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A Detailed Investigation of the Thermal Reactions of LiPF
Solution in Organic Carbonates Using ARC and DSC

J. S. Gnanaraj? E. Zinigrad,? L. Asraf,® H. E. Gottlieb,® M. Sprecher?
M. Schmidt,” W. Geissler® and D. Aurbach®*Z

@Department of Chemistry, Bar-llan University, Ramat-Gan 52900, Israel
bMerck KGaA, D-64293 Darmstadt, Germany

The thermal stability of 1 M LiP§ solutions in mixtures of ethylene carbonate, diethyl carbonate, and dimethyl carbonate in the
temperature range of 40 to 350°C was studied by accelerating rate calori®€3 and differential scanning calorimeters

(DSC). Nuclear magnetic resonan@MR) was used to analyze the condensed reaction products at different reaction stages.
Studies by DSC and pressure measurements during ARC experiments withsalReEons detected a gas-releasing endothermic
reaction starting at-170°C, involving diethyl carbonate which occurs before a number of exothermic reactions, which follow as

the temperature increases. Fluoride ions are released and react with the alkyl carbonate molecules both as bases and as nucleo-
philes. The bulk analysis by NMR shows that HO-£H8H,-OH, FCH,CH,-OH, F-CH,CH,-F, and polymer are major products.

Gas analysis by NMR and Fourier transform infrared spectroscopy shows @8, CH;F, CH;,CH,F, and HO as major

gaseous products of the thermal reaction of these solutions.

© 2003 The Electrochemical Society.DOI: 10.1149/1.16173Q1All rights reserved.

Manuscript submitted November 25, 2007; revised manuscript received May 20, 2003. Available electronically September 25,
2003.

During the past three decades, lithium ion batteries have becom@onpoisonous. However, under appropriate conditions, 4-iRBy
a dominant rechargeable power source for portable electronic depe a source of the powerful Lewis acid {5y way of the following
vices. Lithium ion technology is advancing rapidly and major im- equilibrium decomposition
provements are focusing on battery capacity and safety. In addition,
the growing desire in recent years to utilize these high performance LiPFs = LIF + PR [1]
lithium ion batteries for electric vehicléEV) and other large-sized

equipment applications generates increasing safety concemng,, the PE and the fluoride ion may react with solution species
Among developments for overcharge protection in these Systemsgqyyents). Furthermore, the P-F bonds are highly susceptible to hy-
one may mention shutdown mechanism by separators, which melt 8§, v s 1)y even trace amounts of moisture yielding HF and ROF
elevated temperatures and shut down internal conductivity in th€y. A yise'in temperature will, of course, accelerate the formation of
battery, chemical shuttles, safety valves, and protective electronignese species and their further reaction with the solvents. In inves-
circuits:™ The safety of lithium ion cells is related mainly to the igations relating to the identity of decomposition products, Sloop
thermal reactivity of the materials in the cell. When the temperature,; 4 found that the reactions of LiRFand of Pk with a 1:1 molar

of a lithium ion battery is raised as a result of abusive conditions, .\ . ot EC+ DEC at 85°C both lead to discoloratior; transteri-
eg. short circuit, overcharge, hgat)n@ process of self-heating fication, and polycarbonate formation, as well as gaseous, unidenti-
may be initiated. Various exothermic and endothermic reactions in+joq products® Mori et al*! reported the products of thermal de-

volving both the solution and the electrodes can then occur insideC - : -

) o L omposition of LiPEk/diisopropyl carbonate as CHF,
the cell. Possible processes contributing to self-heating include reeH gH — CH & (CHp) C%OH co (Ghb and
actions between electrolyte and electrode materials and decompocsid-cﬁ| ) CHOCI%{(CH;) A recze;t relatively extensive research. fo

3)2 2 ’ ’ -

tion of the electrolyte solution du.e. to reactions between salt an cusing on thermal phenomena but not identifying products, is that of
solvent. (All the salts relevant to Li-ion batteries have anions with . . - .
Kawamuraet al. who studied the behavior of solutions of LiPE

atoms such as P, As, Cl, S in high oxidation stateleating result- )in EC + DMC (1:1 v/v), in EC+ DEC, in propylene carbonate

ing from chemical reactions and thermal decomposition can produc .
high pressure. The primary reaction products can be further involve PC{ + DbMC %nodofép?j DIﬁC, over ;temfperaéure retlr?ge (_axtendi(
in follow-up thermal reactions as the temperature rises. Therefore af'd to above - ror all cases fhey found exothermic peaxs

understanding of the thermal behavior of the electrolyte solutions toewdencmg solvent decomposition below 285°C. For the mixed sol-

be used is essential in the understanding of the safety features an\r%?;;?mzogﬁg'ggogMﬁhgﬁzage%ﬁstgznggﬁ/ J:]?Zﬁfgnf;ﬁ;? Vl\gtEhCathe
the limitations of Li-ion batteries, and for the design of safe high ! 9

: X peaks onsets and their maxima wer&5°C lower'? An earlier re-
per_frc;]rénr?jr:)c;? Eggﬁ:';f chl;[/rgzéyﬁg'e din Li-ion batteries are the alkylport of thermal behavior of relevance to the present work is that of

carbonates, ethylene carbondfC), dimethyl carbonatéDMC), Botte et al. relating to varying LiPE concentrations and rate of

: o heating, which were both found to affect the thermal stability of the
diethy! carbonat¢DEC), and combinations thereof. So far the most alkyl carbonate solutions Most of that work involved ethyl methyl

common lithium salt_use_d for 4 V Li-ion batterie§ h_as been_le_-,iPF carbonatd EMC) and EMC-EC mixtures. However both these stud-
in spite of some of its disadvantages such as limited stability, un-.5 \vere carried out using DSC only. The sensitivity of the DSC
avoidable detrimental HF contamination of its solutions, and rela’measurements depends greatly on the ratio of the heating and reac-
tively high price. In spite of recent extensive efforts to develop jjon rates, and they are less sensitive than measurements by accel-
alternative salts;® LiPFg has remained the only electrolyte used in erating rate calorimetryARC).**%°In order to understand properly
practical lithium ion batteries. Its merits includ@) its high solubil-  thermal stabilities of chemical systems at high temperature and to
ity in polar aprotic solvents, thus yielding highly conductive solu- obtain good resolution of various reaction stages, both ARC and
tions; (ii) a wide electrochemical window and good anodic stability, DSC should be used and accompanied by bulk product anafyXis.
(iii) acceptable safety features, it is nonexplosive and relatively  Herein we report a detailed investigation of the thermal behavior
of solutions of LiPF in a mixture of ethylene carbonat&C), di-
ethyl carbonatéDEC), dimethyl carbonatéDMC), using both ARC
* Electrochemical Society Active Member. and DSC. Typically ARC has been used under adiabatic conditions
2 E-mail: aurbach@mail.biu.ac.il to study thermal reactions by following temperature responée.
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However, the nature of the technique is such that this permits the 5
monitoring of exothermic reactions only. In the present study we
have monitored both gas pressure and temperature responses a
were thus also able to detect endothermic reactions in the absence «
exotherm. DSC, in which heat flow permits the identification of both
endothermic and exothermic reactions, was used to complement th 3
data obtained from the studies by ARC. The products of the thermal®
reactions of these solutions were analyzed by Fourier transform in-&
frared spectroscopyFTIR), NMR, and gas chromatography-mass £
spectroscopyGC-MS). E
<
s

—
Exotherm

Endotherm

44—

Experimental

The solutions EC:DEC:DMC, 2:1:2 by volume, containing 1 M
LiPFg were obtained from Merck KGahighly pure, Li battery 0
grade)and were ready for use. The water content of the solutions
was less than 10 ppm as was measured by a Karl Fischer titrate
(652KF-Coulometer, Metrohm, Switzerland'he boiling points of ‘ ‘
EC, DEC, and DMC at atmospheric pressure are 244, 128, anc 140 190 240 290 340
90°C, respectively. Temperature, °C
An accelerating rate calorimet¢ ARC, Arthur D Little, Inc., _ _ _ _
model 2000)was operated in a heat-wait-seaf¢hWVS) mode until F_lgure 1. Typical DSC profile at the scan rat_e of 2°C/min for 1 M
an exotherm is detected and adiabatic conditions were maintaine#iPFe-EC:DEC:DMC (2:1:2 v/v/v) electrolyte solution.
until the completion of the exotherm. A differential scanning calo-
rimeter (DSC, Mettler Toledo, Inc., model DSC R%vas used for
measuring the heat flow rate of solution samples as a function ofendothermic peak in the range 203-220°C with a heat of reaction of
temperature. 37.6 J/g. It is followed by two exothermic peaks, a pronounced and
In a typical test by ARC, 2 mL of the solution were placed in a relatively sharp one between 220 and 246°C with a heat of reaction
titanium test cel8 mL, from Arthur D. Little, Inc) in a glove box of —395.7 J/g and a broad and lower one betwean250 and
under a highly purified Ar atmosphere, transferred to the calorim-310°C with a heat of reactior 100 J/g.
eter, and heated between 40 and 350°C with 5°C increments at the Figure 2 shows the real time curve of temperature and pressure
rate of 2°C/min in the search for self-heating at the sensitivity changes measured in ARC experiments in the temperature range
threshold of 0.02°C/min. The controller was programmed to wait 1540-350°C for an empty cell, a salt-free solvent mixture, and the
min for the sample and calorimeter temperatures to equilibrate, and.iPF; solution (indicated). The minor pressure increase below
then to search 20 min for a temperature increase of 0.02°C/min. AtL70°C shown both by the solvent and by the electrolyte solution is,
the end of the ARC experiments the pressure inside the test cells wasf course, due to the increase of vapor pressure of the solvent upon
relieved, and the test cells were transferred to a glove box for aheating. At higher temperatures the salt-free solvent mixture enters a
further analysis of their content. In some experiments the gas accuphase of significant continuous pressure increase only above 250°C
mulated in the test cell was collected for analysis. and reacts exothermically starting at 330°C. In contrast, the electro-
DSC tests were carried out at different heating rates of 10, 5, 2)yte solution shows a remarkable pressure increase starting at about
and 0.5°C/min in the temperature range 30-400°C. High-pressure 70°C, though an onset of an exothermic reaction is observed only
gold-plated stainless crucibledettler Toledo, Switzerland30 wL near 200°C. This is followed by a sharp temperature increase lead-
in volume, were used in the DSC tests. The crucibles were loadedhg to a thermal runaway.
with three microliters of a sample and were closed in the glove box The basic data presented in Fig. 2 were transformed into plots of
(VAC, Inc.). The weight of each sample (crucibte solution) was self-heating ratgSHR) and pressure development rd@PR) vs.
taken before and after the experiment to verify that the system was
hermetically sealed. In all cases, the weight was constant indicating
that there were no leaks during the experiments. 400 2400
In control experiments, the behavior of the solvent mixture Lo
alone, in the absence of salt was studied. 350 (LiPF, solution) ~ ¥ \J "
We have usedH, 13C, 3P, and'®F nuclear magnetic resonance,
(NMR, Bruker, Inc., Instruments, AC-200, DPX-300, and DMX-600 300 -«—
NMR systems), and FTIR(Nicolet Magna 860, Spectrometer
placed in a glove box under,® and CQ-free atmospherep ana-
lyze the reaction products.
Samples of interest, either of the solvent mixture
(EC:DEC:DMC, 2:1:2, vivly or of the electrolyte solution (LiRF
1 M in the above mixed solveniwere heat-treated in the ARC
apparatus and heating was stopped at different stages. After coolinc 100
the liquid phase was subjected to NMR analysis. In selected case:
the gas phase was collected by first cooling the test cell in liquid 50
nitrogen until the pressure was reduced to 1 atm, and then the ga
was released via a specially designed valve. For NMR analysis the
gas was collected into GITN solution. Gas sampled without liquid
nitrogen cooling was contaminated by large amounts £® & Time / min

2000

(Salt free solvent
mixture) 1600

250

200 120

Temperature / °C

Pressure / psi

150 v ‘ (Empty cell)
‘ 800

400

0 = 0
0 500 1000 15060 2000 2500 3000

Results and Discussion Figure 2. Real time plots of temperature and pressusetime (min) from
. . . ARC data for emptyair) test cell, solvent mixturegvithout sal} of EC:D-
Figure 1 presents the DSC curve obtained for the solution ofgc:pmc (2:1:2 viviv)and 1 M LiPR-EC:DEC:DMC(2:1:2 viv/v)solutions
LiPFg in EC-DEC-DMC. It clearly indicates the existence of at least as indicated. The heating rate was 2°C/rsige Experimental section in the
three reactions with heat effects. The first expresses itself as atext for the full heating program

Duesenfeld Ex. 2009-003



Journal of The Electrochemical Socief50 (11) A1533-A1537(2003) A1535

& i Table I. Heat of reactions Hg (J/g) calculated from DSC and
12 ARC data for the solvents mixture and the LiPF; solution.
30 6
9
. Heat of reactionHg (J/g)
= ® ’é s ? = Method Sample  Endotherm Exotherm Total
g g
E 20] o 1a %\) DSC LiPFg 37.6(203-220°C) —395.7 (220-246°C) —458.0
=, 3 ; solution —100.0 (250-310°C)
% i& | W 760 B0 @00 <406 5 ARC Solvent — —22.0 (331-338°C) —22.0
A Temperature A mixture
\ LiPFq — —66.0 (196-218°C) —467.0
1 2 solution —62.0 (218-235°C)
—128.0 (235-282°C)
5 | Y 1, —26.0 (282-291°C)
............ 2 { —-73.0 (291-31600)
YI —54.0 (316-334°C)
0 0 —60.0 (334-350°C)
5 ' , ‘ ‘ P
0 50 190 150 200 250 300 350 200°C. Heating by the ARC program to 220°C leads to
Temperature transesterificatiof? of dimethyl and diethyl carbonates yielding me-

. ) thyl ethyl carbonate. By this temperature 57% of DEC and 50% of
Figure 3. Calculated self-heating ra(_SHR) and pressure development rate DMC had reacted. The excess of 7% in DEC decomposition shows
(PDR) from ARC data for solvent mixtures of EC.DEC:DM@:1:2 VW) - yhat the DEC is thermally less stable than DMC or E@inder said
and 1 M LiPR-EC:DEC:DMC (2:1:2 v/v/v) solutions as indicated. conditions DEC had presumably started to undergo Chugaev-type

monomolecular eliminatiofEq. 2)2% not possible for EC and DMC.
o — . The ethanol thus released initiates an ester interchange cascade with
temperature, and are shown in this manner in Fig. 3. This presentap\c (Eq. 3 and 4). It is also clear from these measurements that at
tion further emphasizes the fact that for the salt-free solvsee 220°C EC is more stable than both DMC and DEC even to ester

inset)the gas-producing reaction responsible for the increasing PDRerchange since it was found to be unaffected

beginning at~170°C is either thermoneutral or endothermic. An

exothermic reaction, evidenced by increasing SHR, but not resulting H

in increased pressure, becomes dominant only after the former reac- | o /H H\ /H
tion has well passed its pe#&k330°C). Similarly, a comparison of o H—C—H 220C ? C
the PDR and SHR plots for the electrolyte solutigig. 3) under- I l — C
lines the conclusion that the gas-producing reaction responsible for C N, CHy N\
the dramatic rise in pressure and in PDR (onsettemperature / \O/ CH;CH,0 Y H H
~ 170°C; local maximum PDR= 17 psi) is either thermoneutral CH;CH0
or endothermic. The first part of the PDR peak is not accompanied
by a rise in SHR. In view of the difference in sensitivity and the
overall heating rate of the two techniques it may be assumed that —O—

this first reaction detected by ARC corresponds to the endothermic CH;CH;—0~H + co,

reaction detected by DSC in the 203-220°C rafi¥gig. 1). Return- 0 [2]
ing to the ARC results for the electrolyte solution, it should be noted

that the temperature range of the first PDR pé&ak0-225°C; CH;CH,0H + DMC = CH;CH,0—C—0—CH; + CH;0H
maximum PDR~ 17 psi mirn* at 210°C, Fig. 3)also spans much [3]
of the range of the first exothermic reaction shown by the SHR (I?

curve(the resolved part of SHR curve éa. 196-220°C). It is there- — e

fore possible, though not established, that this reaction also producesCH3OH +DEC === CH,CH0—C~0—CH; + CH;CH,0H
some gas. The SHR curve shows a shoulder in the ran2@0- (4]
234°C indicating the existence of a second exothermic process. This

range corresponds in large part to a trough between two PDR peak% ’\iMR spectra of solvent mixtur.es.heated by ARC program to
and there is therefore no clear evidence as to its involving gas evo240°C revealed the presence of significant quantities of new prod-
lution. ucts part of which relate to an EC ring opening. At 350°C the sol-

The temperature rangea. 225-325°C)of the second and major vents were all completely decomposed and polymeric species had

PDR peak(maximum PDR 32 psi mint atca. 265°C)nicely over-  ormed. ) ) _
laps that of the SHR peak of the third and major exothermic reaction NMR measurements on LigFsolutions after different stages of
(ca. 240-285°C; maximum SHR 5.4°C mif) (Fig. 3). This appears the thermal reactions rev.ealed Fhat up to 140°C the solutions are
therefore to be the source of gas evolution in this range. The mulStable. The presence of LipBalt in the solvent mixture lowers the
tiple steps in the SHR curve at temperatures above 285°C speak fdfansesterification temperature by 40°C to 180@mpared to
the existence of a number of Overlapping processesl 220°C fOI’ the Salt'free Solvent m|Xtur6(.)|Ut|0nS heated to 180°C
Table | lists the heats of reaction of the LiPBolution for the ~ Showed new broad'P peaks(corresponding to 25% of the total P
various exothermic steps, as derived from ARC. Also listed is thecontent of the sampleentered at-15 ppm. These are probably due
data from DSC. The similar valugsa. 460 J/g)for the total heat of 0 the formation of polymeric species, which were not identified. In
reaction as obtained by the two methods should be noted. the *°F spectra of the solution new peaks are also detected. A dis-
In order to clarify the nature of the thermal reactions reportedtinctive singlet at—191 ppm indicates ionic fluoride and a triple
above, the solventEC:DEC:DMC 2:1:2 v/v/y and the electrolyte  quartet at centered212 ppm is assigned to GBH,F. Heating up
solution were heat-treated in the ARC apparatus, and the heatingp 220°C leads to pronounced changes. First, the original solvents
was stopped at different stages. NMR determinations on solvenare completely decomposed, and #é spectra is dominated by a
samples after heating showed that the solvent mixture is stable up tsinglet at83.63 assignable to ethylene glycol and a broad peak cen-
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Figure 4. FTIR spectra of gas collected aft¢ M LiPFs-EC:DEC:DMC
(2:1:2 vlviv) solutions heated at 350°C in ARC.

tered at 9 ppm due to the formation of waters®i" ). The Pg
peak as well as any related P-F absorption are absent if°fhe
spectrum of the liquid phase which is dominated by two broad peak
centered at-144 and—151 ppm belonging to organo-fluorine com-
pounds. The major identified organic fluorinated product is
FCH,CH,OH (*°F triple triplet centered at-223 ppm;'H double
triplet centered at 4.50 ppmsmaller amounts of C§CH,F and
other FCHCH,X species(triple triplet centered at-226 ppm)are
also detected. As may be expected, # spectrum shows only a

very broad polymer band centered at 6 ppm. Heating up to 350°C

leaves no liquid products after cooling.

Analysis of the gas phase after reaction at 220°C shows a quartet

(J = 46 cps,—268.3 ppm)in the *%F NMR spectrum attributed to
CH;F, atriple quartetd = 475 cps,—211.7 ppm)corresponding to
CH5CH,F and a triple triplet centered at223.4 ppm corresponding
to HOCH,CH,F. The amount of CEICH,F gas is found to be larger
than CHF. The'H spectrum shows a trace of waté.15 ppm).
The FTIR spectruntFig. 4a)of the gas collected from this reaction
shows peaks around 3732-3587 chattributed tovoy, broadvcy
peaks in the range 3020-2879 chorganic species), typical peaks
around 2363 and 2338 crhattributed to CQ, typical peaks around

Journal of The Electrochemical Socigts0 (11) A1533-A1537(2003)

Chugaev-type monomolecular elimination of DEC which is endot-
hermic, but gas producing, as detailed above in Eq. 2. This identi-
fication of the first thermal reaction, which is endothermic, uniquely
with the DEC component of the solvent is deduced above from our
finding of its faster loss from the mixture. The ethanol released
following the elimination of ethylene from DE(EQ. 2)transesteri-
fies DMC to EMC plus methandEq. 3)and the latter continues the
chain by transesterifying DEC to EMC plus metha(ted). 4). Trans-
esterification of the linear carbonates is an almost thermoneutral
reaction. Upon heating to 240°C the kinetically slower, but thermo-
dynamically more favorable transesterification of the cyclic EC by
an available alcohol (C¥OH, CH;CH,OH, or -CH,CH,OH) sets

in Eq. 5. This ring-opening reaction is exergonic, and it also facili-
tates the formation of polymer, Eq. 6

O
I
R-OH+ EC — R—0-C-0-CH,CH,~OH [5]
Ici) (II) etc
ﬂ* R-O~C~0O-CH,CH,~0~ C-0-CH,CH,~OH —_—
(6]

As the temperature is raised to 350°C the reactions of the types

illustrated in Eq. 2-6 continue to run their course and are joined by

dditional thermal decompositions of all the carbonate esters and
dehydration of the alcohols along pathways such as

H
R'-0-C-0-R' — R'-O-R' + CO, (7]
EC — O, + [CH,=CH;~OH] — CHy~CHO —» polymer + H,0

!

OH-CH,CH,~OH — H,0 + [CH2=CH2—OH:|

(8]

nCH;CH,0H — CH, = CH, + CH;CH,0CH,CH;  [9]

In the electrolyte solutions, the dissociation of LiRtoted in Eq.
1 produces a strong Lewis acid, £Fn addition to the lithium
cation) and fluoride ion, which in a hot aprotic medium is both a
strong base and a reactive nucleophile. Reactions 1-9 above enjoy
acid-base catalysis and their respective onset temperatures are low-
ered. Again, we attribute the pressure-producing endothermic reac-
tion (onset at~170°C)specifically to thgcatalyzeddecomposition

1760-1785 cm® attributed to ethylene carbonate, peaks aroundof DEC, similar to Eq. 2 and 3. This assignment is supported by the

1460-1047 cm? attributed tod ¢ of CH,, CHs groups and possi-
bly skeletal vibrations of the organic specfésand a pronounced
peak around 830 cnt attributed tovp £ bonds of residual Rfin the

DSC findings of Kawamurat al.that DEC-containing a LiPfelec-
trolyte solution decomposed some 15-20°C lower than the DMC-
containing solutiort? Furthermore, although Bottt al. did not ex-

gas phase. Other less prominent peaks are also present. The orgampiicitly refer to it, the DSC curves they present show an endothermic

species thus detected probably included ethylene and YGELY
(Y = OH, F etc)?®

If, after removal of the gaseous products at 220°C, the reaction is

process as the first thermal reaction only in the case of the electro-
lyte solutions in which the carbonate ester carries an ethyl gidup.
In addition, the fluoride ion carries out neucleophilic displace-

allowed to proceed to 350°C, the newly collected gas also shows th&ents on the alkyl groups of the carbonate esters, and th¢aPl

presence of CkF, CH;CH,F, and FCHCH,OH, the latter having

its derivatives)react with alcohols produce(r, at elevated tem-

become the dominant fluorinated product. If, however, the solutionPeratures with the estersThese reactions produce the organic fluo-
is heated directly to 350°C without the intermediate gas bleeding offfide compounds foundEq. 10-12)

at 220°C, only CHF and CHCH,F are detected, the former being
the dominant product. The fate of FGEH,OH is unclear(dehy-
drated? or polymerized?'H spectra show a large amount of water
(2.15 ppm)in addition to other broad lines. The FTIR spectr(fig.

4b) of the gas collected from that heated directly to 350°C also

shows the peaks attributed @y, vcy, organic species, CO and
3y Of CH,, CHg groups? and a pronounced peak around 830

cm ! attributed tovp.r bonds of residual RFin the gas phase.

Again, other less prominent peaks were also present. An ethylene

carbonate peak is no longer present. PHe spectrum of the con-

0 0
1l - ] -
R -0-C-0-R+ F —— R-F+R -0-C-0

etc. [10]
R e
EC+F — F~CH;-CH;-0-C-0 —=»  [11]
etc.
R-OH+ PR— RF+ HF + POR———  [12]

Conclusions

densed phase shows only a very broad polymer band centered at 6 Studies of the thermal behavior of the commonly used

ppm.
The findings presented above lead to the following conclusions

EC-DMC-DECI/LIiPF solutions by ARC and DSC, detected one en-

dothermic reaction starting about 170°C, followed by several exo-

In the salt-free solvent mixture near 220°C there commences dhermic reactions in the temperature range 200-325°C. The thermal
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decomposition of these solutions involves dissociation of LiRF 4.
PR, and fluoride ion, a strong Lewis acid and a reactive neucleo-
philic base, respectively. The endothermic process detected by the”
DSC measurements and by the pressure data from the ARC studies.
involves the reaction of DEC. NMR measurements on kiB&lu- 7.
tions after different stages of thermal reaction revealed that the so-&
lutions are stable up to 140°C and upon heating to 180°C undergo an™
elimination reaction of DEC and followed by transesterification. 1q.
Further heating leads, by stages to complete decomposition. The
major reaction products detected in the condensed and gas phasegs
were CHCH,F, CH;F, FCH,CH,Y (Y = OH, F, etc.), HO, and
polymer. Most of the exothermic reactions detected involve gas evo-
lution and a build up of excess pressure as a result of the formation
of HF, PR, CO,, and HO and organic species ethylene and alkyl 13.
fluorides. Because the presence of DEC as a component of the sol4.
vent lowers the onset temperature of decomposition of the electro®-
lyte solution, the advantage of its use must be weighed against it
drawbacks for each particular application. 17
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