussion
The synthesizedmonomers and polymerswere readily

soluble in methanol and acetone but insolublein water.
The n.m.r. spectrum results show that the copolymer
does not contain any unreacted monomers as evidenced
by the absence of peak at 6 = 5–6 (C=C bond of
monomer). The protons of dioxyethylene units
(OCHZCHZO)are assigned at 6 = 3.7, –COOCH2– at
6 = 4.1, CH3– at ii= 0.9, and –CHZ– at 6 = 1.2. In
MMA units, CH30– at 6 = 3.6, and –CHZ– at 6 = 1.8.
Similar results were reported by other workers for this
type of system15–18I.r$ spectra also did not show anY
peak corresponding to the vinylicbond (C=C)19.

Ionic conductivity. The impedance (Z’ vs. Z“ ) plots
wereplotted for all polymerelectrolytes(hybridfilms).In
the case of PEO– and hybrid-A–salt (EO/Li = 12[units])
complexes (see Table 2), the curves had a single semi-
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Figure 1 The conductivities (a = a,j and ah) vs. MMA mol% in the
hybrid homo/copolymer-salt complexes. (The bulk conductivity, ad
and the high frequency conductivity, ah of the hybrid–salt complexes of
homo/copolymers at room temperature were calculated from the
complex impedance plots corresponding to the low and high frequency
semi-circles respectively)

circle whereas the other polymer electrolytes (hybrid B
to F) had two semi-circles.The conductivities ad and
ah were calculated from the impedance values where
the curve approached the real axis at low and high
frequencies, respectively.Thus, ad represents the total
bulk conductivity.Theseresultsare presented in the form
of conductivities(a = ad and oh)vs. MMA percentagein
Figure 1. The conductivity, ah, for all other electrolytes
synthesizedfrom copolymers [hybrid (B–F)] was found
to be practically independent of MMA concentration
and this value was comparable to the conductivity of
hybrid-A–salt complex. The bulk conductivity (ad) of
linear PEO–salt complex is lower than that of the
hybrid-A-salt polymer electrolytes. This result is
consistent with the work of others for the comb-like

zo The synthesized polymer (pEGEEp) ‘aspolymers .
pendant flexible ethylene oxide units which aids the
ionic conduction. The bulk conductivity (ad) decreases
with increase in MMA ratio. The high conductivity is
optimized at MMA ratio up to 20–30Y0.

The d.s.c. gives a single T~for all the polymers and
19which support the homogeneity‘npolymerelectrolytes

the system.The homogeneoussystem is known to give a
single semicirclein the complex impedance plot3. The
ionic conductivity of a polymer electrolyte is due to the
salt complexation and the segmental mobility12.How-
ever, the segmental mobility due to the lithium salt
complexationin the EO units may differfrom that of the
ester group in MMA. The respectiveresistivecomponent
may increase with respect to the ratio of MMA. Hence
the RC time constant of the ester complexation in the
MMA units with the salt may have different(larger) time
constant than the pendant side chains of EO units. This
may result in two semicirclesin the impedance spectra.
As MMA percentage increases the respective resistance
component may increase and can give high impedance
of the corresponding semicircle and hence the total
impedance,which is observed in our seriesof copolymer
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Figure 2 (a) The log(uT’i2) vs. (T – TN)-’ {where TgOis the $lass trans”ItIon temperature of the undoped (copolymer) plotted for the PEO, hybrid A
and hybrid F–salt complexes. (b) The log(aT ‘2) vs. (T – Tg)- (where Tgis taken as that of the actuaYsalt complex under study) plotted for the pEO,
hybrid A and hybrid F–salt complexes

hybrid systems.The results show that the high frequency
response (switching)is not affectedby the MMA ratio in
the system. However, more critical experimentation
would be required for confirmation.

The Arrhenius plot of the ionic conductivity of
amorphous polymer-electrolyteis not a simple straight
line. These are not describable by the Arrhenius
equation, as the data lie on a positively curved line2!.
Such curves are well ;-prxented by the Vogel–

and Williams–Landel–~~~ym(a~~~~\~hpe~e$~~t~~ns25.The log(~T1’2)data were

different reciprocal temperature~~~~$nsz~g~~s~ethod (i) it was plotted against (T–

T@)-l as shown in Figure 2a, where T~o is the glass
transition temperature of the undoped (copolymer.
The T~Ofor the polymers of PEO = –66°C, PEGEEP=
–67.5°C and [(pEGEEM)*s(MMA)~s]= –64.3°C. In
method (ii), the plot is against (T – T~)-l (see
Figure 2b), where Tg is taken as that of the actual
polymer electrolytes under study. The T~ for salt
complex of PEO = –25”C, hybrid A = –34.7°C and
hybrid F = –20”C. The straight line nature of both the
plots indicate that the temperature dependent conduc-
tivity of the synthesizedpolymer electrolyteobeysVTF/26 From Figure2, it iSClearthat ‘heWLF type equations .
apparent activation energy is highest for the PEO–salt
complex and lowest for the hybrid F–salt complex.

The conductivitiesof all the polymer electrolyteswere
normalized with respect to that of hybrid-F–salt. These
are plotted against the PEGEEM percentagein Figure ~.
In all cases the normalized conductivity increases with
increase in the molOAof PEGEEM. For EO/Li = 8 the
increaseis slower,but for EO/Li = 12and 20 the increase
is approximatelyat the samerate and higherthan that for
EO/Li = 8. This conductivity (ad) increase with increase
in molO/Oof PEGEEM is related to increase in EO units
in the side chain which facilitates the lithium ion
conduction. For EO/Li = 8, the concentration of Li is
higher which decreasesthe segmentalmobility (available
sites),whereas for EO/Li = 12and 20the complexeshave

PEGEEM “/.

Figure 3 The normalized conductivity IUd/~cI(hytnid–F--wdt ~~~pIAvs.
PEGEEM mol% for the hybrid A, hybrid D and Hybrid F–salt
complexes with respect to EO/Li [units]= 20, 12 and 8

apparently crossed the critical limit for good conductiv-
ity and show saturation.

Conclusion
New (copolymers were synthesizedand characterized

by n.m.r. and d.s.c. (Copolymers were blended with
PEO and LiC104 to form PEO + (co)polymer–LiCIOJ
complexes.The a.c. electricalconductivityfor the comb-
likehybrid A–LiCIOJ salt complexis higher than for the
linear PEO-LiC104 salt complex. The total bulk (ad)
conductivityis higher than the PEO salt complex up to
2@30~0 of the MMA concentration.
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