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A thermally stable comb-like polymer electrolyte, poly(ethylene glycol) monomethyl ether (PEGME) grafted
poly(ethylenealt-maleimide), has been synthesized and characterized. The copolymer was thermally stable up
to 250°C and had good film forming property. The copolymer was well mixed with poly(ethylene glycol) dim-
ethyl ether(PEGDME, M = 400). The activation energy of ionic conduction decreased and conductivity in-
creased with the increase of PEGDME content in the polymer electrolyte. The maximum conductivity of the
resulting polymer electrolyte containing 66 wt% of PEGDME was found to>b£03' S/cm at 30C. The

polymer electrolyte showed electrochemical stability window of greater than 4.7 V.

Introduction amine terminated PEGME with poly(ethylenealt-maleic
anhydride) (Scheme 3). The-amino-PEGMES5 was pre-
Solid polymer electrolytes, which can be used in all solidpared by the reaction of PEGME-mesyl8tevith sodium
state electrochemical devices, contain functional groups thazide in dimethyl acetamide (DMAC) followed by reduction
can dissolve the added salts by coordinating the cationef w-azido-PEGME4 with Zn dust in ethanol (Scheme 2).
Poly(ethylene oxide) (PEO) based solid polymer electrolytefReaction of w-amino-PEGME with poly(ethylenait-
have been widely studied because the ethylene oxide (E@)aleic anhydride) in DMAC produced the corresponding
units provide environment for the maximum solvation of PEG grafted amic acid containing copolyn@erThe amic
metal cations:? However, the high crystallization aptitude acid group was converted into imide group by the addition
of PEO results in the low conductivity of the salt complexesof acetic anhydride and pyridine at &l
at room temperature, which limits its use in devices. Graft- The IR spectra of the starting poly(ethyledemaleic
ing low molecular weight poly(ethylene glycol) monome- anhydride), amic acid containing copolynterand imide
thyl ether (PEGME) into the side chain of polymers is acontaining copolyme¥ are shown in Figure 1. The peak at
well-known method to minimize the crystallinity of PEO.
PEGME has been grafted into various polymers such a . .

poly(phosphazené)! poly(siloxanef,® polyacrylaté® and {CE{T&H_CH_CH}+ CHy(OCH,CHy—OH  CHiOH {CHAH;CH,CHSL

maleic anhydride copolymets3 oAl NG od Lo
We were interested in the grafting of poly(ethylatte- WhmR:H_OCi\phmy, HiCO  O(CH,CH;0)nCHs

maleic anhydride) since they had good film forming proper- 1 2

ties and also had highly reactive anhydride group for the Scheme 1

easy grafting of PEGME in the side chain. It has beer

reported that PEGME could be readily incorporated into the . 0

maleic anhydride copolymerd from the reaction of CHSSOCl + CHY(OCH.CH)WOH ——» CH(OCH,CHy)y0—S$—CHy

PEGME with1 (Scheme 15722 The lithium complex of the 3 o

PEGME grafted copolyme&showed ionic conductivity of | s

ca 10° S/cm but their thermal stability was very poor due to CHYOCHCHpNH 20T 20 TICL - cry(0CH;CHaaNs

the decomposition of the ester into the corresponding cycli 5 4

anhydride at 146C 210 Scheme 2

In this paper, we describe the synthesis of a new PEGM|
grafted poly(ethylenalt-maleimide)7, which is expected to

give better thermal properties than that of ester linked copol CHZ"CHZQiHj’\: , et CHZ’CHHM“}H
ymer2, its blends with poly(ethylene glycol) dimethyl ether o0 o) o
(PEGDME) and the ion conducting properties of the lithium (CHC1,0),CHy

6

«ECHZ—(‘HI—CHACH} pyridine, Ac,0
LN
[}

Results and Discussion oAy

|
(CHyCH,0), CH3

salt complex of the copolymer.

Synthesis of Polymer ElectrolyteThe PEGME branched
solid polymer electrolyteg were synthesized by reacting Scheme 3
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mers® Although the T of 7 was comparable to the reported

(a) value of the T of side chain, we did not observe any other
second glass transition corresponding to the main chain or
melting for the polymer.

(b To improve the ionic conductivity, the polym&rwas
blended with low molecular weight poly(ethylene glycol)
dimethyl ether (PEGDME) (M = 400) instead of adding
polar solvent such as propylene carbonate (PC) and ethylene
carbonate (EC). The addition of PEGDME resulted in as
much enhancement of conductivity as the addition of polar
solvent. The free-standing film could be obtained from the
blend containing up to 66 wt% of the PEGDME. More than
that, polymer blend became viscous gel and free-standing
film could not be obtained. PEGDME and the copolyier

Figure 1. IR spectra of poly(ethyleait-maleic anhydride) (a), were well mixed without ph_ase separatlon evidenced by the
PEGME branched poly(ethylemd-maleamic acid) (b) and continuous decrease of, With the increase of PEGDME
PEGME branched poly(ethylerét-maleimide) (c). content in the DSC thermogram.
lonic Conductivity. The conductivity of the pure polymer
7 complex with LICESQO; wasca. 10°S/cm at 3C0°C. This
1779 and 1847 crh corresponding to the cyclic anhydride value is similar order of magnitude to that of the previously
are disappeared and new peaks appear at 1646 and 1715 creported PEO-branched polymer electrofyté.However,
which are characteristic C=0 stretching for amide and acicthe conductivity of the polymer increased about two order of
After chemical imidization, these peaks are converted intanagnitude by the addition of PEGDME. The change of the
the characteristic cyclic imide C=0 stretching peak at 1780neasured conductivity ang ds a function of the PEGDME
and 1853 crmt. From the!H NMR study, it is also found that content is shown in Figure 3. As the content of the
peaks at 8.15 and 12.5 ppm which correspond to the amREGDME increases, the conductivity increases but §loé T
acid are completely disappeared after imidization. the PEGDME blended polymer electrolyte decreases. Simi-
Properties of Polymer Electrolyte The polymer7 was lar increase of the conductivity has been reported for the
soluble in DMAC, dimethylformamide (DMF) and dimeth- PVDF-HFP polymer electrolyte plastisized with PEGDME
ylsulfoxide (DMSO) and a free-standing film was cast fromand the maximum content of PEGDME in the PVDF-HFP
the solution. The glass transition temperatu@ 6T 7 was  polymer electrolyte film was 65 wt% and conductivity was
found to be -3%C and no other significant peaks such asreported to be  10* S/cm**
melting or degradation were found in the temperature range A typical Vogel-Tamman-Fulcher (VTF) conductivity-
from -70°C to 250°C in its differential scanning calorimeter temperature relationship was observed in the temperature
(DSC) thermogram (Figure 2). Xat al.reported two glass range of 30°C to 120°C from the temperature dependence
transitions for the PEGME grafted polymers; one at aboubf ionic conductivity plot (Figure 4). These relationships
-50°C was assigned to the glass transition of the oligo(oxyimply that the main mechanism of ionic conduction can be
ethylene) side chain and the other transition in the range axplained by free volume theory. In Table 1, activation ener-
30-50 °C was assigned to the main chain of the copoly-gies of ionic conduction ¢t that were calculated from the
Arrhenius plot are listed. The calculateddE pure polymer
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Figure 2. DSC diagram of the PEGME branched poly(ethylene-Figure 3. The change of conductivity at 3€C (1) and glas
alt-maleimide). transition temperatureg{ ) as a function of PEGDME content.
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Figure 4. Temperature dependence conductivity at differen wl
PEGDME content.
Table 1 Activation energy for ionic conduction in polymer NE 2r
electrolytes at different PEGDME contents o
PEGDME Contents (%) 0 33 50 66 2 °f
Activation Energy (Kcal/mole)  14.5 8.3 6.58 6.12 § i
E af
O
was 14.7 kcal/mole and those of the PEGDME blendec wl
polymer electrolytes were in the range of 6-8 kcal/mole. The L , o
E. of PEGDME blended polymer electrolyte was similar to 0.4 -02 0.0 0.2 0.4 06
that of the PEGDME plasticized PVDF-HFP polymer elec- Potential (Volts vs. Li/Li")

trolyte.' Although, the ethylene oxide units in PE_GDME_ as Figure 6. Cyclic voltammogram of polymer electrolyte contait

well as in branched PEO can form complex with lithium 50 wtos of PEGDME at 36C (sweep rate = 1 mV/sec).

salt, the higher mobility of lithium ion in PEGDME than that

in side chain PEO is expected because of more freedom of

polymer chain movement. Thus, thgdE ionic conduction  polymer chain causes the decrease of chain mobility which

decreased and conductivity increased with the increase oésults in decrease of conductivity.

PEGDME content. This also implies that ion conduction Electrochemical Properties The cyclic voltammogram

through PEGDME is probably dominant. of polymer electrolyte containing 50% PEGDME at’G(s
Plots of isothermal conductivity as a function of ethyleneshown in Figure 6. The irreversible anodic degradation of

oxide unit per lithium ion ([EO]/[Li]) ratio showed a typical the polymer electrolyte started. 4.7 V against lithium ref-

bell shape curve with a maximum (Figure 5). As salt concenerence electrode (Fig. 6a) and the reversible deposition/dis-

tration increased at a low salt concentration region, conducsolution of lithium on the stainless steel electrode was

tivity increased due to the increase of carrier densityobserved at the potential range of -0.3 V to 0.5 V (Fig. 6b).

However, at higher salt concentration region, physical crossFhe deposition of the lithium started. -0.05 V and maxi-

linking due to ionic interaction between lithium ion and mum anodic peak was found todse 0.15 V. Thus, the elec-

trochemical window of the polymer electrolyte was about

4.75 V which was suitable for the lithium-polymer battery

— application.
1o a— \ In summary, a new PEGDME grafted poly(ethylaite-
] e A a maleimide) has been synthesized and the polymer blend

" \ e with PEGDME was examined for the polymer electrolyte.
¢ The conductivity of the resulting polymer blend complex

with LICF3SQ; was as high as 810 S/cm at 30C with
. good film forming property. The copolymer was thermally
/ \ stable up to 256C and electrochemically stable up to 4.7V
/' - . (vs Li/Li*), that may be applicable to the solid lithium-poly-

mer battery at ambient temperature.

Conductivity (S/cm)
[ ]

[EOY/ILi] Ratio Experimental Section

Figure 5. The change of conductivity at 3C (H ), 80°C (@) _ _ o
and 12C°C (a ) as a function of lithium salt concentration. Materials. Poly(ethylenealt-maleic anhydride) (M =
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100,000, Aldrich) was used as received. Poly(ethylene glyextracted with ChiCl,. The solution was concentrated under
col) monomethyl ether (M = 350), poly(ethylene glycol) reduced pressure. The amine terminated PEGWEas
dimethyl ether (Mv = 400, PEGDME) and LiCfS0; were  obtained in 75% yield'H NMR (CDCk): é ppm 1.40 (s,
purchased from Aldrich and were dried in vacuum beforeCH,NH,; 2H), 2.90 (CHNH,, t, 3H), 3.45 (s, OCH 3H)
use. 3.5-3.9 (m, QEI,CH,0; 27H); *C NMR (CDCb): & ppm
Conductivity Measurements The conductivity measure- 41.62 (GH42NHy), 58.75 (H3sOCH,), 70.34 (QE.CH-0),
ment was carried out using the two parallel ITO line cell.71.11 (CHOCH,), 73.29 (G1,CH.NH>).
The ITO glass was etched with 0.2 N nitric acid to produce Synthesis of Polymer 7 The amine5 was added to a
two 1-mm widths ITO lines and 1 mm gap between ITOsolution of poly(ethylenalt-maleic anhydride) (2 g) in
lines. Polymer was coated to completely cover the lines witiDMAC (50 mL) over 30 min. After stirring for 24 hours at
ca 100 um thickness. AC complex impedance was recorded0 °C, acetic anhydride (2.65 g) and pyridine (2.06 g) were
using impedance analyzer (Zahner Elektrik, model IM5d) inadded to the reaction mixture and stirred for another 10 hr.
the frequency range of 1 Hz to 1 MHz. The temperature off he reaction mixture was concentratad5 mL using rotary
the sample was controlled by using the programmable havaporator and precipitated from the mixture solution of
plate (Mettler, model FP82HT). All samples were preparecether and methanol (9:1). The PEG grafted polymer was

inside of the argon filled glove box.
Electrochemical Properties The electrochemical stabil-

filtered and dried in vacuum oven at 80 for 1 day.*H
NMR (DMSO-&): 6 ppm 1.1-1.7 (br, CH(CO)CH(CO)-

ity of the solid polymer electrolytes was determined byCH,CH,; 4H), 2.1-2.3 (br_ CH(CO)C{O)CHCH;; 2H),
means of cyclic voltammetry using EG&G model 270 3.24 (s, OCH 3H), 3.4-3.8 (m, O8,CH-0; 29H).
potentiostat. A stainless steel plate was used as a workingAcknowledgment The authors wish to express their
electrode and lithium foil was used as counter and referenddanks to the Korean Ministry of Science and Technology
electrode. The cell was assembled in the glove box and vater the grant No. 98-G-06-02-A-32, which supports of their

uum sealed using metallized polyethylene bag.

Synthesis of 3Into a 1000 mL of three necked round bot-
tom flask equipped with magnetic stirrer, a drying tube and a
dropping funnel was placed a solution of PEGMEMM
350, 35 g) and triethyl amine (11.2 g) in 600 ml of dried 1
THF. Methanesulfonyl chloride (12.60 g) was added slowly
to the stirred solution over a period of 30 min iG5After
the addition was over, the reaction mixture was allowed to 2.
warm up (°C and stirred for 2 hours. The generated triethy-
lammonium hydrochloride salts was filtered off and the fil- 3.
trate was poured into distilled water. After extraction with
CHyCl,, the CHCI, layer was dried over anhydrous MgSO
Concentration of CbCl, solution vyielded the desired
PEGME mesylate in 73% as pale yellow liquid. NMR:
(CDCl): d ppm 3.15 (s, CEBO;; 3H), 3.45 (s, CED; 3H),
3.50-3.90 (m, OCKCH,O; 27H), 4.35 (t, ChDSQ; 2H);
13C NMR (CDCE): dppm 37.55 (ElsSQ), 58.88 (G:0CHy),
68.90 (¢1:0SQ), 69.45 (E1,CH,0SQ), 70.45 (QE,CH,0), 7.
71.81 (GH,0CHg) .

Synthesis of 4PEGME mesylat& (31.25 g) was added 8.
dropwise to the suspension of Ng¥.12 g) in 400 mL of
DMAC over a period of 30 min. The reaction mixture was 9
then stirred for 16 h at 10C. After extraction with CeCl, ~ 10-
and removal of volatile, the desired azide was obtaine
(75%). '"H NMR (CDCk) & ppm 3.40-3.50 (m,_ Ci®,
CH:Ngs; 5H), 3.50-3.90 (m, OCKH,0; 27H); °C NMR
(CDCls) 6 ppm 50.64 (€l2N3), 58.99 (G4;0CH,), 70.65
(CH,CH»0), 71.91 (E1,CH,N3).

Synthesis of 5 To a solution o# (21.33 g) in 200 mL
ethanol was added Zn dust (10.7 g) followed by dropwisei 4.
addition of 16.4 mL of 10N HCI. After stirring for 7 h at O
°C, the reaction mixture was filtered to remove the residual5.
zinc dust. The filtrate was neutralized with NaOH and

E

o

o

12.

13.

study.
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