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POLYI M DE MATRI X ELECTROLYTE FIELD OF THE | NVENTI ON
The invention generally relates to electrolytes, and
nore particularly to optically clear polyimde based
el ectrol ytes which are honbgeneous m xtures of
polyimde, lithiumsalt and solvent. BACKGROUND 5
Many performance paraneters of batteries are
associated with the electrolyte separator selected,

and t he i nt eract i pOLYIMODE VcI X Bk €MROLYPEYt e Wit h
t he cathode and anode nmterials used. Al batteries
require electrolytes to provide high ionic

conductivity and elqﬁhiﬁqypghg faRbN ty over a
and po

broad range of tenperatures enfrals. lonic
conductivity is one of the nost inportant properties

of elegtrolytes. H gh ionic conductivity 10 generally

" mpr ov e IBYSYIER bengahy e gectplit, and g FticHFRELy to optidaly clear
I B6IGRti@d bababeleddoly R vhidh arcdRMRE@RHWR gﬁﬂaxteb@ﬂﬁoﬁ(@dide, lithium salt and
|n%rea3|ng the ionic conductivity of electrol ytes used

i i°V®¥l-ect rocheni cal cells. The electrolyte used in
lithiumbatteries can be a liquid or a polymer based

el ectrol yte. Lithium bat BxCKSROUNMDUdI Nng | i quid

el ectrol ytes have been on the market for 15 severa

years. Lithiumion rechargeable batteries having

| qui Rl 9etblarécAarateter fbhfited de IRSSa b REUEE g1 Etfb'iyte
appllcatlona such ,as not ebgok conputers, cancorgers

aiTprreten selgpigfl and tednipraetion of thewrlertsd electirolie with e qahofieand anode
NaMémes dsédl UA T baleR e re @linsteR el 61688 bRe & fvi
gg%or dragpa€§§¥ The%gMgrambacksbrela?%mtéﬁfﬁgﬁagﬁl and

trechemica! LAOUHY PS5 mPTRaE ragee of trpsatyes W getentily tlanic The
|cotiictviglieeid dThetntosO R tat yopE@EHHFERStrdREK 3H bR fhnictonductivity
%é%%g hernetlcgllilﬁealed ig neta% "cans" which can

Ry IRy GRPANEN BPTSrmancs- JHtsy ¥pBficant rsfcarh hag fpoused on

devsphg mdthdds fout fnckeasing the ¢didy @aaklianFeleekdiRes @adin
Iithiﬁnh %%h primary batteries having liquid
SCS%F‘@Pgﬁes are designed to vent automatically when
certain abuse conditions exist, such as a substantia
i ncr eBselepimolytgugadrim lithimebatigries cambehligahortagpotyaues dabedy
' Iy . » . ' cel iS.Nn
LOCIRR LifunPYkEhaAnara R MAR Aoty lel bl ecn g bl
seiveral yiegps Bitliha danyreehprgsable batteiies hapiBg liujd eldctiollytessdrd @imiestly
axds E)ﬁ)taﬁéeﬁ f&J aﬁm@{?&ﬁ such as notebook computers, camcorders and cellular

telephones. However, lithium batteries having liquid electrolyte technology have several

major drawbacks. These drawbacks relate to cost and safety and stem from use of a liquid
electrolyte. The liquid electrolyte generally requires packaging in rigid hermetically sealed
metal "cans" which can reduce energy density. In addition, for safety reasons, lithium ion
rechargeable batteries and lithium-metal primary batteries having liquid electrolytes are
designed to vent automatically when certain abuse conditions exist, such as a substantial
increase in internal pressure which can be caused by internal or external overheating. If the
cell is not vented under extreme pressure, it can explode because the liquid electrolyte used in

liguid Li cells is extremely flammable.
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Li thi um batteries having solid polyner electrol ytes
represent an evolving alternative to lithium
batteries having liquid electrolytes. Solid polymer

el ectrodes are generally gel type electrolytes which
trap solvent and salt in pores of the polyner to
provide a nedium for ionic conduction. Typica

pol ynmer el ectrol ytes conprise pol yet hyl ene oxi de

(PEO) , 1Rol%ebiH ﬁes%a &ﬂild fﬁ@l‘yﬁﬂ%&ﬁ@]@fés bRt ROEYIBESalternative

whi ch are con ured as S, such
p ab Yithdwny bajhertes haveng IIQFIAN)GCmﬂﬁPSy el mlm?rwkeirgﬂeaﬁr@ generally gel type
%2’13%9 ARG 4 's&}/(%n't Q’#d%@lt f pdfs bege ﬁ(ﬁ%@gz‘)to proR e R AR for ionic
I"ec yte genera unctions as arator, bein
i mbadqcb&e drmam@nnqrn@cte@rtm@pamolyamgée i PER, pp%/éther
se% g}élg{r@?&ﬁ)ﬁ%ﬁ]ﬁi’ %Sc?)(n?é mﬁ\%ﬁlﬁ@i ¥ E&ntlosred Qﬂeeﬁ@gdcﬁ a?polﬁacry]omtnle

e nmater I ch es? not enera

umHAN) pobyredtbpelessioie T84 o vineie o' ¢ {AIRHD: The polyrmer
t
# gol%tﬁ g@l){érgl& i cllﬁg{xr%’ ats%pg%aﬁhl{:\%gﬁzg@xgbs%d bbt@/%&i i3 bﬁlﬁJdL:Xnd
eh&mhﬁﬁhybémehmﬁ60ver pol ymer electrolytes elimnate
the need for venting and package pressure contro

whi ch ﬁéﬁu&el&eeﬁ&{'r&lyte i S HsthIlyerhohOlo1a8Re AdrlaPRhich dbéstnbt géfibrally
batteries having éﬁUld electrolgtes Thus, Poly

e heder pompl @ger#mséon iogg leals B lighiyr batiery havingppolygie E‘F‘ml-‘ﬂe is

c SHEPsAS tﬁan'mmﬁhmi%@e‘i} hzﬁnﬂg&mqﬁﬂteﬂkcﬁ ¢. Moreover, polymer
resulting in inprovenent ght and thi cknes

. when
covpentter SHEnHg FF BooaI GCe R e PP ERES RS LY Hgh g generaly
VRdair REioF SPcRiion 8f RAABi&1eS having liduld debtbBich ThESpayfer
aSSOCIate with the electrolyte choice, and the . _
| e e e POPTIAe DaiSEE EkPULT ese FERRE & M Platffdeminate bag,
CALNAREIH ARProRBade inHdigh b \ickitss Grher t@ipatides 1iqall Ye@rolyte can-
ionic conductivity generally results in inproved
b%P?é¥VmE€Ffornance 20 The ionic conductivity of gel
pol ymer el ectrol ytes have been reported to be as high
as apypsyperfatnsinge fhfattedy ofifitivm DBCrieHowessesiated with e electrolyte
si rabl N .
P e b SR i 8L o S LXEB il
bastd.cHigh appircplmauqnmpndqchV1aw§mra1®nresults in imprgvgd hattesy pysformance.
S|ra I f.
(RGP SR e LB GORERL GO RO b bl
rmpnmlmdtdy 1¢* s/mprabxﬁéCb Howevey, it is dpsireblp faryhe igaic genductiyity of the
et gqrb(i’ytg B 63 el Qi SRRV Afes $6r! sSiuk Gattery¥ppli6atiBBd. I addition, it

ectrol ytes regresent an | nprovenent over
quqxld dscebeei@@xra@w@ enhangg the decgchsmicghftehility ghtpe polymer electrolyte
W&E@&Bw A Jaﬂlt,e/e mAE TR S SHESES TR Bl GRS 2O8rage and
yners trap solvent on its pores and under extrene
@Mﬂdﬁﬁh@ﬁ@ﬂﬁﬁﬂﬁ heat and/or pressure) can stil
escape and
While gel polymer electrolytes represent an improvement over liquid electrolytes in

terms of safety and manufacturability, safety issues remain because gel polymers trap solvent
on its pores and under extreme conditions (e.g. heat and/or pressure) can still escape and
cause injury. In addition, gel polymer electrolytes cannot generally operate over a broad
temperature range because the gel generally freezes at low temperatures and reacts with other

battery components or melts at elevated temperatures. Moreover, electrode instability and
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cause injury. In addition, gel polyner electrolytes
cannot generally operate over a broad 30 tenperature
range because the gel generally freezes at |ow
tenperatures and reacts with other battery components
or nelts at el evated tenperatures. Mreover, electrode
instability and 2 resulting poor cycling
characteristics, particularly for netallic lithium

C &@ﬁlﬁhdﬂbd&@‘ ogﬁlﬁféeﬁaractéﬂmdst sartoabsly fdrenetyijpd lithiamicomsiningranodes,
b bat f th gel | | ectral ytes.
s PaE AR e orut b el e WEE e PaBel rifioies.

investigated to provide inproved characteristics over
avai | ahltenpdiepobymechatnizdshavébgen ecdia»n#yl in,vestigaed tdRerb @ improved

5,888,672 t Q
%cbeéjé%ds P VB afvgﬂé’led)eg%ﬁe];ea}%r S yliog aarﬁ]gd) e ba? ?t gl(r?t %(% SPREg72 o
f Gastafkdieet ab a'f@ pducmc)ldlsdpms atpelyirgitle ¢lewnol g earbaﬂtemy forapdifrom the
over. Bl Q0 LANAS ALt EIRELA W EPbe I PSS, The
sptbﬁfn&lﬁs ldB;Ic]oyedaarB lsqdhhh,lm sewAhd Bo]vemtsx:md awsultstmtldﬂl)tdmanphous When
Sﬁ%{%ﬁ t%lslrlrjl Ss:a:dﬁ t IQSH tx)fx}g] ?ol?ue 962[? g%dne g'clty{ _ %x?.ﬁuexpnsmgly high
eibgie chﬁﬂuyﬁﬁgl dihs elec:t&é)dem disclo8éiZn 72 awlall opmxtally a;bdqye which
O‘%ﬁiue Vélgllgg h](l)ag-?gé) 5 e\S” {(;;i orrpr esv%ﬁgeug c rrr]lggxi%n g ng}igr?s%né(%ﬂe gec&oﬂr?e
A\ oagh hzetehaetrdb/es: tisaddsyd esthel I6§2 paem darldye usedsto '@ prdgraart
can_ b
SR bOyadl Ry B FeE b e Ul magytrgure,
afd ﬁram&atﬁafﬁt)eqver eandenitiopil gdledlys®f eegirobyver it wowld babélpfubif the
. el pful if the
°U$$%¥n%hl Eﬁﬁg#?%%hgﬁll %ﬁ&g%%gl Sb$|V|ty coul d be
|nproved 15 SUMVARY OF THE | NVENTI ON Ogglyner mat ri x
el ectrolyte (PVE) PYRAMARY OF FHEJNYERELI | east one
lithiumsalt in a concentration of at |east 0.5 noles
of lithiumper nole of imde ring provided by the
poI yi i pdymeangirig cldceiste (BME) soljesritpolydhide; ableast ohekithiium salt in
a co?]c I\/Eatioﬁ ¥ ?lri%%\?(ls % éoﬁ??ﬂ?ﬁp@%@%@% Sog Egﬁggcﬁ‘gv@\%d ﬂa}tﬁe
phblrﬁlﬂE and atrledsboneselvend allgntomnitnd; e PMRIS g%mtailmhmyogeneous as
IPHLERY Lglts% Bffevel of dptAlchify. R BeMreill il HRlPMIE RS ferred to os
0

a EE erabl’y at [east_ 95%
being Bnaimpialheppiigaliitcliag’ad refgndg Q:PMErbelas at ln@é@ﬁ% elgarpgreferably at

shLangsr g?cleg%s@ ggﬁ}%ly YRR BN O, c1daf ésr}lml}r&d aga stté}ﬁ%g&mdny

a nor ma l | | musing 540 nm i ght

fricasuramrent HRRSTREAS @@usléﬁ ermelizedrlonil fife ugRHIA9 r@bﬁ*@t sting
ofLid, LiBr, Lil, LiBOB, LiClO4, LiBF4, LiAsF®6,

Li PF6Thelitieha $46Bcan b M{dcicad $ka2) Re grodp bodshtinof 1iCl, LiBr, Lil, LiBOB,

LiClOs, LiBF4, LiAsFg, LiPFg, LiCF3SO;, LiN(CF;SOz)z and lithium
bis(trifluorosulfonyl)imide (LiTFSi). The concentration of lithium salt can be between 0.5 to
2.0 moles Li per mole of imide ring provided by the polyimide, or 1.2 to 2.0 moles Li per

mole of imide ring provided by the polyimide.

A repeat unit weight per imide ring of the polyimide can be no more than 350, no

more than 300, or no more than 250. The polyimide can be soluble at 25 °C in at least one

L2
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25 bis(trifluorosul fonyl)imde (Li TFSi). The
concentration of lithiumsalt can be between 0.5 to
2.0 noles Li per nole of imde ring provided by the
polyimde, or 1.2 to 2.0 noles Li per nole of imde
ring provided by the polyimde. A repeat unit weight
per imde ring of the polyimde can be no nore than
350, no nore than 300, or no nore than 250. The

pabivbrtiselected ot ehsgbipossiing 35N Gdtiy@irolidiasi (NNR),

sol. vent sele rom.t he up _con i ng of

NE:= ?%Wg?m@r?@dw{ “%ﬂ‘r%t%cet ami de ( DMAC)
and di et hyl f or mam de (DMF). The ionic conducti VI ty of

t he PNEh«abnﬁ&oﬁﬁlmaﬂt}hﬁ”ﬂatPI\ﬂéasﬁToanbE)at JeesS b9 Sfonh, ixsd is

PTG R B3Ry SN o g BB s soou

C1630 a1 690 thdughn tmeughthﬁhd‘ te sslabitpobiimide pyoividi ey absorption peaks
proyi de any absorption peaks in this range. A nethod

of* sy a pol ymer matrix electrolyte (PVE) includes

the steps of dissolving a polyimde in at |east one

s oI v enA megleidl off oraning agmdyimep matrixi el deirolpie SBVIE) inpludes the steps of

R T S LY

p odryteﬂuadm afvd ldabte). %mb}emftht}uwh @FEhole pfneumiqglpmvui@d by et

Sg%glfnén {/k%g%@ e 8 a(il Flb @%1 élg ell;hﬁl g&fﬁaﬁ%é séaét 3%1 soIYent &ecome
Ofntqpinsed T’@%ﬂﬂﬁai jubstargially ongicalbsqiese which evidengenthaitack of phase

B@hgg@'f&gfwgé @L_\ bt DRAW NGS A ful | er

Ing o e present i nvention and the
features and benefits thereof 15 will| be acconplished
upon revi ew of BREFRESCRIEIIONPE THLPRAIYINGS i on
together with the acconpanying draw ngs, in which:
FIG 1 (a)-(m illustrates the repeat unit_structure
for sevaillal undenstadingofibd iypsviidegsntiongudhatiertures nddnefits thereof

%@Qoqla ?ﬁ:hmedtuﬁ& ﬂe@%@ th ?ol]o@n% d 1Ileﬁd£cﬁ {1?Qgeﬁlerwx the

ustrating 1ohic con uct|V|ty an ting fi
coaquEnying Aragings A0 W28h5 C for a PME conprising the
pol yi m de shown in FIG 1 (m, LiTFS salt (2.2x) and

the sahv T4 ats! Y Feplat GhR BRudheBlol sevafCHitah18 Gol}ighid
an enbodi fr(g}ngn@gf tﬁe |nvégnt_| on. FIG SEea) (d) argop1 e

FreEdng o afmbpdinept ctféli‘?dﬂ‘@f‘??ﬂty of a PMVE conpri sing
the polyimde shown in FIG | (m and the lithium

sal t EIGESs a (aBledystratsngdorficicratlngivitp indstbé xesuiting flankognpdsition at
20.5 °C for a PME comprising the polyimide shown in FIG. 1 (m), LiTFSi salt (2.2x) and the

solvent gamma butyrolactone (GBL), according to an embodiment of the invention.

FIG. 3(a)-(d) are plots of the ionic conductivity of a PME comprising the polyimide
shown in FIG. 1 (m) and the ithium salt LiTFSi (2:2x) as a function of solvent load and
temperature for the solvents TMS, PC, GBL, and NMP, respectively.

FIG. 4 is a plot of ionic conductivity of a PME comprising the polyimide shown in
FIG. 1 (m) and the lithium salt LiTFSi (2.2x) as a function solvent/polyimide ratio at 20 C,
where the solvent is GBL.
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tenperature for the solvents TM5, PC, GBL, and NWP,
respectively. 25 FIG 4 is a plot of ionic
conductivity of a PME conprising the polyimde shown
in FIG 1 (m and the lithiumsalt Li TFSI (2.2x) as a
function solvent/polyimde ratio at 20 C, where the
solvent is GBL. 4 FIG 5(a) is FTIR data for an

exenpl ary polyimde without the addition of a Li salt
or S 5 dition of a Li salt or
excermpl 6 Y SR Heiop ¥ Gt MgV L Adiion
exgiplvatity pol yi m de whose FTIR data is shown in of 5
FIG 5(a) intermixed with and the exenplary Li salt
whose il E%?i@tfﬁ‘gkﬁa@ﬂ)?we)ﬂeﬁpﬁ{ﬁl sait.b) evidencing the
ener gence a doubl et absorption peak at between

bout 1630 cmi d 1690 h .
?ngluuﬁg éi(Cg\iﬂﬁﬁg'dﬁé@fé??fg‘%iPE}ﬁ%{tPG@m&F‘%\W{‘?f@ﬁ%gﬁm‘c?ﬁﬁwnm of

gﬁg‘ §§1 SlintdrRixAWHihREH BOLIPIALE: i 6H6sRIFIR Bak & showd B FIG. 5(b)

I's a SEM eV| denC| n a defecy free
DEdRn¢imDipEDergeRer ot o DAk AeTeep 85 1630 o and 1690
sypstantial ly optical I y cI ear el ectrol yte separator
matrix which includes a polyimde, at |east one salt

?23\, ﬁ:ﬁ[(lég gt&r‘%kﬁ’é‘ﬁt mce:lrl%%d{-%nhg%dg@%}s:agx Hola%tuggn & rn%%]{h\ét cag be used

SiehkiSing pelyiRfdesiphdsehesdaierelrow concentration 15 and at a
sufficiently high concent rat| on allows the polyim de,
sal t nogeneously m xed.
As uszﬂ‘gherSS%M¥‘ﬁ%L%£ stanti aTTI{//moptl caI ly clear
el ectrolyte matri x |s referred to as a "pol yner

matrix el ectrol yte" BETAVEEDEESGRIETIAN pe used for
batteries, super capaC| tors and ot her applications.
Regardi ng batteries, the PME can be used for both
i t hi Ohe inventian dedciibdsawvhstastially opiially olarzslevirakyte separator matrix
batterle Lk it BRGEIVERSs general
ﬂ\%?ééﬂ IECI?&S i gﬂymf“ éQFle?sPS’A%’ngg énr% Fe%t ogjs?rl ee sﬁ{gver‘;t ort oY
iadew irioldcalat weiplay oW, visFenity digaidhich Swslilsrfba pOlEENect loy appceatration
r e& austaft%??qlﬂyﬂlgp U Rsntlalod Afows M fo slaﬁlgﬁﬂﬂhé bcﬁ{dent to become

vent Is Iintegrate
alnnmogdmeodslymmpc@#n Aised hagein, Wﬂ@ﬁ@%@tﬁﬂw clear e]ectrolyte matrix is

SHBSIARLL 2 ﬂo}srn?e? tlafR! hebtrSlyR®br PRE! ir¥e PNIR can be nsed for batteries,

supercapacitors and other applications.

Regarding batteries, the PME can be used for both lithium ion and lithium metal
containing batteries. Unlike gel polymer electrolytes, once the PME is formed, there is
generally no free solvent or identifiable pores. For example, using a SEM at a 50A
resolution, no pores in the PME can be identified. Instead, the solvent is integrated with the
polymer and the lithium salt in a homogeneous and substantially optically clear matrix. In
addition, unlike conventional gel polymers where the polymer only provides mechanical

support, the polymer, salt and solvent comprising the PME all participate in ionic conduction.

The PME provides high current carrying capacity, cycling stability and maintains this
performance level across a wide temperature range, such as at least from -40°C to 100°C.

For example, batteries comprising the PME can withstand high temperatures and pressures



addi tion, unlike conventional gel polynmers where the
pol ynmer only provi des nechani cal 25 support, the

pol ymer, salt and sol vent conprising the PME al
participate in ionic conduction. The PME provides
hi gh current carrying capacity, cycling stability and
mai ntains this performance |evel across a w de
tenperature range, such as at least from-40C to 100C.

FRkth exnailH B gesiA bh RIciOSt voRER2h& bpacityN@iciPhdine @dhdmons generally used
wi t hstand hrgh tenperatures and pressures 5 with

steihe het ﬁaawgéfsom RossisesTPSed 1 SRkt W%P’L‘%‘@%"% erysR f ppical injection
SH@ﬂmﬂﬁﬂ&gggcondltlons generally used in the hot

| am nat'i on processes used in credit card

manuf act ur |

g,. Of even a L& tion. noldin
pr ocess Usgd ﬂ‘t’i%‘@d‘hﬁ@]‘ bf% lg)h? g é‘fﬁ’i‘ﬁsﬁe@ﬁttf’ &F‘T3§F%al being at

5 Ofehst 069 Iclkak Mérably aﬁ@ﬁ@w@arw Hat Srefepdbly RNt Rdast 99% clear as
| east 90% C ferablé at | east, 95@6

$ nd no§
pmearserfegbw s % Ty Qsatur ey, fpsgpttiyg thr BepliggA Lmil film
A0 Ao BEHRI dﬁhﬂc}ﬂ MRSk LIOEPHIEs fdha&smcbﬁmggo ﬂmrﬂreﬂibnamder

nornallzed 1

film _using_540_nun_ |] o
cheseimepsugempept Fepditispize ’Fbé‘f”ﬁé‘g Exampl Hviigh ?ﬁnqrﬁsate o 6ast 99%
| dﬁﬁ@ﬂ%’aﬁ&%l&bﬁtﬂﬁhoumﬁﬁﬂ ERASIZSAEME G8AJThd 1955169 6f optical clarity

shown in whi ch deponstrate at |east 99%
10 githecAME FWQ?P;?H% ‘é% P%?Pcf‘i‘ﬁ“éﬂ agﬁe EME qompriping, i‘t?rﬁﬁﬁ’efﬁl‘f)“}ﬁ?@
fbigmnerl Bt 42l @t soB¥R) asQhy sipiificaal pHabedebirytichOvailid §ubQartiMEy reduce

eV|denc%®thaHEo geneity of the PME conprising its
e ts (polyner, salt and the sol vent)

as any significant phase separation would
subst ah¢ intdrdction betwesn thetshib amsiytolyoers akendingyo the itviemtiohi produces a

Tgr?erelll thﬁ%n?}?%)t{%gl e}bc%aWﬁ éot\%ntsa%g]u oft ﬁges%{ %Jﬁg{ag}l flilange the optical

CEBT di nve ‘i'on ces a
15 hlagh of tlepfiling aAsl tiye it emcelftrahm is Swrepesdt a midﬁ Willdhe rehdleed whete salt

gsglﬁt@'d,ag &4@@&}9@ LRe RRbiGak bk %ﬁé{aWn 9{)@5 faan%jt ical

oncentration s increas
blerityeached where salt begins to forma separate phase.
At that point, the PME filmw Il begin losing its

opt i Cole PME & dehdtallyhagecaRiont 6r 988 Es@iﬂmme&mﬂ uﬂike @ﬂﬁr Slymer-
nore pol yi m des,. whi ¢h_unli ke ot ol yner -
based ???514%‘@5”‘%?%‘? Riiqmif @ity fEoug Hw&smfﬁe fiiderings and

20 &mfrq&éqm ghoifs. ﬂDtﬁéx‘Qﬁ@ﬁ]eﬂilfypésm'}ﬁ@ lﬂ(ﬂﬁkgﬁlmlgﬂﬁpo]&%lr@%b Bf]vmg flunctlonal
ol ar_ grou ol yme es_which jnclude
o g gL BB mR T g B P RAPE G BHp & PR CoR i e e
Mj‘zﬂ%nhhﬁd&we@ &id pblaraidetimpided. i Avcqdingly, thebequuilynes Oypekiaiy A%
gclude :%f 32|H1d@§ﬁées and pol yani de-i m des.
inglads esigy iyl pdeE T types may al so

Polyimides are reaction products of a condensation reaction between diamines and

25  dianhydrides to initially form a poly (amic-acid) intermediate. Either or both the diamine and
dianhydride reagent can be mixture of diamine or dianhydride species. The poly amic-acid

intermediate is then converted to a fully imidized polyimide.

The properties of the resulting polyimide formed depend on the selection of the
particular diamines and dianhydride monomers. Polyimides are generally known to provide

30  high thermal stability, chemical resistance and high glass transition temperatures, such as 200
°C to more than 400 °C.
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i ncl ude species useful in formng a PME. Polyim des

are reaction products of a condensation reaction

bet ween di am nes and 25 di anhydrides to initially form

a poly (amc-acid) internmediate. Either or both the

di am ne and di anhydri de reagent can be m xture of

di am ne or di anhydri de species. The poly amc-acid
internediate is then converted to a fully imdized

pol yi MER.cukbf iRERRE hhd i8hti@bd pdIGnsi®s HshdcDBoR Blo¥d @hciRed in the
formed depend on the selection of the articul ar

di'&fA préest apthhagifoanth e pdiionRS sdlivent b somelofibpredistingd pelyimides can
068&1iah kné AW b0 IMBVS e of3: Jb‘lﬁn’ﬂidfe?ﬁédﬁ?ﬂe% gérém bbolvid¥ represent

chem cal resistance and hi gh glass transi

t e1epdt nthesized polyatersg Fnfipthe polymensdiselosel im6 89 the @olygierFidésclosed
C { P . | . .
o e R A B with

t lHepraodate cenRferfatientvelhandithe sobient. Jhe boroegenadiyds ¢vidsnced by the high
p%ﬁéL@Po%ﬁE‘al CRfly proVRA! 1 dnlle tﬁeoeﬁ&ﬂafggpdig%osgd NG 200

of the polyimdes identified herein provide represen
néwinggapensiaivpees qyideyaed by theigepaduensshehighols jndizative of phase
dké&kﬁﬁﬁgfﬁﬁhgﬁg‘wﬁﬁﬁnBRh&UerS di sclosed 5 herein form

a substantially honoggneous matrix material (PME) when
conbined with an appropriate concentration of salt

and t hEhsgyenien haveHsntfisspinatheyizedsmprpverppbarridsy for pee in
hicthhing TOWEY b9 GuatiBitivglplel i@ bdriain mﬁérg%eth@ &R caRtuctivity.
the electrolytes,. disclosed in '"672 are non- .
hOnidg ERe OTs his Relirred to geplaiy iy melyguiy flmsevvhendppded with Hthium salt,
WeHowsidrSfidatitiiofiatdndectiofty, RRasa the®patcabs soR el REFM: unit weight per
respecgtive cogpone ts, 10 The Inéentors have, . .

| WA T8 18 AR aMEE At R RES oS g¢ Epalsuiptyd Ry disiding she melgentar
| Reight@if tertgtifehpsathayit Gfthe rdspdctiviepolyiin@leaby A n&fRbdr 8f #hide rings
pol y.mer gar neterz t.o ionic conductivity. Imide ring
d‘%ﬁ%{‘nﬁﬂ‘i‘ BGEF BV o expl ai n why pol yinide fil ns,

when | oaded with lithiumsalt, show significant ionic
condudmidgirings meypaevideithe peibrnboftzchigh digledtienmstaRepwaterials
s @i Shepob SRy oo By DS PEDS ARl Folfevcd o
o iaterActien hetwesa thstimidsringhariddhe lithamny iepsatfacoriin degérmirtieg the ionic
(SBARRA ity aRRDY | TThE) eV ed AR IR Rl ufl as PRI ad bd Wicratty

wi thin tthe respective repeat” units. I'mde rings Tty
pelesiedier furtbercgurideegtianby Bst ealqilajing dicalumberof gnidorisgsayd to a

1QsdFBLARES Rhet high§GAMS Brols, bhldf 2D 3RnE ! cEEL1P A Rskd
prgvidgd by, tﬁg%%ﬁngg?g%kcotgingl?ﬁc?? ﬁgg%elleegémqmﬂmmhr
fepset unit in a given polyimide. The more imide Ting function present per unit weight, the

higher the average dielectric strength equivalence of the polymer. Higher equivalent
dielectric strength is believed to generally lead to improved salt interaction, which can

improve the ionic conductivity of the PME.

Alternatively, a quantity roughly inverse to imide ring density referred to as repeat
unit weight per imide ring can be calculated to also compare the relative concentration of
imide rings in polyimides. As the repeat weight per imide ring decreases, imide rings
become an increasingly greater contributor to the repeat unit as a whole. As aresult, as the
repeat weight per imide ring decreases, the equivalent dielectric constant and ionic

conductivity of the polyimide generally increase.
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the interaction between the imde rings and the
[ithiumion is a factor in determning the ionic 20
conductivity of a PME. Thus, inproved polyimdes for
use as PMEs can be generally selected for further
consi deration by first calculating the nunber of imde
rings (and to a |esser degree other highly polar
groups, such as sulfone, carbonyl and cyani de) per

ol ecy,Bhimide§HBidh plaRidt high haligh peefcapidityinay gt@erallfigrodme kigher

imde ri'ng function present per unit weight, the -
ipwjh eqmdpﬁgwmﬁ fye famdrba Ml 442 ré;tﬂ?? TR S eRrEReilit of

t &%gﬁpﬂﬂ-{&% ackdh @REl RO 4RbE s béen BRIt B4 tilcestToranet NThe He
S eve

to generallg | ead to inproved salt

ipetresabiity cam bewhleash2B 3R, 35 APHEAE: 15 6Y:i668n10c 7T et §THiof jrore.
of the PME. Alternatively, a quantity roughly inverse
t o i MGy ipREnBiNEi hay Vethkiran iR fQlfowigRgdested Batmer. The gas
wei ght per imde ring can be CaLCU%ﬂ%ﬁP to aL$$
@ermpeability ((8) 067 &35iCORDRSACERTSL? §iH fm haying gihicknesg & prdd area
gﬂb Y He W Rrmited by plyaiediresi@t gf) herBRIthd Mindehi¢h i88qual to the

ecreases, im.de rings 30 beconme an increasingl .
gpeterrmpressHe MiBlsrdopgstioae repagef thngs C%fgp%e%%¥ measpgng the
gesﬁﬁﬁl Istteadﬁ‘faté A& of DR (ﬂﬁrﬂ%n@ﬂ]ﬁoﬂgﬂlﬂéﬂihﬁlaﬂm.

ecredses, the equivalent dielectric constant and

i oni cGPEéNRAGEAPVity of the polyi mide generally

i ncrease. 7 Polyimdes which provide high helium

per meabi | i J ner aj Rr.O e.higher .ionic

cond u‘t’:’iefe%?ie% @Qﬁf gﬁ trdepg H‘[ﬁ) b%fn?lgi Wﬁﬁ/’ﬁg e\ 1§§eqilacd fyihe GP
FR&sHe€By HE®.per meabi | ity of nost polyimides according

to the invention has been found to be at |east 20

barrers. | ol ; ilv &urs wh
35, a1 bgBeveq e pBRIFERRL i oRRURG oPlpc PRREenEay Riurs when
tispelyirbid bled 1V spivepiaombinietion createyagorspletelwmoahops cleprgnatrix. Any
LolsL o i TRRIRE & iortdGond@Rivith G1itR 8Rabdetpfiade EDarati
%@“%gﬁggg%ﬁﬁ%%ﬁéﬁfgih[ougﬁl% gi&en F?fn1haviﬁge§ma paration
whitld lorreszise the Jorgerity avithin th¢ EMFean be determi ned by

appl ying a pressure (p) across the filmwhich is equa

t 0 t Nfhe ndREHEE AIBLLRITRS SabidBCtViHN UBthé PRIBLO WRtd Riperature generally

pressure of fhe gas,cC onent . and neasuring .t.h
A R T S N T BT ST

& Hnitcbgeehirdtion & gefdrklly hGhdaRge (of 015)to £.0(@Algs)Li per mole of imide
Or ef erred, uni X is (¢ sec)"t(c where 1.
Bag B P e lest RS S bR Bt §0Sh of gns o
dmtrivaieasthe bRirgd thasfon xTdomnudheailt generaligisads toiphase dfstability and

p%lg/sgblg %Pegﬁaﬁalnl% of the %El%riryl\lgg thd resulting loss of homogeneity which can be

verified by a loss in optical clarity.

The solvent is believed to play the role of a swelling agent for the polymer to move
the backbone chains slightly apart and therefore enables greater jonic diffusion coefficients.
The solvent also acts as a solvation carrier for the ions. Typically the solvent is chosen to
also be stable within the limitations of the type of battery chosen. For example, for a lithium
jon type battery the solvent must be stable up to the reduction potential of lithium metal. The
amount of solvent can be optimized depending upon the either the conductivity desired or

the softening point of the matrix at some required temperature. Solvents can be selected from
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t he polyimde/saltlsol vent conbination creates a
conpl etel y honbgenous, clear matrix. Any 15 phase
separation is expected to reduce the ionic
conductivity val ues because phase separation would
increase the tortuosity within the PME. The maxi mum
el ectrol yte conductivity of the PME at a given
tenperature generally occurs when the

pal gfdn?s Aedis@lts fnslehmMe PmmiElutirladigs (@BL?bfo%%rl‘éhé Qiibnie, N-
|

speci fied_range. The tinumsalt concenfration is
o GHOPADFPif RORSH A g hatroiophenl 3-Gomttsi EYS) PbiertRatie PC)

Ofand Bitled§1 RPmhhiag ghaF). 2 pol yim de. Too little salt
generally does not prOV|de a sufficient nunmber of ions

te.t har e tr nsfer Too much salt
gener aFII[(i l@a@@ ]?‘Etr . ?‘}“f/’ foF sverad gelyjrpfies, according to
P &£ Enpddiraérit 0Nthe invieltonp whe/ﬂepeadﬁuﬂaﬂa %&ﬁb&rtx éf&ﬂed' 10 §§P<9§mude Ais

honogenej t vy .be erifi

SR Flg A )0 rh o il o sty iR PP iRy 2 it
r heviDA [mwvm’nj m‘gls agﬁmolefcﬂﬁr wdignt tﬁa@llyf{xgﬁf a&l&lf&m%‘r a limited
ar an ererore

t he backbone sl.i ght

R o e St P e R 6 prodpse
solvent al so acts as a solvation carrier for the ions.
Ty pi cdlhk yepehtoms dbriiagolynger cifiveed hetein to ad Badyibsdest Bh®@vn in

U, b Pl LR B el o3RS o2t DA 93 10 mot

SHIGFet[1 WS@O-I)leilsﬂmbides and thealidrhiee TROUIDA (403798478 NThelolymer
Qtfomﬁédtd}h' gmdﬁ'éﬁr%' finitelYin N@Iﬁp 3h éfl’{gﬁso' yent can be

optimze epen I'ng “upon t é e conduct i vi ty

desired or 30 the softening point of the matrix at
sone AByEPeatguit Bufhepabmerreiensd hespin o sdielimids €] ie stomat in FIG.

fI{OMIHS p @Jyﬂﬁleél&n% f&%&@ﬁﬁe&ting%k Y A, FARHR R [89-32-7], 14.3 mole %
but yr ol actone y ene car bonat e,

CEDAVI H7r 400t iz m@ew Thqﬁﬂébmﬁ?r@pﬁé'ns spluble indefinitely
I Mivipxdt d@s b MR)ght. pol ycar bonate (PC) and di net hyl

f or mam de (DI\/F) FIG 1 (a) (m illustrates the repeat

uni t truct 0 vera i mdes ccqrding to, 5

an e ocffpr%n é’“ﬁ’ﬁ%& %fFlle ere'f’ﬁg’ aFgB@E’Pgﬁﬁi’i Bp LG,

p@l).y Tigs pelgfrddercad be raed leo‘ez;anng ﬁ@mélel%PNHjhﬂo[/w 32071 F0Gmole %
eac |n

PR g3 B SN PR 5 D oneg KRG o b sty

meigR tat %6 Yyweights sol uble in NWP for a limted nunber
of hours thus a lithiumsalt containing electrolyte

coul Qo R QIR mel Rrt ARERSy 3 boll Aiad DR BRIVEET

referred herein to as yi m de
KB (o) THiisspobemidersrges @wd@ef TP%WP@BPIB& [2@&&&5& gudB6 ol e
darmiNEANrdn8 P3192-8712]. Ak J8In@r formed was soluble indefinitely in NMP at 20%

by weight.

The repeat unit for the polymer referred herein to as Polyimide F is shown in FIG.
1(f). This polyimide can be formed by reacting 6FDA [1107-00-2] and 3,6- diaminodurene
[3102-87-2]. The polymer formed was soluble indefinitely in NMP at 20 % by weight and is
also soluble in acetone, GBL, DMAc, and DMF.
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% 6FDA [ 1107-00-2] di anhydrides and the di am ne TMVDA
[4037-98-7]. The polynmer formed was sol uble
indefinitely in NMP at 20 % by wei ght. The repeat unit
for the polyner referred herein to as Polyimde Cis
shown in FIG 1(c). This polyimde can be forned by
reacting 85.7 nole % PVDA [89-32-7], 14.3 nole % 15
6FDA [ 1107-00-2] and TMVDA [4037 98-7]. The pol yrrer

for nEd'Ihwa e%? 1|1ﬁ1’lptlo tht n&i?&l rl%fte I%c%ere torlz\arlejsvfol?u?gg G( dﬁ%own in FIG.

wei ght . repea erre
héfeei Thit pnlmn&)da;mbﬂfcmmedj:y Jsac&hg)MDA |ﬁ25ﬁDG9 -0] Mdﬂ‘l\/ﬂ\/ﬂ)A B1037-98-

Fg]gyl%rﬁnpgl%n%gg) ﬁ%} ! Wiy nfegg@é %?% g@fl%% 2H?a§3ﬁ.o/ £ and 1s soluble in
[@BB7-98-7]. The polynmer formed was sol ubl e
indefinitely .20 in NVP at 20% by wei ght. The repeat

0t I . . Tl iy
U0 R BRI ALSHERAELED PGk
bi(h). kst polgmBIeOAn szlled@-rﬁcﬁmﬁfm% B 1080&2] anddMIER [4037-98-

[A1 m% f . . . .
’ﬁdgﬁ ﬁdwg%ryf% n ?Héglg/o% Igtgg'\}vel gHta?bggal ‘%’h"é‘"?%*&’é%is soluble in
Laeetond, GBI P& 4, lapdBMEr ef erred herein to as Polyinmide F

is shown in FIG 1(f). This polyimde can be forned

by reggl feggat @Eipfbrﬁh%wwpr%ea Réeid tHas I‘y])%m&%‘i%@ﬂﬁm FIG. 1().

[3102-87 formed was sol ub

mhepe?qlmd@lcvl bfhfowﬂ ba'treazen@/%% W21 Séami 4 €-al so
Sfﬁbféh#rlﬁiehé)dﬁﬁﬁh@ N8495EH-6). BPiE\5ol ﬁﬁ&%r% wadsoltMle fn@gﬁﬁ’tt‘:ly in NMP

unit Tor the polynmer referred ein to as Polyimde G
2620 Wdwveightel G © 1(g). Thi's pol yi nide can be forned
by reacti ng PSDA [ 2540-99-0] and TM I vI DA [ 4037- 98-

7] . Time jepdayamt fof e peigmemsicaed hibdie td a3 Pefyimide ¢ isyshowin NVP

B0 of Y SR R P Fespef Reiiar EUDA D20 Potit MPRS 1
mmﬁm&FBﬁnd 6.7 m)ale Wmm/mm [¢037-98e7]C The béiyfnen‘fbﬁﬁied was
e@ﬁﬁntglyfornedgéga u%lftand TM M DA [ 4037-98- 7].

was So e indefinitely in NW at
20 % by weight and is soluble in acetone, GBL, DMAc,
and DN repppiamitefprethe palymner refgredthsecipiolay Relyintids Kiig shgwn in
FRY. 8. T8 pSlyRakydalibd forined By RRMMB PMD A189-3214]iahd DAMS [3102-70-

3). The polymer formed was soluble only for a short time in NMP.

The repeat unit for the polymer referred to herein as Polyimide L is shown in
FIG. 1(1). This polyimide can be formed by reacting PMDA [89-32-7] and 4-isopropyl-m-
phenylenediamine [14235-45-1]. The polymer formed was soluble indefinitely in NMP at 20
% by weight.

The repeat unit for the polymer referred herein to as Polyimide M is shown in FIG.
1(m). This polyimide can be formed by reacting PMDA [89-32-7], 33.3 mole % DAMs
[3102-70-2] and 66.7 mole % TMMDA [4037-98-7]. The polymer formed was soluble
indefinitely in NMP at 20 % by weight.

Polyimide structures other than the exemplary structures shown in FIG. 1 can be good
candidates for use in forming a PME matrix. Characteristics that a good PI should display,

10
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10 This polyimde can be forned by reacting BPDA

[ 2421-28-5] and 4,4'-(9- fluorenylidene)dianiline

[ 15499-84-0]. The pol yner forned was sol ubl e
indefinitely inNW at 20 % by weight. The repeat unit
for the polyner referred herein to as Polyimde J is
shown in FIG 1(j). This polyimde can be fornmed by
reacti ng PVDA [89-32-7], 33.3 nole % 15 TWMPDA

%Fcﬁiz scﬁ?ﬁlﬁly @ﬁlﬂﬁ@r Zﬂlgg%{l%b%’ s-(l;Mﬁﬂ 1At 14930 wO% ahli a Icﬂ"fégeat unit

yner orrre soluble indefinitely in NWat
byrewbt Rpnimidehiag p@ﬁ@aitﬁrﬁ §riteriq. oowgyer, Blslsglﬁlﬁktywéﬁl&ﬂéaelf ot the

h a O Sa a € 10
S{l&éo@; & %ﬂﬂgw’ﬁgA o?ﬂ;ﬂ}u%g &Jﬁg'y%}gzl;&%%ﬁp%ﬁ ht%ha) ith 1§ ble for

mrs{@pﬁaatmwsgweaw@r@mf%r fornmed was sol ubI e onI y
for a short tinme in NVWP. 20 The repeat unit for the

IooI y aefoﬁfnrseﬂu&pcah% eﬁermy H%ledéhﬁh&ﬁbyﬂ-snhﬁly%&ﬂﬁ at the
FI G (1 hi s can fornmed by reactin

WFW@QUW'] St’ﬂ?ﬂz}f €4 H°§6W6WP bmietﬁﬁ)érﬁg Iﬁ@ﬁlelﬂ?lﬁﬂ& ﬁéhe structare
g&?é'tﬁgspoumer WWW rcrfsﬁﬂﬂ? Gr WRSth&® wdHi€have a hi gh or low

I nitel % by weight. The rep

uwlatxv¢ @ernsﬁm thingolifhase. eﬁ&mbﬁrnﬁ%% & we%@bgfsnopmrxﬁrﬁnaelom

i at Brdchuf@s bedaselthéPwouldbeSn @ lindiio AR ved tolkBle. However,
d;eng y react |Sn§ PI\/DAé.Q 89-32-7 133}?‘%} rmllg%% DAMVS

[%@ng@szgle 88| s158P ﬁomnéeﬂ% PR GHShen Sese thgepropertieg pRthe P to be

RALYSR o PE LR toV@'%o %QJ lz”bédggesteﬂ dRbhiRdflRkehifg POBedurifor?0
% by wei ght..  Poly uct ures other than th

e@tt@mnmplsgwqﬁafqabmwa hipps 1gjociake 2 polymide thag s fnown to have a
odisiatiasy ih ok sblﬁ@lt htﬁblff a@ﬂ llﬂeﬁ Gy MWEd¥B theilithium salt at 0.5 mole Li
aracteristics t r ?F{gahjtllddsgliag (}?

R ISR TIRG PTRFTF AR rfsa ting solyeRt iAot is clyarny
tHenRdbed o8 fr a 2 Murso/arﬂl’dﬁi) tBe ﬁlﬁi/\éaﬁﬁ'ﬁﬁaﬂaawahﬁmn YéRiaiH3tsutentially
imde ring ?tﬁ{:@ §% Cﬂ&) }-%v(\ﬁ t he
sc!ﬂawbmlpg)sta B V‘?Bf g agoYias pemyediomBity  on st abi | | ty

when conbined with a high concentration of a lithium
sal t aplyhiecatieethhppolyipades e&ﬂljch@pp'ﬁde@dﬁglnnbﬁ%lomiplecﬁon density

SER PP B PR sl S A e i
;ﬁm change serpepeat dugrip mulfipta hond ceyugeienapay form g peb{med@lt complex and
%ﬁk‘ghaﬂg r{s{l@ms& Q6 ﬁbgksq;asetdhﬁ tﬁé Jo%ﬁéirfgnnewﬁbhgéd tﬁ%@

poss be crystalline,
\mjubld l‘ﬂm,seabaompwpmtopw such as FTIR can be used to 1dent1fy these soluble

non-polyimide polymers which show evidence of complex formation for use as a PME.

The PME includes at least one lithium salt. High PME ionic conductivities are
generally achieved using a high salt content, such as from about 0.5 to 2.0 moles of Li per
mole of imide ring for polyimide polymers anng with some solvent. However, the
concentration of lithium salt can be 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.8,
1.9, 2.0, 2.1, 2.2, 2.3, 2.3, 2.4 or 2.5 moles Li per mole of imide ring of the polyimide.

Salt concentrations are also described herein as a ratio of the weight of the salt to
weight of the polymer (e.g. polyimide) excluding the salt. For example, a 1x concentration
corresponds to an equal amount of salt and polymer, while a 2x salt concentration

corresponds to twice the salt concentration as compared to the polymer concentration. The

11



relative density in the solid phase. The polyi m des
are preferably non-crystalline, |low density repeat
structures because they would be nost likely to be
very sol uble. However, 10 changing a single side group
froma nmethyl to an ethyl can cause the properties of
the PI to be changed fromuseful to of no use. A
suggest ed neani ngful screening procedure for

| . o
f‘ {(%u%a!lt {&n %9&5}’211?%9 gn?y Jﬂ‘ﬁ&m%& 1&}%(»%4 IE‘BQ b, Cﬁ%%egag& hithivn®salts are
s othebsn| frdny Lu@xl, LiRe, Id0Li(€16), Li(BEL)f Ll&ﬁ"d) Liﬁ&sstL LY(CHaCO,), Li(CF; SO3),
' ”bé&%%‘%fﬁ%zrtx\f‘ %x(bt:t §‘d) gﬁtﬁé‘% S:é{),hLQ el ui)? leécﬁ)e Cnd T186.), tithium
Pl bhs(aiﬂmeBhlfen’l)mdt (4 TES), L83, ead LiaoW. P&fél‘aiﬂp,gba’mhis either
5'fqﬁg$%(nwh?g§rs and (ii) the filmcast fromthat
so [

on tenai ns substantially clear when nost of the
solvent (e.g. 959 has been evaporated. Polyners other
t han p8IG. dris@éadlefinstuating the jodis candurtipfity 21 Crand Hieeairesponding
{
BB Po ISR Hpor ik babATARY Rphch @ pB D AT FG. 16m,
pdiEFtisalt (2-3%9 ﬂnd:fhasc@@ns@]éhmcqrdmg s embodmbmtuorﬁﬂe nlu@nubn Room
C Uitk Wi AR ARRIY PRI Fifls wefe WRLEL A3 Asured
ay c aracterlstlc absor ption peaks bas ?ﬁ
10 ¢ mdewemm&ompkbwmé@cp hr@}b'zar Measm¢mﬁ3ﬂl8818m'ghhnslmpedance

gﬁ \'VQI% 1746 G hO & Qxy rgr%? Fﬁ/ﬂ-ﬁ% B] Ab\‘?a]ﬁési\%gthg ﬁemstance of

y these sol ub yimde p yners
s Hmﬁh@dewd@kee s te mr@ept ish ﬁ’amabwmf era l‘bmsaéotaormyan
BRrBMEidd G thiGsh AlqubRPSbriRR ﬁft!hbf B Gl gié 184 aPB/E
|on| conduct|V|t|es ar e enera I eved Uuslng

hMghsuseatentscprie dpn madg g an AS Rimelenahp md fpagengy oDl Q)\&fzmvhese the
15 OfesietanddSaluedwerd e df?éct]!ym]ﬂ&oﬁfc 'Egmfugﬁw@wa){ l::mnﬂﬁed using the
pol ymers along with sone sol vent. However
clomedatration of lithiumsalt can be 0.6, 0.7, 0.8,

0.9, 1rﬂen3/cen31m%ter)1=t3,Rnli(ﬁ'4 1.5, 1.6, 1.7, 1.8,
1.9, 2. .3, 2.3, 2.4 0r 2.5 nDIes Li per

'Whede GF fi hﬂ‘t}ﬂ(ﬂméds Ehglnﬁ:fonﬁ Bed RS tié Mk £dBred 88 tesistance in Ohms.
concentrations are al so descri bed herein as a ratio of

the weight of the salt to weight of the polyner (e.g.

pol yi s dB()WIEind‘IIGLﬂ fg tﬁd’IéVLBﬁﬂeited Bemaaianplofic oandhi(:tlwty at20.5 °C

20 gvgq@% ou&é% /cm Ofor ponentra 8? %2 zﬁ% gﬁk ﬁ/g:fq gcﬁ a 2%x salt

cnonaemsqmmn,d\shd:ﬁhe eruemateﬂ 3G Ofc@RL Thé lowertable portion shown
ge centr | ON

S a -2 gﬁo%sglrl]ée 1?1%1 39141 %&g‘f?{{ﬁ )S;eQ'nl r{:chulreg ¥o Spa?wdﬁ( nc(g)vx\llfl]uc:l“wtjf ?fh 9{?0'4

&/dm foPi .6f bé.dA and 2le fltgmeafdtenare chosen from Li Cl,

LiBr, Lil, Li(Cl04), Li(BF4), Li(PF6), Li(AsSF6),

Li ( C'“%EQ%) e okibcﬁ@%?an%@)z is %:é&?@ag%?@&o%m' %h%,:a}l)d &)k about

Li (CF , Li(B(C6 115)4, Li(SCN), and Li
25 [iq ﬂ)putrﬁ The lower value is set be an 1onic conductivity minimum for a given

application, such as 1 X 10 S/cm. The maximum conductivity was found to occur between

a solvent/ P ratio of 1.5 to 2.0 depending upon the salt concentration.

The upper solvent/ P1 limit near 2 is controlled by the mechanical properties of the
PME. At a high solvent/PI ratio the PME film becomes very soft and may not be usable over
30 an extended temperature range as a separator for a battery. Applied to lithium metal

batteries, As a practical matter, the solvent is chosen to be moderately stable against lithium
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bi s(trifluorosul fonyl)imde (Li TFSi ), LiBOB, and

Li SCN. Preferably, the salt is either 5 Li(PF6) or
LITFSi. FIG 2 is a table illustrating the ionic
conductivity at 20.5C and the corresponding film
conposition for a polyimde based PME conprising the
polyi mde shown in FIG 1(m, LI TFS salt (2.2x) and
the solvent GBL, according to an enbodi nent of the

' nv‘%‘%\#&g?b(i; msfe;le nPa?ﬁb@é O Essb 10k The CRAMEM G a}ﬁHWe]M@é 4€ ¥1, and

cul ated from nmeasured

[ rﬁmaﬂi;am dmumshamga @woml’@rﬁvmqhmmﬁ@s@ baghagoyci\@pwty for the salt/solvent
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i 7O 1ém? ﬁgﬁ?}f@g%%ﬁo{ ﬁd%Hz to 0.1 Hz. A value for

the reS|stance of the film R was taken,  as the
| nt er cEppphivizhthe Frspackivg Plesejt §n(b$°1V§nWa%FP§%hoa§ atsuggfﬁtefwrocedure

B aieABaba! inod"ﬁrgtf stetp hﬁPI"kb&'ibsﬁJ LRHSOGHicR RsbluBlk iR fn dPpeopriate

response curve to real " axis. Measurenents were

alsslyentmteh siNMA or_@Banéuéhe pelyirgides spewn i iG b pesgpighe nedyimide

K s NG RGN, Ao sdifsd ﬁtr@ﬂpqnmlse&ﬁdmgpr @ dediad Lt 64 i selected
ﬁ I oni ¢ conduct I Vi {%ﬁwas cal cul ate u5| ng the

f endva iaitialponsmirationdy s ilthes p masy rafio et ghves ope fifjismsiop per
%J H%fn%’vﬁlgﬁlﬁﬁﬁe kéﬂecf&l ®f, 0ﬁ§ sBRehtBohcenttdi6n BRABEH O/aried from a
re

st ance . shown in FIG 2, for. the
pmserwamq of gbqut %wlzmlea?ﬁa@nes Hhedenis canductiyity &g seyeral

J%Woﬂts % velbeny/ ’ﬁﬁ@ daRbe R Eé@ecﬁa'tl kd1t foRE¥BBidne bbth higher and
an

Sicmfor a 2X sa ncentratlon

wheeree Thvee Pr/Btrcrally symish qog@épaéfrﬂsg’f &’ tsolyepd by st thetypfl give

P QifditaLiBnie RO ctivitibs bR asvitlOMBCtb6F twb.Ni mum sol vent
| evel required to provi de a conductivity of I X 10-4

S/ f | .
Thet G 3 B oot e forgnctivRf ol SARSERBEAN B0 Sotyimice
S&owank et lr(ﬂi) bl tnmkhiuurmttrmx @ixiibs a Rctibntof settiloadand
The |

R oY B Seyepl TN R F G, eBihotip GRRRUGLy ks gurves gonerally
SAE ot sfidvea caariconturiivtychasinium becansa shefsalticmhtanbwat 2 2, and as a result,

t | '
oo SEREHE etk e R Ko R W Be s

|gdﬁib1tal]flﬁ1&}fracﬂlcals control | ed by the rrechanl cal
properties of the PME. At a high solvent/Pl ratio the

PMVE f g Pﬁ%g@? SF B Yot thvitdB€a PRI DdBIprifise ﬂ'x%@@iyﬁm@é/ﬂibwn in
30 an exten

erature range as separ at, 5
DRIG: &y thapﬁwnewltgglmsb APsHs R oD %‘tlYf‘é‘VP‘é%‘m“}o-?s“%" at 20°C,
ps{'ﬁéf'é e 8divdR s, Tﬂ%@oxﬁ@édﬁ@ﬂ&witﬁ]s@%&@ Pcte@se¥or increasing solvent to
moderately stabl e against |jthi
polyimide ratio up to about a GBL/polyimide ratlo of about 1.5, where the ionic conductivity

levels off at a value of about 7 X 10 S/em.

The jonic conductivity of PMEs based on polyimides is believed to be related to the
degres the polyimides associate with alkali salts, particularly Li salts. This association is
likely related to the formation of complexes between polar groups (e.g. imide and benzene) of
the polyimide and the salt. Evidence for this association can be found by measuring the
absorption frequencies displayed by the polymer when intermixed with the salt and
comparing this data to the absorption frequencies displayed by the polyimide and the salt by

themselves.
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12 metal, high boiling (>150 C), capable of dissolving
the chosen salt and swelling the PI, and finally it
shoul d have a | ow viscosity which pronotes a high
conductivity for the salt/solvent conbination by
itself, as well as for the PME. To optim ze the
respective PlI, salt and sol vent concentrations, a
suggested procedure 5 is described below. In a first

step, A o?ﬁx%ﬁiee&afaéer%ﬁl; %BJ§QOMéqGanﬁe§ afe%leh@e@ td B2 r&Bted to the

approprlate sol vent, such
p&hifle ringrexnddiaenmne 1ivgs FilaGompﬂé@dé@mlylm H@@{bylilem Ta@se @PR?)WPH

' | Be dgig %eeaiégwlt PR QS %AJP}:& chiP f&ll\tﬁ- lgmﬁxg%n@%oom f&e benzene

IUWIS& is selecte an Initla .
c ongéiwnmn rsaltssinglafling Li®Hs, LiR@P, Iakand LiERS de notishow Resprption at

gg\égegffeglc grﬁgllést% %9 ﬂb tﬂﬁr ea]és '%tqr@enr dbb 1%56)341dq%90 p%’é.t ﬁgwever,

e so nt Peoncentratron can
vehereebrthingielyémies wigthassrciapi stroegly witbLi abous cc@n@mcbwiﬂl. those salts,
Ve r&u@gwgm@e fsigfﬁnﬂtngﬂal,vg Y m@%ﬁae%;ewewoégg&%@l with a first

r pgak at Abdutat672 aint’ amb'n@eqnmam aﬁ akoubbi4A chi'gher and

| ower. There are generally several conbinations of

Pl / sal e 5t WeddtptBY ﬁ@@a&ytlb@fesem When QisiGificait %Ac@ﬁm;neﬁlbpsan is in
conductivities, such hin a factor of two

Jbapolyamyidetis, picas atd?ﬂSfﬁ%éNh Brivg dess ﬁﬂﬁfé"ﬂl&?ls’cg}?lﬁﬁﬁmb{ "PWE
CiﬁHPz(sin%' SO csdaemqew | 1Hig] @nis Jeak %M%séd"to EldRatekhd mera%ﬂ&h

hi um sal t TESI, (2.2x) as a function of

gzspvéqﬁita Juificipnh sot cwf@?ﬁf@%fswrf’éerﬁorhetrnw¢% theseqapdpeak is

RicarlyFRbporaithl VR rali ESMBLL iMEéMcentfsio S INAIS AeNRHd3hd Ve used
do no shom1a cl ear conductivity maxi mum because the

40 pesess g ot ofthe Dtemgtion hefvegn the pplyimjde and thesaltg npunt  of

sol vent needed to provide the maxi mumionic
conduBighks 3(3) IEEBIRI (htager aaREemg @y eolxintige, itrgpobirhide siownaf) FIG.

C COﬂ Ct t
Cl 8%\?{1ﬁ?uﬁ%xe ‘ﬁdé 1061 00| a L1 & I A V\Hlélll h L&%;s_ciré onlpe%,hrggtﬁ%to the imide
Iringdvres shosal 4 atfolt mslcmTIZanﬁ)d)’Zh@n-a afdimtBD om-1 for the benzene ring.
%_S?{)%%I{elﬁo é(es Clyoéjs%oxl«’/ %a{ (%\tﬁ%{a?%i%%o?h f:ﬁcs H) % eesnoalb\ogtr}%mﬁ and 1690

cond I NCréase
icmel. easi ng solvent to polyimde ratio up to about a
GBL/ polyimde ratio of about 1.5, where the ionic

cond Ué(’iﬂu‘ﬁbﬁ ¥i sait@‘ﬁﬁluﬁm@ﬁPﬁt LBOR tﬁ%@hﬂ@% m% showldborption
S/cm 25 The 1onic conductivity of PMES based on

b‘m”mﬁﬁé@énq 1690 ey le Fégarg %bb?é\owwaﬁ'%l& fopLiBRB cogfigiagthe

htEncR @k indicd aﬁso?p%sg Gt Bbith 69 dRl1bosahhis,
part|cularly Li salts. ThIS association is I|ker

rel at m | exes ol ar,

grou d;e 9(@) s g]g %Zh%t%s 8?1 gg@ﬂ Wi 10 Fl%et]w)s combined with LiBOB.
The resulting polyirnide electrolyte shows a very strong doublet with a first peak at about
1672 cm-1 and a second peak at 1640 cm-1.

Thus, FTIR measurements taken from exemplary PMEs according to the invention
provide evidence that the lithium sait forms a complex with the imide rings of the polyimide.
This is likely one of the main reasons why the polyimide/lithium salt combination, in a dry
film, has no apparent structure or crystallinity. The lack of crystallinity can be shown by a flat

DCS trace. This evidence has also been found of an interaction between the lithium salt and
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the polyimde and the salt. Evidence for this
associ ation can be found by neasuring the absorption
frequenci es di spl ayed by the polynmer when interm xed
with the salt and 30 conparing this data to the
absorption frequencies displayed by the polyimde and
the salt by thenselves. 13 For a polyi mde,
characteristic absorption frequencies are believed to
ﬁ'ﬁnﬁﬁ dlrfggﬁlmt
n‘pﬁlse thatesq}lé hg%o%ﬁ‘ca glg%“% glgaggé%g%%tl on e an
p@&kxgoaéndeﬁlm about 1778 cmi and 1721 cmi for the imide
ring and 730 cm for the benzene ring. Conmon Li

sal ts, Th Bl tiaRge ﬁde&’ﬁﬁa mhe@.% debppliffhnt BhErmley ARt

show absor ption at hese requenC| €S, nor any

ab%cé@rs@qbtﬂwbﬁ#@a%sfmﬁ@fl \ﬁ@@ﬁ’%é‘ﬂ?ﬂnl%@r Ethemgetal a@mles can be formed
when 0

TP B oD, BRTAE 123‘%?4:”82‘%%% e PR APRORLME mpiications.

t he resultl{lwq% é gb]de /s t fllmshowthe ener gence

of a &nge b REePaiff O regeting o or perg diagpines g gne or more

1 Gidenyade ﬁBﬂorﬁer§ m@cswé-vﬁ@adsn@hsaab@t&cﬁbﬁ4@rewed diaki}s and

first absor t| on ency i s present when a

sfigppen é‘?#lfe“‘a& on of salt is in 10 the

pol yi m de fll I m such as at least 33 wt. % but does

not clzhe gerigiof Iﬂieflilanambhqnemtdnl’s hat beeh dami ﬂgbﬁﬁipbrtant Aromatic

C(}g G ant s aicn Qmi toT)h lé]? SCI‘}SII%IIVCS %g a Caﬁca%glhlﬁl%gegf tgc%eraﬂy mclal%es

BT PRtBF act 1 on,
cemoeng a pottion of e pmése&mamﬁihmanngn FDIMm@urﬁmmWMc

pcﬁﬁl'(unéss‘t IQQ%GXOIRJ PR tﬂo%@!r, tb?ol&tgg g{lr%tdk oc‘gefﬁ altbeth ﬁs‘é‘&m

ion con ent tron to the Im
taghigwys ewkusnilly wweasssaryo Reeryetallization aﬂhe dinmine thwerenmixhsee of alcohol

%h Wa{H ﬁia% b@&?fo‘ﬁﬁlﬁo%@ Ibbﬂl elg{’é:’ﬂae %lesgf e 1312 cgl%%ﬁ%i g:xlaytrs]t%ls are

for an exenplary polyrm
praerably (ingd unger hengeurn hesausd dietvatan usa‘d for drystadlédatioromayemmy be easily

§g]{,&gﬁ1gah%g§,qg,glgérgﬁ}epeaks related to the imde rings

are shown at about 1778 cm1 and 1721 cm 1 and at 730
cm1 for the benzene ri his poI i mde does not

show Qﬁg}h)a%?igwg FRPTE 5@8&@%% %W\ﬁé%\*l% Ipest two
hedddanal péfed paxﬁﬁclmoxzﬂetmgwar}lsﬂau&&k&%om Relivgdinpdide. Acetic
Li PF6 L| BOB, Lil d.Li TFSl do not show absorption

XAB T FTosESTFAcg = ‘fé’gé deinet. Heweisn aemqs) ofsaﬁwmémrqﬂwerk is
fscgﬁetiniefsﬁﬁi(ﬁﬂlﬂ fWdshing gléfh hﬂerltg%mﬁ')?n%% éll(s)d'c‘if th ?eg-nﬁﬂ'e the residual acetic
ansor 0 ween, abou n cm u
SO0, TR ST NG R AFER 2P Adflgmate
tetibd Reslquitkii whihBRBcrystals with dry ethanol to remove open anhydride rings and

then to rapidly dry the washed powder in a vacuum oven. This method works for purifying

BPDA if the incoming purity is at least approximately 96%.

The condensation reaction is performed to the poly (amic-acid) stage. One mole of
diamine is reacted with about 1.005 to 1.01 equivalents of dianhydride. Excess dianhydride
is generally preferably used to ensure that the dianhydride reagent determines the end group
of the reaction product, the dianhydride excess ensuring that polymer chains are terminated
with anhydride end groups which are known to maximize stability of the polymer product. In

addition, such an excess compensates for traces of water which can react with anhydride
groups.
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The resulting polyimde electrolyte shows a very
strong doublet with a first peak at about 25 1672 cm1
and a second peak at 1640 cm 1. Thus, FTIR

measur enents taken from exenplary PMES according to
the invention provide evidence that the l[ithiumsalt
forms a conplex with the imde rings of the polyimde.
This is Iikely one of the main reasons V\,hy t he

pol yi

has ngjng gurtlé)ﬁ SIY ?rﬁc%ﬁézogl?ggr{a?r %T (Q%t%t?% Ohfegc

Ofliamiirest aiﬂalm dissphed firsh @rdémhmm’@;tr wtrédeat altBﬁthﬂSs isrmneqmred for

Thi s. evi dence..has . a ee of ,an inter

ol gt nas SRS Rl SRR A o SR O PA RS Bigg e

PNEﬂfy'dh‘ﬂ& ixaaodtttnis bahusy thetedasonwiietthd reactibnand itéedesirabiedd Repp the

filmor 0 coat e f|| The PME can be us '

lemperah Y o S i PinEle mEl sl rorein Sap graadoud aid tre

rdi&rh@ﬂﬁ@@ahlzﬁobéﬁ; previdesthére ivpedd fnmmmﬁdiﬂgher l'i thiumion
[1thium rret al anodes can be formed 5 using the

lnvent use
superc fg’ﬁg{ d%de genermﬂ{vﬁfl ‘ﬁse"?"e%’ﬁ’b’ F BeFi S%’rv]‘gy thanhe digmipes For a
aheiligesle E'eﬂabthcyl, meéﬁm m&k:kuhylest way td pegforainthe Gdactionrieto use a cylindrical

G Bt 1ot ey A o PGS Sl e
afegmnﬂlg andiiheln pates aaslinghilu slow spdetBto tﬁm thdjar ghgdtiily. THe reaction
5%08?%%0%% x}‘&?m tgr? er.e%%urt %v%%%wg ?oetw f;/ 011{ I1})5:1'10(*3 ;%())ucB gw él?i?ai reaction

ianm nes
Sedstsm;tletv as eviiersed by qmubstzint:am ¢opstangy lsoiuszr:ogﬁ asd alsdoyity, the solution

a portion of the oxidized diam ne
Ee% y fumgee ﬁr{?%él&gr

ng purification, aromatic diam nes

typically becone white. However, absolutely pure
di ami Abschsmicaliiepqtipe ifl forme the palyimide Gom Fecpo ¢+agid) can be

BRRGERE SARY 1 éaﬁﬁrmyﬁ; @dAcet&aa&m%degertlmﬁeqling%@ﬁe&ﬁ%ﬂ)f
m xture of alcohol and water has been found

pidinetsrgmgiclasarg sty Fyrdingfian bepdded and raling are&rglgx ¢angnued
Bt rhiRed) 11BE QEHE hihydfidettin UREEH petiv RSB Ga $81yiE o

wat er used for crystallization may not be eaSily

PEfiBldBl e at room tenperature. Dianhydrides are al so
preferably purified and can be purified using at |east

two Tietpolytter shbujdibe teiissaidedhiefdré headihg. COnawkdsad c:iu'Sfully heat the jar

recrystalljzation fr ceti.c anhydride. Acetic

oy treng o6 Bl piah P GCR eyt Pk f i SEissiguatly remove the
jfaﬁ‘m}dﬂle Béating Btpeﬁorﬁﬁﬂ tﬁorm)(ﬁdhhﬁaﬁat i} ht o RBEIthd®Jor changes are
diffic ther or .. MTBE gca(gn be us

GOERIRIS u*fﬁéar llse%qf ((ngfo d‘o cool while tumin ce the so utlon retums to

room temperature, a fully imidized polymer dissolved in NMP results. However, the solution
generally also has some residual pyridine, acetic acid, and may include some acetic

anhydride. The solution is expected to be stable for reasonable periods of time.

A preferred method for collecting the product from a small-scale reaction is to
precipitate the polymer into methyl alcohol. This removes the solvent Joad and traces of
monomers that did not react. It also can be used, in conjunction with the observed viscosity,
to estimate the quality of the polymerization. A good, high molecular weight polyimide will

precipitate cleanly into methyl alcohol with little or no cloudiness. The viscosity should be

high (e.g. 8000 to 10,000 cp).
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acid. The di anhydride crystals generally require
drying in a vacuum oven. An alternate nethod is to
qui ckly wash the crystals with dry ethanol to renove
open anhydride rings and then to rapidly dry the
washed powder in a vacuum oven. This nethod works for
purifying BPDA if the incomng purity is at | east
approximately 96% 25 The condensation reaction is

perfo r’ﬁ?ﬁ%réc?pl{agﬁg %yr laﬁg}go ugmiig% 8%@ gxexnorgﬁﬁleg@ﬁtﬁ ﬂﬁ smell of

di am ne 1's react
epyridira ie slight. o?fhedxoh/mmy@p th¢w be Hx dusddord fan B;yvets jngehoogd gnd then dried

general -
O af SLELER VB 1 SO Su A e ptpppy vonce
rgﬂbﬁpamqp@ndumfpdmha di anhydri de excess ensuring that

pol ymer chains are terninated W th anhydri de end

grou psoﬁ"{‘i o%r Ghie, »588 %g%'réﬂl&r@ sV drinhde Qhtehe However,

pol ymer pr tion, such an excess
coatpes sxeetsd dexe at1¢saeféswmﬁhman@ryl glpohohfor this pueppst. Avfingl soak with

an ri : :

TR et PRI dog R e B oRE B R b or
imhmsaral |y di ssol ved first, preferably under nitrogen,

al though this is not requireghfoprpgl! diamnes. The

di anhydride is then added. A‘TET@%‘%cale reaction
preferably adds the dianhydride in portions because

t her e 18 pRQBink&GRibn RifurteAThitARI B %e‘fﬁlldvﬁnéjéfféélﬁ@@aﬁlpieﬁ The

keep the 5 teggerature bel ow 40 C. For exaqg
SHERPlesa providEhior BTGP o8y gRATEIE SLrroBtiRe frdimiting the scope

O Betft bf e frbdtiontn A&y, Provi ded there is good
|n|t|al WBXIHO. The dlanhydrlde o%Her%IIy dISSO ves

rc@ﬁﬁﬁﬁe@@o eieﬂﬁ)lmmc&rﬂi@t&ﬂie p@tib® performthe
reaction 1s to use a cyllndrlcal jar with a

pol yt rafluor t h [ S.]ar n

Chako sttt ARt bl i ob i paa
fayiled ﬁgmmol}hmldtss t!aittdwe§pemntemcuw rwmhhéiﬂ'}ian saleoddmiopstrated by

HO8 14ER6 bl EAGESHRrIRRAe Bl AR WHEIPGL LML RR

t ourwﬁerlo e |n|t|a reacti on
pe;lyinddqylsmvel inF3Ge (boidpiced (hy Wéﬂ%mlsﬂétralnd PalBpisaltfenientinias

Ft%e ‘&éd Rip%soﬁn?he“éﬁﬁso@ﬁtﬂa mq)agﬁa'ﬂﬁmpe cabty Br??gﬂéar

C| osur e em (o reacti on orm
pﬁﬁethndtqeutmpi@afaﬁmpndﬁﬁsﬁlmoyn i agd doedifpr eae higers imbvacuum
HBE@ %4 gs@m}somm \sﬁegmeg ! mﬁ&gteha @gﬂgﬂg Ia»g% per

i ng equi val ent
mlnwsmenscaaﬂ aieyvéettnmtéfpmdlﬂamen ware B }w@bdedieaﬁﬁldﬁ EJIFRi saly, and the

x%{nﬁfnﬁér%@né tf?e%ﬁltah %g&t of solvent. All measurements were performed using 540

nm light at room temperature.

Polyimide Type Film Thickness Absorbance % Transmission
(mils) for a 1 mil film

Matrimid 5218 0.70 1.903 0.2%

Fig. 1(b) PI 1.68 0.005 99.3%

Fig. 1(c) PI 0.66 0.000 . 100%
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until m xed. The acetic anhydri de can cause a portion
of the amc-acid polynmer to precipitate. The pol yner
shoul d be redi ssol ved before heating. One needs to
carefully heat the jar 20 to nore than 80 C but |ess
than 90 C. It is best to use an oven and occasionally
renove the jar to shake. Heating is perforned for 60
mnutes at full heat or until the color changes are
The j ar put on a rphhldng mil to cqgh

mﬁflégpuﬁging Ch8§§the solutloﬁbéeturns to rog§¢/
tenperature, a fully imdized pol yner dissolved in NW
results. However, the solution generally also has
some résdf@@m%%frm the tablecabeveg the Matiimid pellyimige foes hefderm a clear
S 7

ﬁgﬁog@gflfes ?g’sﬁ%%gﬁ d&ithidh) €al cf%h& {rzgi%n liss64 ‘or e#c@\der,ttg

be sta reasona e peri ods erre
ridabrizeld pob&@é? flazs potpgrm helegp hordogsnos rcmcwt@mwn & sublstentially

[ I
R St lolgni-BonbLkh oP) {Bbdirklih (O de iRl LB mide ring
rmmidgi@ thpypelyigiide. Felyimidesdncluding alitbiomesalh inbreconpsentiatiqnrpf 0.5

{n}??és% M&aﬁ%m‘lﬁé&rﬁﬁ@ roVidet B?ih‘e%olamﬁlﬁ gi ol i

ol'ymeri Zation.
rnt;lfﬁsrmlt mnnmémgmc ooiiyetivityiie bwalulsefeloﬂeptr@rip pépacete folapan! y

[ f bl el cohol with little or no cloudiness. The
J@%@gslty s%ould be hlgh (e.g. 8000 to 10,000 cp). 16
The preC|p|tate is preferably washed two or

nor e tltheeeh Ry qatatfﬂé’obﬁlﬁdles Fown i1, F1Gg; 149 (c3 and (my)iqte provided

RELWTEIL paﬁﬁuaela @mmmn BIG. 14(d) 86ode8mp hﬁ@me&pg{o%nlt@foﬁn
hood and t dri ed vacuum oven at 12

SOBPRINGHY S Ry s lelrns atrgAptigsl pEmeties a8 sbwr ghoxefoy
?b@iﬂnd@s (bR &)l E Thit PRAYFrapeityds dRREDBEhaxiRufd ¥ilA stability and

arger scale, water can be used to renove sol vents or
fqgﬁﬁ?nﬁﬂ¥¥?¥als. However, water is expected to be a

| ess efficient than nethyl alcohol for this purpose. A
Exmaple2oak with nethyl alcohol is preferably added

e or Sl o SR R AT LS
mamhhl@gy 2] mwwap@ddlwtotth@nfmummgge g plewisftivo (2) SEM
%ﬁﬁﬂ;ﬁ?&;ﬁg of a@mEma%e\ﬁﬁeﬁcé)z{ ¥kt Qﬁl); Qe,rfedt krley ?rLdr aap ro%g% free

are not to be construe

Bim. cBettiptmegsrof thed M et shown Wnreém?l abenj 75 ﬁm

While the preferred embodiments of the invention have been illustrated and described,
it will be clear that the invention is not so limited. Numerous modifications, changes,
variations, substitutions and equivalents will occur to those skilled in the art without
departing from the spirit and scope of the present invention as described in the claims. In
summary, embodiment 1 of the invention provides a polymer matrix electrolyte (PME),
comprising: a polyimide, at least one lithium salt in a concentration of at least 0.5 moles of
lithium per mole of imide ring provided by said polyimide, and at least one solvent all

intermixed, said PME being substantially optically clear.

A second embodiment is the PME of embodiment 1, wherein said PME provides an
optical clarity of at Jeast 95% through a 1 mil film of said PME at 540 nm. A third

embodiment is the PME of embodiment 1, wherein said electrolyte provides an optical clarity
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Exanple 1: Optical Carity of commercially avail able
pol yi m de/salt/solvent as conpared to exenplary PMEs
according to the invention 15 The purpose of this
exanple is to denonstrate the honbgenous nature of the
PME formed from pol yi mdes that have strong
interactions with a lithiumsalt, as denonstrated by
hi gh | evel s of optical transm ssion of visible light.

PMz of 1e£s‘(i§9‘¥’éﬁhﬁa)u§l?£‘ ¢ &?tnﬁ;iﬂ of gammgd svm Eﬂnd ﬁgfoalﬂpé%‘bddﬁnem is the

52@@%%@11%%@?%;%% sm@eth@rna%w Sﬂm’cedcfmp@c: geoup corFistng of
P t |
NES], iﬁ% Mat £ i90H 1 ? Fbﬁm, Eﬂtx&%rﬁm&ﬁ{cﬁ’%@ %&ﬁ@%@@ﬁa £ lithium

pol yeé ene t er épht te support
d rWSé@ﬂﬂ@psqlﬁ?néBmh%@sT FSh- & Rithcanbpdimented the inve@@. is thi @ME of

51 %ﬁ]‘bgﬂﬂentslo Ivs)h%fgn af:x%ﬂ%?ﬂ:?]te t ?&%gé#g?&f%%lﬁ Pé‘]g%:d/e 1S 1o more than

COlTpOS| tions a
3?@@ pd ISWIH@dUBW@ﬁhWﬁnUQMSﬁhG PAfféioft ebodimentel, miienEm a repeat

bGP G gﬁtfpe% ﬁmidlma ifyuaeé %99 orég%xeln BN N Sbodiment is

wer e or ned us
t & é'f%@iﬁl@‘)d%enp@):l vybiewmeer CWD@H'[WY@EW mér umidn €i8g of said polyimide is

f/gﬁ&lc,%qg&gzzs‘?g i B%mlé’gdé’ 3 c‘?n{z’%h{;, ?’Ef %Tem?‘(%“j"“ﬁl ’ 1"%’%’%‘“ said
10 OpdipigdrOis SObIFRIRS °Cin it 12t dhe 8@vedt @B0ted ﬂeﬁrbﬂmlgrob‘;i @nsisting of N-

f
Bbbydoltufbhe POy e O BT s SR Pbptide oM. A
chiethembhdimsygiin ed Mibefisobpdiment yhkmein hmohjctchmdmnﬁ@l df said PME
t 8
R Gk FyalLx Yo 4, MERT Bl S B T uhirirett
evhereiman ippissordwciivity of said BMErat 201G is etdmse Atrlar Bas., As Heventh
15 %b@dlﬁﬁﬂﬁ@ e P Qf‘en‘fgodl%eét F%Sém% oJé#eLtpzig{quof ad1 OLRIUHI salt is

I m erlng pI‘OVI I Nl
ibAYeerlP-A do &0 modasiL nergrelq ofjimi rmanr@mdpd by $303rp0®flmﬁl165 A twelfth

RRbESAmERis ﬁ]@?’m & erﬂbb&lﬂkﬁ’cm $Brkin R %nceﬁﬂa%gn %ﬂ hthlurn tsalt is

E?OVIded‘b% Eﬂ yi m de generally
tesruh? ?ewteé PFE {10l qumxdenn@prawds«blpxﬂmdmmmu Wttiirteenth
SRPGHALRYs the PMBbLT embodiment 1, wherein said salt and said polyimide do not

20  provide any absorption peaks between 1630 and 1690 cm™, said PME providing at least one:
absorption between about 1630 and 1690 cm™.

A fourteenth embodiment is the method of forming a polymer matrix electrolyte
(PME), comprising the steps of:

dissolving a polyimide in at least one solvent,
25 adding at least one lithium salt in a concentration of at least 0.5 moles of lithium per
mole of imide ring provided by said polyimide to said polyimide and said solvent, wherein
said polyimide, said salt and said solvent become intermixed, said PME being substantially

optically clear.
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10 el ectrochem cal cell. Although only data for
pol yi m des shown in FIGs. 1(b), (c) and (m are
provi ded above, all polyimdes shown in FIG 1 ((a)
t hrough (m) have been shown to form honbgenous,

substantially clear filns having optical properties as
W%Gmlspm yinmides (b), (c) and (n). This PMVE

property is desired for maximumfilmstability and 15
ionic conductivity. Exanple 2 Scanning el ectron

1.mAgrobgmanpeat(iSEMctrolyts GME) bempedieg:t aken to eval uate
the norphol ogy of the PME according to the invention.

Fi gUm8lyimeRRONSedsWoné Bihihhit M £ EQeaRhEoObf 411€25PYB moles of
whi ch each evidence a substantially defect free and a

litpamgst myolé peimide ringlprovidedby kiid pakygsidef andws l@AvEOR¢ $atgent all
. Shown re .both about, 75 Ji i .the, preferred . .
iR A ein St EeD IR o e RS Gistiid PHIget il Seid PE is

' : AT i1l be clear that the invention is not
Sugﬁﬁﬁ%H?§@§?H Eﬁ%&ous nodi fi cati ons, changes,
vari ations, substitutions and equivalents will occur
to those skilled in the art without departing from ‘
2. (The PyHE of ¢laiandl, whapia seid RME pprvidesian opticad alaritnofze least 95% through
described in the clainms. In 25 summary, enbodi nent 1
a nofmdlized il mviefitmh ofisgdd BMREIAS48 npnl yner matri x el ectrol yte
(PME), conprising: a polyimde, at |least one |ithium
salt in a concentration of at least 0.5 noles of
[ithiumper nole of imde ring provided by said
N . and . : | j a
B ver ) PR DR pifcut bl B ER g0 hroue
Iment, 4.s the. PNE.O odi nent 1, wherein said
an@%@ﬁ%@@&?& éﬁga§H%§gf¥é§?R%larity of at |east 95%
through a |l ml| filmof said PME at 540 nm A third

enbodi nent is the PVME of enbodi ment 1, wherein said
is of at | east

el ectrol yte provides an optical clarit
4. ThoMIA pbelgim &, wherein spid liugm spliiigisalaeddrors 416 gravp gonsisting of

fourth enbodinent is the PME of enbodi nent 1, wherein
LiClshiBt, Lilf hiBOB,JaC10), $.1B8), EcAaRy, EiPBeLiOR;S§:pLN(CF3S0,); and lithium

consisting of Lil, LiBr, Lii, LiBOB, LiC O4, LiBF4,

bi(triflubadstlforyl filnfle (LITFSIPOB3, Li N(CF3SQ2) 2 and |ithium
bis(trifluorosul fonyl)imde (LiTFSi). Afifth
enbodi nent of the invention is the PVME of 5 enbodi nent

1, wherein a repeat unit weight per imde ring of said

5. TMME'B;(Q?M&SI, Ol & répggtqlnit weight per imide ring of said polyimide is no

more than 350.

6. The PME of claim 1, wherein a repeat unit weight per imide ring of said polyimide is no

more than 300.

7. The PME of claim 1, wherein a repeat unit weight per imide ring of said polyimide is no

more than 250.
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350. A sixth enbodi nent of the invention is the PME of
enbodi nent 1, wherein a repeat unit weight per imde
ring of said polyimde is no nore than 300. A seventh
enbodi nent is the PME of enbodi nent 1, wherein a
repeat unit weight per imde ring of said polyimde is
no nore than 250. An eighth enbodinment is the PNE of

8. W&lq% A,\;\\'?ﬁegexg i3 %' glﬁx%lpdegg é«%’l{\lgﬂg qg QJ 5% ons solvent

consi sting of N nethyl I|din e (
selegfadefary thie SRoaRCoRSITBRR 5’\/ ymwﬁﬁwerm}ﬁa@%ﬁm@mlde
A ninth enbodinent is the PVE of enbodi nent 1,
(DMAg) middimethdfirmamadedDME Vi ty of said PME at 25 Cis
at least 1 x 10-4 S/cm A tenth enbodi nent is'the PVME
of enbodinent 1, wherein an ionic conductivity of
said PME at 25 Cis at least 3 x 10-4 S/cm An

%ﬁ*ﬁﬁﬁt& cldith ERRRAAEN ionicsccinlaﬁct% d}fsaﬁ'ﬁlﬁﬁ lfB8C L at least 1 x 107

erein a concentration of said Ii'thiumsalt 1s

Sk:betmeen 0.5to 2.0 noles Li per nole of imde ring
IB'rovided by said polyimde. Atwelfth enbodinent is
the PME of enbodi nent 1, wherein a concentration of
said lithiumsalt is between 1.2 to 2.0 noles Li per
nole of imde ring provided b said p mde. A

10. {Thie PME 19f Klaim iy whEteEran ipgiccra wmltwp &%SME@WS"@ is at least 3 x
mhereln said salt and said polyimde do not 20 provide

107 aymabsor pti on peaks between 1630 and 1690 cni, said
PME providing at | east one absorption between about
1630 and 1690 cm A fourteenth enbodi nent is the method
of formng a polymer matrix electrolyte (PME),

11. Q‘HHPME bPelalh €, Wh&eH HonbéritSbbd 0P Said liBRhMisBlt §€bdtwed 0.5 to 2.0
| east one sol vent 25 adding at |east one lithiumsalt

ik vied! gn{{@é es of lithium
mOIéSrLIQJePH‘F)qu; I'm ggg?fong prb‘g%%glelgJ said polyimde to
sald pol yi m de and sai d sol vent, mhereln said
polyi m de, said salt and said soI vent become

12. e BUE SEelond: Viore aoneshiation of ig Bl solia fareen 1.2 020

el ectrolyte (P.ME), conprisi polylmde at | east

molegdé pprmni/w igHde nn&mra?w@@ﬁbgﬁm%mhamléﬁ at least 0.5
noles of lithiumper nole of imde ring provided by
said polyimde, and at |east one solvent all

13. The PME of claim 1, wherein said salt does not provide any absorption peaks between
1630 and 1690 cm’', and said polyimide does not provide any absorption peaks between 1630

and 1690 cm™, but said PME provides at least one absorption peak between about 1630 and

1690 cm™.

14. The PME of claim 1, wherein said PME provides an optical clarity of at least 95%

through a normalized 1 mil film of said PME at 540 nm, and wherein said polyimide is
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interm xed, wherein said polyimde is soluble at 25C
in said solvent and said PME is substantially
optically clear. 2. The PME of claim1, wherein said
PME provides an optical clarity of at |east 95%
through a normalized 1 m| filmof said PME at 540
solubTe af25°Thia dPMastafne bk stlectel @om the gaiug dhistioi Mes
an optical clarity of at |east 99%through a
- 1 . ¢
me ISR NEPa: S, dptyAte BR1d VAP o Sy Py Dhmuie O,

fromthe group consisting of LiCl, LiBr, Li.l,
.Li BOB, LiCl &4, LiBF4, LiAsF6, LiPF6, LiCF3SC3,
Li, N(CF3SQR) 2 and Lithium bi(trifluorasylfonyl)imnde
15. (AHORGR of it WhRRETAD P PSR P PHO VS BLEA-ClRRileast 1 x
10" L Rt 850 [ BoeP holiR AR B Bfich Dol bllPEh 1630 and
1690eirgh ang saidipotyimidei dogs nét psavide po apsonptien ipsaksetweenel 630 and 1690
1 ha . 7...The PVE of claim 1, wherein repeat unit
o SRGAM B Aoy NG It n I Py Avabt FeCApd 1690 G’
nor et han250. 20 8. The PME of claim 1, wherein said
polyimde is soluble at 25C in at |east one sol vent

16 @fmﬁy %55;%?%1% oﬁ%f;{’#irﬁssﬁ*%%ﬁ%éé%@ P%ig%igsnfﬂagffemeswmide is o
! ' 9. The P iml, o
morg Hapciol 4 MBIl LA 0P £g 4t DS e DO 20 30 moles L

least 1 x 10-4 S/cm 10. The PME of claim 1, wherein

per mple; of fmideangprovided Oy said pebfimidoNE at 25C is at | east 3
X 10-4 S/cm 11. The PME of claiml1l, wherein a
concentration of said |[ithiumsalt is between 0.5 to
2.0 noles Li per nole of imde ring provided by said

17. Pht PMRE dfclaib? 16, Miseréiivsaidflitium salt 1y ssMueédirémahe group consisting of
concentration of said |[ithiumsalt is between 1.2 to

LiCI2L{Br, Il EBGB, DEJIOE;HHBFQfLiAHF(;QEiP'FG,nEiCH%S@B,‘iﬁﬁ(ém%?zdand lithium
pol yi mde. 13. The PME of claim 1, wherein said sal

bi(triRGFosNRbn AN 1REY) AR iR Bail PME pPHiHRS optical clarity of at

least 95% through a normalized 1 mil film of said PME at 540 nm.

18. The PME of claim 1, wherein said PME provides an optical clarity of at least 99%
through a normalized 1 mil film of said PME at 540 nm, and wherein said polyimide is
soluble at 25°C in at least one solvent selected from the group consisting of N-

methylpyrrolidone (NMP), dimethylacetamide (DMAc) and dimethylformamide (DMF).

19. The PME of claim 18, wherein an ionic conductivity of said PME at 25°C is at least 1 x

10 S/cm.
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1630 and 1690 cnf'', and said polyi m de does not
provi de any absorption peaks between 1630 and 1690
cml, but said PME provides at | east one absorption
peak between about 1630 and 1690 cm 1. 14. The PME of

20. &lfpalymémmeﬁbﬂaolw(mvfﬂ\}&@mwnﬂges an optical clarity
0

| east 95% through a normalized I m|l film of

S az? ﬁ%?%d@taggéple%ﬂ on@ nl%lmes'éﬁ 'nf‘c&éleﬁjtrafif?blrﬁﬁf it Qﬁst'OSS mdiks of

In at | east one solvent selected from
t f, N I N
R SR B B O A e

15. The PME of claim 14, wherei nj onducti vi .
interippedarail BME ooVRSE Teomcal Gy of aigeast §0% 1 O&ﬂg aé\ﬁf&naﬁ%d I mil
wherein said salt does not provide any absorgtlon
film pleaidsPME atéd O 680 wimiein saidPotyimidedin dolsbledt poiGyingagksolvent.
does not provide any absorption peaks between 1630 and
1690 '', said PME providing at |east one absorption
bet ween about 1630 and 1690 cmI|l CM. 16. The PME of
21. &#ﬁlgﬁle} maWEl%btPol?ter(?Nﬁ%t coiprdsigei ght per imde ring

polyimde is no  nore than 350, and wherein a
conc 1;m185 Ia? ﬁ:a&fon%q tl]ﬂulnl Sftahlnlrl e%{ltlrrar’][ on c}rfg%}'éggtg) %m%lers% lithium
. 17, PME, of cl a rein sald
per H}q?q % HHS%HP% p{@l@@ﬁé{éﬁ@@flw SR @&18%93 oGV WRprEin the
LicCl, LiBr, Lil, LiBOB, LiClO, LiBF4, LiAsF6, LiPF6,
amoung Qf:sgg@t m_wpqghpg gbm)tzl targhouti bﬁsggﬁ)n the solvent/polyimide ratio,
bi (trifluorosul fonyl)imde (Li TFSi), and wherein said
wher8Nsaidrpolsiinhéde, Hthiaptshle,aind chlanietayl ioferratxed) saakPMES9ing substantially
through a normalized 1 m!| filmof said PME at 540 nm
optlcél%f clé_at} arfdMEh & EinGndbiite LonMREVEY Bf Sad BMEME BPOYY desasenx 107
optical clarity of at |east 99% through a normalized
Il ml filmof said PME at 540 run, and wherein said
polyimde is soluble at 25C in at |east one sol vent
selected fromthe group consisting of N
nmet hyl pyrrol i done (NMP), dinethyl acetam de (DMAc) and
di met hyl f ormam de (DMF). 19. The PME of clai m 18,
22. Anpelysichmatix Jasteoltsn i GAMBJISHE: sai d PANE at 25C i s
at least 1 x 10-' S/em 22 20. A polynmer matrix
elagmtlyioligd, and PNE)st oo hifhiusisalyyin concentration of at least 0.5 moles of

S/em,

lithjum per mole of imide ring provided by said polyimide, and at least one solvent all
intermixed, said PME being substantially optically clear and forming a film which according
to SEM micrographs at 50A resolution is a porosity free film, wherein said polyimide is

soluble at 25°C in said solvent.
23. An electrolyte film comprising:

a polyimide, and at least one lithium salt in concentration of at least 0.5 moles of

lithium per mole of imide ring provided by said polyimide, and at least one solvent all
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a polyimde, and at least one lithiumsalt in

concentration of at least 0.5 noles of |[|ithium per
nol e of imde ring provided by said polyimde, and at
| east one solvent all interm xed, said PME providing

interBfix QAP 5dig ﬁllm%leﬁ‘fg: sthftélftiaﬂS/ op8éaily Y WereMGhRiddolyimide is soluble at
|

normalized 1 m m of said PME at 540nm and

o rei jd polyimde is soluble at 25C in said

25 Cgé]es\a}lzlngt&.h;eﬂgl. A polymer matrix el ectrolyte (PVE),
conprising: a polyimde, at least one lithiumsalt in
concentration of at least 0.5 noles of lithium per
nol e of imde ring provided by said polyimde, and at

24. faglectrolyte Blo) ¢@pPrSifgierein the anount of solvent in
wei ght is about 1 to about 2 based on the
s o4 pelyintide) anidrat tastrateilishiumvaliie concsatratiqnoifigt Heastd).5 moles of
lithiumsalt, and salt are all interm xed, said PME

lithili® &8l RS iaftei gl pro@péd BRbdiy plydaide, ddcit Wast @iersobent all
ionic conductivity of said PVE at 25C is at |least 1 X

interthed, sapd Gl béth gﬁbﬁé}lt%g? Q)g!r?]%tllgitd‘ela? hefhdvehy 1}1(? ety S¥Bhity. wherein

conpiising: a yim east one |ithiumsalt

., n cancent i on,Qf .at .l.east 0.5 noles of |ithium per

said H@V]émg? 15 Si‘??@ie ?tirbt’?g&ﬁ’?wg&@éfergy sai d polyimde, and at
| east one solvent all interm xed, said PME being
substantially optically clear and form ng a film which
according to SEM m crographs at 50A resolution is a

25. poolysadrglectrelyted filnmpompresied:n sai d polyimide is soluble
at 25C in said solvent. 23. An electrolyte film
C 4Pl i) wigergiasyidrpotkemidenid seluble@ag s Coinent ldattingsolant selected

in concentration of at least 0.5 noles of |ithium per
from TR grogf) chRSi g ORI YR H BN @aVIF). RRh¥hDlag@amARADMAC) and
| east one solvent all 3 interm xed, said film being

. ubst ant i al ptigally clear, wherein said polyimde
dlmeﬁlg?@gp% 1‘% (Wﬁzéﬁai n said solvent. 24. An electrolyte

filmconprising: .a polyim.de, and at |.east [ {thi .
s At teaFoRegREERed it Ame It Cinsadiraitonet bieas 1f moles Of ithium per
l'i thiumper nmole of imde ring provided by said
molepdlipideirthg, pravidediby badpolygnidlesol vent al | i ntermi xed,
said fil mbeing substantially optically clear and
hawherginrsaiddilysprakides at ypticahdngiyrof as kiast 3906 throughen n@malized 1
soluble at 25C in said sol vent.
mil film of said film at 540 nm and an ionic conductivity of said PME at 25°C is at least 1 x

10* S/em, and

wherein said salt does not provide any absorption peaks between 1630 and 1690 cm™,
and said polyimide does not provide any absorption peaks between 1630 and 1690 cm™, said

polymer electrolyte providing at least one absorption between about 1630 and 1690 em™,
26. The polymer electrolyte of claim 25, further comprising solvent.

27. A method of forming a polymer matrix electrolyte, comprising the steps of:
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25. A polyner electrolyte filmconprising: a
pol yi m de, wherein said polyimde is soluble at 25C in
at | east one solvent selected fromthe group

consi sting of N-nethyl pyrrolidone (NW),
di@E&ﬂ%h@@@b@ﬂhd&iﬁﬁh%@ioﬁaaﬂvaﬁnethyIfornanide

( DMF and at |east one intermxed lithiumsalt in

C ozﬁﬁl?ﬂ% t‘b%ﬁfdgféh?fmﬂt: ah& @eﬁ@l sé-lvgnt @16@& Rk hlt}h‘r'nli‘ﬂ sdMiP & toncentration
e fing provided by said pol y|n1 de, wherein

e e L

an, ionic cq ctivity of sai.d PME at 25C is at
Saldl"g]&%lil 9, sgid Sﬂg apd S?laﬁﬁl’Jl g’ S\%‘B?Q 5% salt does not
provi de any absorption peaks between 1630 and 1690 cm
1, castangla §km ¢o fromyd Mifie said 8y hbring pubstagtialingptie 8y elses. on
peaks between 1630 and 1690 cm 1, said pol yner
el whéreialsyidepopyinidetis sgludle dt 88%1 insai] @bisxt pid wivdnet ween
about 1630 and 1690 cm|. 26. The pol yner electrol yte
of claim25, further conprising solvent. 27. A nethod
of formng a polymer matrix el ectrolyte, conprising
| . .
28. "%ﬂr%gné‘% P3t 1?) 1n§§£ e gbl?rgl%g }gfag‘g( @}FLQRJI%E 3%191% g@co@(ﬁlaé €A&him 27
solve t at t .ane I|t ium s concen tion
comgRingihs s ofg TEmPERe Begto sttt SR BRGRR Ryl A soluton,
ri ng provided by sai d polyin de, wherein sald
and (Rbtagiing ¢ 8lm digmythesplutignd sai d sol vent become
interm xed, casting a filmto forma PME, said PME
bei ng substantially optically clear, wherein said
polyimde is soluble at 25C in said at | east one
solvent. 28. The nethod of form ng the polyner matrix
el ectrolyte (PME) according to claim27 conprising
the steps of (1) mixing the polyner, solvent, and
lithiumsalt to forma solution, and (2) casting a
filmfromthe solution. 25
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