THERVALLY CROSSLI NKED POLYMERI C COVPOSI TI ONS AND METHODS OF MAKI NG THE SAME
CROSS- REFERENCE TO RELATED APPLI CATI ONS This application clains,

under 35 U, S.C., 119(e), the benefit of U 'S. Provisional Application

Serial No 61/061,838, filed 16 June 2008, the entire contents and substance
of which are hereby incorporated by reference as if i'ulty set forth bel ow,
STATEMENT REGARDI NG FEDERAI AN SPONSORED RESEARCH Thi s invention was

made with U S. Governnment support under G ant No. DE-F003- 95ER14538

awar ded by t he 14 ROA I R CROIRARKETE POLYMERRE QOMPOSIHGNS &ayer nnent  has
certain rights in the invention. ETHNI CAL HELD OF THE | NVENTI ON The

various enbodi nents of theypreReHE OF SMAKANG st alig generally to thermal ly
crosslinked polyneric conpositions and net hods of making thermally

crosslinked polynmeric 15 conpositions. Mom particularly, the various
enbodi nents of the present invention are directed to thermally crosslinkcd

pol yi m de 1e9sRReFERPREFANSIRPERAIESA @fLICASIORE| Y crosslinking pol yi m de
conposi tions, BACKGROUND OF THE | NVENTI ON The United States produces about
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the fast%{é%;rl{g%zrg% i &xteagy;&&eec;aqswﬁﬁy&ﬁﬁthcb%wmtl on is expected to
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i ncrease 9 y 0. wever, nearly all "natural gas reclains sone type of

t r eat nENtgLOHGAYE REFAMBINAARHERATRE IRHNS@PUDREIEARRM ami nant , car bon

dioxide (CG ), has typical concentrations between 5-25 nol % while sone 25

reservoirs Conhaliflvdnf¥fhsis QYRR VABOVS. 2RV mhRnOLMES LRIIRGhn IR EHE-PE(3-
specifications for transport and to minimze pipeline corrosion, the carbon

di oxille GOhBéH3Baapkdrysthe bited dae Popprimet of Hainy adbatU-2op0\eregnt has

applicati, .1 hi ural gas industry involving the renoval of
car bon dicg%%ggg%“%gr%t&j{e}&?@g%Very and recycling of carbon dioxide in enhanced

Fecovery B e B INTIIOR akes.  oNenbr ane. based cepar ati on
processes of f Ghe AArifld 'éf%ﬁ&ﬁﬁﬁ%n@l € {hgafnie%%t td?scfo'élﬁgi fela@n %Ene"ﬁhﬁro Eomtﬂe?rﬁally
crosslinked polymeric compositions and methods of making thermally crosslinked polymeric
15  compositions. More particularly, the various embodiments of the present invention are directed
to thermally crosslinked polyimide compositions and methods of thermally crosslinking

polyimide compositions.
BACKGROUND OF THE INVENTION

The United States produces about 20 trillion scf/year of natural gas that generates more

20  than $100 billion annually in sales and provides crucially needed energy resources. According
to the most recent International Energy Outlook, natural gas is the fastest growing energy
source and worldwide consumption is expected to increase 92% by 2030. However, nearly all
natural gas requires some type of treatment to reduce contaminants. The most abundant
contaminant, carbon dioxide (CO,), has typical concentrations between 5-25 mol%, while some

25  reservoirs contain levels even above 50%. In order to meet pipeline specifications for transport
and to minimize pipeline corrosion, the carbon dioxide concentration must be reduced to less

than about 2%. Other applications within the natural gas industry involving the removal of
carbon dioxide include recovery and recycling of carbon dioxide in enhanced oil/gas recovery,
recovery of methane from landfills and biogas, and recovery of carbon dioxide from flue gases.

30 Membrane-based separation processes offer an attractive alternative to traditional absorption
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processes due to their relatively |low capital and operational costs,
portability, scalability, and environnental security. Menbr anes are
relatively sinple devices that can act effectively as "nolecular filters"
for cas nolecules. Mre fundanentally, gas transpon, through a. polyner
medi um occurs 5 through a conbi ned nechani sm known as
"solution-diffusion." A penetrant froma feed stream sorbs at the surface
of the upstream side of the menbrane and then diffuses through the

menbr an e[i_lfoi:ésms tRe tdh ﬁleﬁlqmtﬂeﬁ}e B %[tglaa(r‘ﬁ o‘ﬁ/&@ﬁ&ai E(I)s%? g%@{bgﬁf s@crilQbiIiﬁ/,e aREr Meat e

stream The driving force for this process is relat he change 1 n
partial prEssueealeecfigacity of a penetrant between the feed and perneate
streans. To conplicate matters, strongly sorbing species, such as
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si ze andthshape conbintrbmeitgaisintinpat knGolspabilfusivn EsA oénetrag fpol y fred sirdaher eby
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pl asticization of .nmenbranes. .It_ is to.th rovi sion of such thernall
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vari ous pmbodit henta thé feedendogeesend sicament i on are directed. BRI EF SUMVARY OF
"HIE IN V I NTI ON 20Vari ous enbodi nents of the present invention are

direth ed to thercombligatec moesstsi nkedglp oioriiag cspedeg) osich | enT@NGweBt pagsieof

making thermal | y erosslinked pal yneric conpositions. An aspect of the
present ?lﬁ\l}gﬁf‘?so?f’dcbﬂlﬁ?i ?Eaé“‘“ég‘%%{rp(?gi”ﬂ@l Hffgﬁ’éaﬁ’ﬁr iwg‘i“i?g?ef%fs 19 ri&t MGERSFmEL
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car boxy r.oup, ereint i rst polyner crosslinks to a second pol ymer
formed { PERIIY LaKgnHS P&Bé‘&& ST e B th GOy DR | i nks
to the segendnpgtisresarmohRauient pon@at hombahean ester group, in such

enbodi nents, the first polynmer crosslinks to the second pol yner by

decarpoxyl anotcoddidghe thdré S§ arepeabr Wethally! GoS MR 1S5RS OfiokN Enddr esent
i nvention, the second repeat unit conprises a carboxyl group. in an

DOX g n
enbodi meNtets Phaniiings dit StHG At Feghce il bepeds tswielpearduget] tPlasksiratioReosecond

repeat Unkhb@hd. NG 8 @Rprol o WERu@NneMRAdichR A nked PEybASLoRQsHTRE agnd the
SCCOnd pol ynmer can 30 be the sane. The rust réepeat unit can conprise

one or nBFEOTIHBIEING hegare theeths aatnig cpbpdiments af the papen sprtiosarotecst. nor e
monomers. in one enbodi nent of the present invention, the first repeat unit
conpri seSRER TUIMEARY QU HH: REYER i ment of the present invention, the
first repeat unjit conprises a sulforte, in an exenplary enbodi nent of
the Ptesent iYivight PBROdIRRRS Of My Pregspbatveninn aie shispird éa ermeivicrantipkied de and
an am nepolfYRiR SRB6difidrsahd Mlethbﬁheof%dlﬁygatﬁaﬁfaﬁ%%sﬁiﬁﬁe&ﬂmﬁé&%oﬁéos‘ﬁﬁns.
hexafitioroi sopropyliderie) bisphthalic dianhydiide, and the am ne can
conpri s e \RidaEch e PrEHEh &1 VeRIoNSCMpEh d lsempetidorepmprising;  a first polymer
4" - hexaf {hoioh s QRLQPpkA i L R rifll RBLA LR cor@irish ’Et@afb%gl Gupt BEGERThe fidd AN
exenpl ary enbo%i n’en?é%f the pr esegt I nver?t?ﬁg on% t he %%gt Pr eperalt Duni t
conpris gplymer crosslinks to a second polymer formed from a second repeat unit, and wherein the first
25  polymer crosslinks to the second polymer without formation of an ester group. In such

embodiments, the first polymer crosslinks to the second polymer by decarboxylation of the first

repeat unit. In some embodiments of the present invention, the second repeat unit comprises a

carboxyl group. In an embodiment of the present invention, the first repeat unit and the second

repeat unit are the same. In such an embodiment, the first polymer and the second polymer can

30  be the same.
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wherein in is greater than or equal to one and n is greater than or equa
to one. In one enbodi nent, the ration of m-hexall uoroi sopropylidene)

bi spht hal i ¢ di anhydri de and di am nonesitylene, to n, (4,4

' - hexaf | uor oi sopropyl i dene) bisphtbalic dianhydride and 3,5- 15

di am nohenzoic acid, is greater than or equal to 1:1. In an other

enbodi nent, the ratio of rn, (4, 4% exafl uaroi sopropylidenc) bisplabalic

di anhydri de and di am nonesitylone, to n, (4,4 - hexafl uoroisopropylidene)
bi spht hal i e diraahydrigde @ndea3, &n@h@bﬂl@&ﬁﬂ@@'rﬁo@ﬁie@ ahd thd sdcond repeat ¥NKOt her
aspect of the present invention conprises a nedium separation device

conpri si rfga cammwmnar?é AR GOred- t1b 8o FBPaliBeHpYIBhPIBMt NRRINMC e
menbr ane ea kGRS mfle! i StouRPLAIREmEATPHohAGy AnehiisH 1o GPAALpMNT ¢

t he flrst epeat unit conprising a carboxyl grou wherein the first

pol ymer omgssinpades asdfmesecond pol yner forned fron1a second repeat unit,
and wherein the first polyner crosslinks to the second pol yner w thout

f or matsi on of &naesteaplayy empodimantsaiche pvtvodinverios, the fiest figpest unaloppepes a
crosslin t oxyl repeat
ini e i n S BRI ERORE SR TRk HERANPAE RId Bhylial O, Dot AR i ¢
conpri sesheaafhlardwpyjpylytewp bisphtbalice nthediydedt, OEfndt hése pragant camventposy, t he
first repgat. u second repea njty h.a
erbodi ners anu{l%lges]u?/la ne, § l1_*3811121%13%0 CNZOIC, B S(iel! C!(}J n Tor@%p%@iﬁd%lep dﬁagﬁ@% n@

the ri Thlcomepﬁﬁ(bnsumréofc an amcuxpmpmfy @mmdnnermof menpjmnems¢ntnam,dhe tiest sgeand
repegh unit can.conprise one or nore nononers. In one enbodi nent of the
preseft iYERDEPEHS the first repeat unit conprises an inmide. In another
enbodi ment of the present invention, the first repeat Unit conprises a

sul f one. o In an;exenplany cn}b h: gp. ent ofcrthe present hnvention,
the first repeat. unLt r;ses a Cld nhy.dr i-de nd an aglne re

specifically,; heﬂa0|d ydf \ls{ (: _T
hexafluor0|sopr@pyrrdeh§} blspﬁaL alkc. &anhydrld F and T 1e aa% e can
conpri se di ani Homesityl ene, 3, %-di anitob&ttzoic acid, (4.° [ J=

4' hexal | uor oi sopropyl i dene) &aniline, or conbinations thereof‘“fﬁ an
exenpl ary enbodi nent of the present invention, the first repeat 10unit
conpri sesvherein m is greater than or equal to one and n is greater than or equal to one. In one

embodiment, the ration of m, (4,4’-hexafluoroisopropylidene) bisphthalic dianhydride and
diaminomesitylene, to n, (4,4’-hexafluoroisopropylidene) bisphthalic dianhydride and 3,5-
15  diaminobenzoic acid, is greater than or equal to 1:1. In an other embodiment, the ratio of m,
(4,4’ -hexafluoroisopropylidene) bisphthalic dianhydride and diaminomesitylene, to n, (4,4°-

hexafluoroisopropylidene) bisphthalic dianhydride and 3,5-diaminobenzoic acid, is 2:1.

Another aspect of the present invention comprises a medium separation device

comprising: a membrane configured to sorb a component of a medium, the membrane

20  comprising a first polymer comprising a first repeat unit, the first repeat unit comprising a
carboxyl group, wherein the first polymer crosslinks to a second polymer formed from a second
repeat unit, and wherein the first polymer crosslinks to the second polymer without formation of

an ester group. In such embodiments, the first polymer crosslinks to the second polymer by
decarboxylation of the first repeat unit. In some embodiments of the present invention, the

25  second repeat unit comprises a carboxyl group. In an embodiment of the present invention, the
first repeat unit and the second repeat unit are the same. In such an embodiment, the first

polymer and the second polymer can be the same.
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and wherein mis greater than or equal to one and n is greater tha.n or
equal to one. In one enbodi nent, the ration of m

(14, 4' - hexaf | uor oi sopropyl i dene) bisphthalie dianhydride and

di am nonesitylene, to n, (4,41-hexaflinnoi sopiopylidene) hispinhahe
&anhydri de and 3,5- 15 di am nobenzoic acid, is greater Il:an or equal to I:
M an ot her enbodinent, the ratio of in, (4,4'-hexafl uoroisopropylidene)

bi spht hal i ¢ &nhydride and di am nonmesitylene, to n, (4,4 -
hexal | uor 0| someqnyd &ganeﬂu btrﬁmrﬁﬁn@@bh&opﬁlawa{ot&e aRf i3 sec il gﬂ%ﬂaﬁenzm c
acid, is 2:1. I n one enbodi ment of the medi um separatio evice, the
medi um | SNFRRRFEE Okyad Apd Iﬁqmll@ﬁnﬂ@ri@ntembsdleambdﬂhdPmmﬂemem thenfisane may
adopt g , i.rents,
Fhe memp e IReCaARE: SRR AR Smolhe i HEARE (R IR AR
conpr i sesnicopipuiselaisuiforwf fibers. in enbodi nents conprising a nenbrane film
the filmcan have an average thickness greater than about 100 nanoneiers
and |®ss t hardnabeytmBayrnbodmenerishe prsanboditimenths ftﬂmehsﬁnﬂgoalppburaal ity
of fi ber a on est. Fras ectional nS|on

o eater TaaMRE <GB BNE S AL LRRR P o ABRRRSS G S et ors.
in enbodhermﬂttcsm@cfprmnyhdmdl alsphtpalrcat dranhydatle ceardf thhe zmneesen:hnl rmmphsd)n t he
nenbranelg%ﬂmggs mw ?tgdenha ced. sta %y %% Iast|C| g conpar ed
to a menbiane CAMITs FREPIYSE ?)“6 f}re A4 %%IS%Pé%P BOINMERS: Gher ei n
t he fir stonpdhayin®y thamof. th&rﬁ@@ﬁﬂpﬁr)pahydmﬁerﬁroe mw[treserlosls&mmketﬂe flst repeat

Anot her aspect .of the present invention conprises a nethod of making a

t her IIV“‘PB?EﬁFnked pol ymer, conprising: providing a polymer mxture
conprising a first polynmer conprising a first repeat unit, wherein the
first repeat uni t conpﬁlses a{earboxy- oup, and;a secoqq pol yrer Co
prisns' a second.repeat! unit; heatlng h p Iyqer ntxture;to a tlemper at ure

sufficient t ‘erdssﬂ_ﬁk Ihe p -yfe ET— . Cr os ﬁ_ﬂng hea rs to form
a crosslinke (golyner fﬂherelm ctassl|n |ng the ekynErs Q ot include
the formation 0f an ester group. in

“enbodi ments, théfi{stlipol yner
crosslinks to the second pol yner by decarboxyl ation of the fiEPeH repeat
unit. In some enbodinents of the present invention, the second repeat unit
conpr i sesdavieariboxisl grgrnoupan dmeqanl ©ninodndrent gofatet Ittempjreqealtto onveit ban, the

first repeat,. unit 10 .and.the secon eat n ie s h an
enbodi mert]tleb Odjrucat.f i srfitl%lof)g/r%r@a‘ng‘e’fag]él 85598% ‘i)ﬁﬁlﬁph@}fﬁ Bﬁﬁﬁ‘g Ggea'ﬁ’ﬁjc

The fir sdiamepeaditylene,t toC an (4 ORRKh SO r@RSr@iylidaee b[ﬁpﬁlﬁﬂl&f gian@yadidé hedsgsond
repe unit. can co se one.. Oor nmom non n on nbodi nent of the
bbbt PibiRBRaRS Wie BrRlE g s ara i 1 e phics SRR F R Bt FHutiobhor
enbodi memt4 méxaﬂh&oﬁb@‘éﬁﬁidehdjvtﬁ%ﬂﬁﬂc dtadaRydride Sihd r @ReabmddyRhE, ©OMpPEisSes a
suitor's. exenpl arébenbodlnent of the present |nvent|on t he

first r e‘l’fé%@“oﬂ‘?tf‘tpr‘??éfh’fﬁ‘%‘eg’h&l fhan%yﬁlﬁwttd&é stlﬁan erRicrigid,
specifically, the anh &élde can co rise

cid
hexafluor0|56BPﬂb?P‘H@ﬂ%¥ FrUREL feparght %?&Pﬂaénwgﬁa“fH@“@hﬁﬁémeéﬁ
corrpr I s ecolipafidnd agfoh YL &RR, T8e nRnfbrand Mah) QRENZQnG s@pledand(Anfigurations. For

hexafluor0|sopropyI|dene) di aniline, or
20 example, in some embodiments, the membrane compnses a film, and in other embodiments, the
membrane comprises a plurality of fibers. In embodiments comprising 2 membrane film, the
film can have an average thickness greater than about 100 nanometers and less than about 50
micrometers. In embodiments comprising a plurality of fibers, a fiber can have an average
longest cross-sectional dimension greater than about 50 micrometers and less than about 400
25  micrometers. In embodiments of the media separation device of the present invention, the
membrane can demonstrate enhanced stability to plasticization as compared to a membrane

comprising the first polymer and the second polymer, wherein the first polymer and the second

polymer are not crosslinked.
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20conbi nations thereof. In an exenplary enbodi ment of the present

invention, the first repeat unit conprises and wherein mis greater than
or equal to one and n is greater than or equal to one, In one enbodi nent,
the ration of in, (4,4 -hexafluoroisopropylidene) bisphthalic dianhydride
and di am nonesitylene, to n., (4,4'-hexafluoroisopropylidene) hisphthalic

di anhydri de and 3, 5- di am nobenzoie acid, is greater than or equal to In an
ot her enbodi nent, the ratio of m (4,4'1Il exathioroi sopropylidene)

hi s-ph: hal m d'Aﬁf&méflra & &Nfhe r&ThNANERIoh YofPsest £ nidiholl bf Ilaking a thermally
hexaf | uor oi sopropyl i derte) h| spi nhal i ¢ di anhydride and 3, 5-tham nobenzoi c
aci d, is Qosslinkgd polymer, cQipprising: eprovidingenpolgmer n@(tpwe%wsm&\ﬁeﬁm eplyment i ng
t he poI y r f QpPRlay{rer s
compr i seo etk Ayl Budy BECRALELILE BH bl B oo o bl B PRI e
decar box ydealridcmlynfer tbreprisinrgsd seceple@peatniit;. heatmgcmvep@ynbcxdmmm to dwt@anpcmglret he
poly erature suf.fici I|n Q may
corrpm%;e ﬁlgleﬁl? ati CrOSSIfr% eoqo 1T aln)%lt ure lﬁk' bouf)Oy & té thrgveg { g%lass
transiti qrml)trmp@hmmrcﬁ)ssﬁn}dﬂgeth@pblymefs doknnariotldr the fidvodiioreot 3n eks&atgmmg. t he
pol ymer m xtyre to. a te esuffl ent_to slink the polyners may
conpri se A&Yt %@boﬁﬂﬁenﬁo%ﬁﬁ?tp y)?’[eﬂFré’sil'tS‘k%WdB‘? Se{t%n‘{)%qﬁwrt éleb"‘lﬂécp l%??iﬂ ition
t enper at ure figh régeer @Ol yEtomd BmyRlimanobheare @edeadini@ition, ﬁheaédomg reﬂa:et pol erer
m xture to a tenperature suffici en%oﬁo craosslink the ‘8 yners na ng
heat i ng tREPHsyhErPOxYbehRt (it 80 pPAtimPRA thaBGH! PECi(Or Y et kal

transjct i oRdtRTRREAE HipBat Qfnitt HE 1RO MBI RULh RO cRb&@ENt! hﬁrhr'sxmﬂl}tmelﬁn&)th&
above the glass transition tenperature of the polynmer. in an exenptary
enbodi merfecf polygreppassieribe 3i¥ent i on, heating the pol ymer nmixture to a
tenperature sufficient to crosslink the polynmers conprises heating- the

pol ymer mi xt urhhg dirgtrencaganit eAHgipMPLigy ore %morguaﬂtm% i theesscond SERFas W

embodi ment,§ coRpA&L 8RR HorBREInBEeR, tIthn@%MbMdlﬁfeﬁts&l ﬁl@lf)regerf?%%ﬂfr’(;n @Rnpdur t her
conprise mci nchl ng the crossii tike pol ymer to about room tenperature.

In some erfretimemriefs anhider &s evther nmémlmem of greay¢santrigycatipno INerfEpt rAReRt ur e

can her, ding a free radical generator. O her aspects and
f eat EI{:’%GS oﬁ%%h%gﬁgﬁ?asﬂeof the present invention will beconme 20 apparent

descripti on of SpocyfY ehrbleb R AL petPE QP R AL PR o 1
conj unct iagil wikytridehendaec anpany iMigre fqumﬁl@i;ly, BRI &kl NSMPT&WI@IWWNGS
hexafluoroisopropylidene)  bisphthalic ~ dianhydride, and the amine can comprise
diaminomesitylene, 3, 5-diaminobenzoic acid, (4, 4’-hexafluoroisopropylidene) dianiline, or
20  combinations thereof. In an exemplary embodiment of the present invention, the first repeat

unit comprises

SOOH

and wherein m is greater than or equal to one and n is greater than or equal to one. In one
embodiment, the ration of m, (4,4’-hexafluoroisopropylidene) bisphthalic dianhydride and
25  diaminomesitylene, to n, (4,4’-hexafluoroisopropylidene) bisphthalic dianhydride and 3,5-
diaminobenzoic acid, is greater than or equal to 1:1. In an other embodiment, the ratio of m,
(4,4’ -hexafluoroisopropylidene) bisphthalic dianhydride and diaminomesitylene, to n, (4,4°-

hexafluoroisopropylidene) bisphthalic dianhydride and 3,5-diaminobenzoic acid, is 2:1.

5
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Fi guregraphically depicts thermal anflGaling, profiles for the 6 )
(1:1films. Figure 2 shows normalized 202 perneation isotherns6l- DA- DAM 2: 1)
Figure 3 denonstrates the fluorescence spectra of a dried and thei tally

guenched 6FDA- DAM DAB A (2:1) sanple. Figure 5 shows nornalized CO2
permeability for the washed and original free acid polynmer followng rapid
quenchi ng from above Ic,. Figure 6 shows the percent nass | oss and

tenperature profile of TCA i uasarencnt of the 61 DA-DANI : DA RA (2:1)
pol ymer, Fi gufeonf: erilgé(dlﬂ@lﬁl & %egc Edatn 1We?1héfr?dh&aﬁge§hé %‘(f)ltyhﬁ? i‘fﬁg%}- hof the

free acid. re 8 shows tile 1k Trace of 1150 ercri fro JR specirum
of FEY, t Bpgerafure sufficient iFicgpgslinkghe howsetshenpdses gentireathie onlyiwonhenm ofa a free

ccid 111 mupenl g aushSIg,Lr amAORNE ey A (N, ot Loveghayeen) ont 1

95 "C, wat I gure erce mas's
t enper at hﬁaeng)mobolb/emomlwré teeetcapedtufd Juffidiont mi aroslitihiée aclgeatsinngy domptioc ol

above Tohe nn tl}e p(%l ur i %ure R(I;% Otﬂla %R(g/el tﬁes e%glt{agm%n -temperagurg?ﬁ %l?e
corr es pon

polymer. In another embodunent, heating the polymer mixture to a temperature sufficient to
crosslink the polymers may comprise heating the polymer mixture to about 15 °C below the
glass transition temperature of the polymer. In yet another embodiment, heating the polymer
mixture to a temperature sufficient to crosslink the polymers may comprise heating the polymer
10 mixture to at least about 15 °C below the glass transition temperature of the polymer but no
higher than about 15 °C above the glass transition temperature of the polymer. In an exemplary
embodiment of the present invention, heating the polymer mixture to a temperature sufficient to
crosslink the polymers comprises heating the polymer mixture to at least about 389 °C for about

40 minutes.

15 In some embodiments, a method of making a thermally crosslinked polymer can further
comprise quenching the crosslinked polymer to about room temperature. In some embodiments
of the present invention, providing a polymer mixture can further comprise providing a free

radical generator.

Other aspects and features of embodiments of the present invention will become
20  apparent to those of ordinary skill in the art, upon reviewing the following description of
specific, exemplary embodiments of the present invention in conjunction with the

accompanying figures.
BRIEF DESCRIPTION OF DRAWINGS

Figure 1 graphically depicts thermal annealing profiles for the 6FDA-DAM:DABA
25 (2:1) films.

Figure 2 shows normalized CO, permeation isotherms for 6FDA-DAM:DABA (2:1)

films.

Figure 3 demonstrates the fluorescence spectra of a dried and thermally quenched

6FDA-DAM:DABA (2:1) sample.

30 Figure 4 illustrates the fluorescence spectra of a dried and thermally quenched 6FDA-
DAM sample.

2073639



Figure 12 shows the IR Trace of 2354 cm1 fromthe 3-D IR spectrum of
Figure 11. 15Figure 13 provides the high-frequency JR spectra of a dried
free acid filmand a free acid filmanneal ed above ' Figure 14 provides IR
spectra conparing the free acid before and after annealing above To.

DETAI LED DESCRI PTI ON OF THE | NVENTI ON 20Gas transport, through a nmenbrane
can be characterized by the ptrneablity coefficient (PA), which is defined

as the pressure and thickness normalized flux across the nenbrane: = ths
equation, N ipguthe dhbi¥ nofmEQ8P 0L Herfedblti P YNt R sRRIMMPHSind] - freleSactdh e
nmol ar: e t hi ckness, and ek is the difference in partial pressure of A

acting adrdgeer ol vwggvspideenciig fmpusiove Tof t he perneability coefficient are

generally defined as Barrers according to the follomﬁn% relationship: ;SIP
Figure 6 shows the percent mass loss and temperature profile of TGA measurement of

the 6FDA-DAM:DABA (2:1) polymer.

5 Figure 7 provides a 3-D IR spectrum of evolved gases for the 800 °C TGA of the free

acid.
Figure 8 shows the IR Trace of 1150 cm™ from the 3-D IR spectrum of Figure 7.

Figure 9 shows the CO, permeation isotherm of a free acid film rapidly quenched from

above Tg and then conditioned overnight in 95 °C water.

10 Figure 10 demonstrates the percent mass loss and temperature profile of a free acid film

to mimic the annealing protocol above Tg.

Figure 11 provides a 3-D IR spectra of evolved gases corresponding to the TGA run in

Figure 10.
Figure 12 shows the IR Trace of 2354 cm™ from the 3-D IR spectrum of Figure 11.

15 Figure 13 provides the high-frequency IR spectra of a dried free acid film and a free

acid film annealed above Tg.

Figure 14 provides IR spectra comparing the free acid before and after annealing above

Tg.
DETAILED DESCRIPTION OF THE INVENTION

20 Gas transport through a membrane can be characterized by the permeability coefficient

(Pa), which is defined as the pressure and thickness normalized flux across the membrane:

_ N,
Ap

PA

In this equation, N, is the flux of component A through the membrane, / is the membrane
thickness, and Ap, is the difference in partial pressure of A acting across the membrane. The
25  units of the permeability coefficient are generally defined as Barrers according to the following

relationship:
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Barrer =10- At | ow pressures, perneability decreases with increasing
pressure due to the filling of .angimair sorption sites. However, at higher
pressures, the contribution of the 1.angriatir region to the overal

perneabi lity di mni shes and gas perneability approaches a constant val ue
associated with sinple dissolution (Henry's Law) transport, This response
is knowmn as a Dual Mdde perneation response. However, for nore strongly
sorbing find interacting penetrants |ike CO, the polymer eventually
exhibits an upswing in the perneation |seéﬁﬁég1due to swelling induced

pl astici zation. The pressur e’ airrahi gh* € n occurs is often referred
to as the "plasticization pressure,” ogit fie* olecul ar scal e | evel ,

pl asticization is believed to occur when 10 the presence of the penetrant
enhances seg nﬁribsalprﬂrsmrb&) rpemieabilie/ Pofeysre rwimhahnassmg friysgre idne teas dillimg of
segnent a er frequ t ransi ent

nter seatrmnalr Gpu Pl e B FRhGnar G FRSPRROHsHF apeh PR

Pl ast i ci mathe orveradl MBabiﬂEyltchjmrﬁxbwgaﬁd pas mesepailiat apnsached yidgstpovulwobi | ity

selectivit e .it epab] es sier diffusion of the |arger penetrant with
Fespebt ol SRRk BERLER BT L etiedl s gyt FrauE ha v
except i omabe @ﬁtﬁwe&ﬁﬂ&és@bﬁs@ﬂ pre&e I’fﬂﬂﬁlor%%trﬂiﬁgly s@Biny bild Gesachiay peroeidis figd i f
backboneé @ﬁckln% % %@ 3 s wthin the backbone creatlng an
attract i W@ dRsPHYBEI o ds n§ By hp 8r AR IEO BBt 4 8is¥E!lEEd shape
di scri m inadde@p1Retiveien. Sihdi jrekhy a$|w:fml BRNGIIrAMc8urs iNotkdCleferR@iyianggles have
shown pronm se as a menbrane material for use in aggressive feed

separ at i GWSUCIEOR PSSRt (Hnalhe glecplar sepke dael slisiitaRomisHicltyedty omur v ent |
due {® tfebfesd@bYSthe FBEMAAMN GftdncY &Q%ﬁthm@udﬁl cﬁ@h&;&&ﬁh%ﬁﬁﬂ@ 110 chrease
tenperatures, and resistance to chéem cal breakdown,” However, at high
pressur e, segmyntaliagigs Alowpleist greriglresrcaiyeind sis| of ransiprs e mpesseniakigish
greatly Ehﬂ@t&?ﬁ&h&hﬁfﬁﬁ&%&?ﬁé‘&t efPfa%t‘f&ﬁ'ﬁSnY 1so(flet1t11h@nt£fet8%%§18§r s&%%%ﬁ%&tns wor k
denonstrates that "crosslinking a polyr mde menbrane wit o)
crossl i nkiving wge mobilie sdegiegy t e pr esblay easar dithisoh obltzskiger peteiram vadcur s,
t hus SF%Eh%h%bﬂQshﬁﬁe g@fﬂpe at 25 higher pressures of CO2. The di ol

n |

crosslinking agents u nthis earlier mork formed ester |inkages through
a cajpoxylic p g.and the
hi gh gas per(%ﬁggpf g@nggg%#a?g&ﬁ%ﬁm axﬁﬂgééﬂsngggﬁggfgkeﬁ a es,
however , hayarpofiotsehi’ |labkt}0nbﬂeaﬁwmbbingzddblteld agglsewshmeheabacdkbgarscrbamg Bt r eans,
whi ch wo V, fects of k nd greatly . reduce.the

v o WO R ARG oG oh, LaRRblKLAR. 309 SUCRLY eliR S

pol ymer i tmt\&mrposulatr]ymd pend¢throut vthaepapihngdes siher sHownkagese at @ medhree t he
effects C09- ced plasticizatio S.

Tt st o ORI TGt BT e h e Rl B PetsaPbuth o e

nmet has @hwﬁakhBQOUhﬁraﬂmﬁzhhamnkMEm%ﬁﬁhQU$u@n@@ﬁlHﬁﬂﬂ@nﬂﬁmb&ﬁnﬁ%eaﬁht
invention are dir the sent_inventjon co rlses
" e omposteine defusagaopn, SvESRy st ST o L oren 8at

t he fir sfolyrepeatmbinds, GarAr grsatlygdlamﬁaremwkepgfaau@ efRBERIon thdénchibimb.

pol ymer érossllnks to a second polynmer formed froma second repeat unit,

and wher&iant %%fquefngpstﬁléﬁsyb%imse%%@ # RRYIRIGE (S e R porS) s i Hout

formati ofge@f in@Base® Bleresdit@UR which plastibizitidnSdccQ) Wie Etalﬁﬁﬂn§ ﬁf@[&lbﬁﬁraﬂ@-aﬁ/
polyners known in the amincluding, but not I imted to, sulibties,

yi m thes, highsr petssiiesr & @%r%fdmlc%%élmmgn@@méwq Fghisgrrliep r‘i"oéh’q ERedsier y

enbodi nelmkagefs LT[ @a?E‘(Bctyh& BME BEAQR orbl}e ttfuls rakse MR YRBMilS bR kRMe Ve or a
co- 1 Opol yner thereof
high gas permeablhtles associated with polyimides. These ester linkages, however, can

potentially be hydrolyzed in aggressive acid gas feed streams, which would reverse the effects

of crosslinking and greatly reduce the efficiency of the membrane.

30 Therefore, a need exists for crosslinked polymeric compositions, without vulnerable

ester linkages, to reduce the effects CO,-based, swelling-induced plasticization of membranes.
8
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A second pol yner can conprise many polyners known in the art, including,
but not limted to, polysul fones, polyirdides, co-polyners thereof, or
conbi nati ons thereof. In an exenpl ary enbodi nent of the present invention,
the second polyner is a polyimde or a copolyner thereof. In sone
enbodi nents of the present invention, the first polynmer may be the sane as
the second pol yner; however, in other enbodi nents of the present invention,

the first polymer may be different than the second pol yner. Consi dc
ig that tipe §ifShroPRIocY MR suGOIBESES Jo\gudric ®hpbERGRtnd MdihADEr tARing Giond
pol ymer conprises the second repeat unit, one of ordinary skill in the art

woul d r eaking ¢hat thatvatidye epbodowplo of tie presoft invheticn arsdiracigdeat unit det er mi nes
the conposition of the first polymer"” and the conposition of the second
repeat unit déterspichelsthe hesano myosionicompofes plyempestigmd-oporigingr a HFheelEne e,
one of ordingry, skid e s 1§ Ao SR BEky LG 2 RRLOR LS,

r epeat un‘*fat"gﬁ %X%?@%ﬂ%(L:ege{lﬁgﬂ’gggf#te%g%%ﬁglﬁrg@rkyng a%)ey ngr tr erpleat unit can
conpr isse pohenencrosdings wonensrisyolyamd [(drived $eoonstcomepdat umi, ind whertionipr fitse one
or nore nononers. For ample, if the first: .polymer is a polyirnide, the
first repPg AR sl ?Jiogé%%g%rﬁ psolynéeﬁ V‘l“trlllf)t(]:ltet.gmg‘lurenn g%’] e;?ferg%ouphe first polyner
was a polystlifone, the first repeat unit woul d co i.,se a sulfo e
simlar pri nciAp?%S?é)Bb'lnlleésca o t'Re esIen(ezu%801:3/omle§lsrrerowe{ln{iﬁpghﬁeaef\téeué(’g‘#lﬁélI & g’glleg%wuni t.
I n sone amhiadi wepdlyswfontheoptslentcopolemnirs oeredfher cep@adtiounitierad.pini s one

type nononer to froma ho olymer.. In.other .enbodi nents of .th resent

30i nvent ieéﬁ?plﬁﬁ'ee?lé%lélﬁ?mdﬁ‘i)tﬁe Q\éﬁﬁ’ﬂ?ilg\’a@gt‘%rtﬁe tﬁﬁ%r?og‘/ﬁléertlf/ﬁepowm en%n%rc “to
form@ cqgpgnyseiereo?. In One enbodi nent of the present invention, the
first repeat unit conprises an Miuck:, a snfone, or conbinations thereof. In
anot her enbodiAmenrbndpolyhier ghesaiprisé Maanpb@merst i@wacia andat.epeadingrtivt not
conprises, an imde, a_ _sulfuric, or conbinations thereof.. In an di ment
of the prid¥kft©; RYEHICBE: Pf’[i’én F<o-RobpRAt R aRORigAgions éheéeogar oXVI
group. | nxanphResmeabadh Bee prosedf inbhiRioR! @8 88donil PYBRiet &a pbihEniseeoNdor epeat
unit can conprise a carboxyl group. In sone enbodi nents, the first repeat,
unit nay REME&eERe as the second repeat unit; however, in other

enbodi ments the first repeat unit nmay he different. than the second repeat
uni t.15 A sl IdymeasoRinhs prewsnlianseiop B st PYIyme ihe sase Heor med
by the re&eaChtiPByRier;2BwalNG oWet Bnfod@EROSNthe re@Gl fhyv&itioaNnasdpaphvdhiyde.
Consequently, 'the imdes of the present 10 invention can conprise nmany

ami nes, dadbéxsitihanges geordglyatsird anhydri des known in the art. For exanple,
an am ne may conprise many airlines known in the art, including, but not
limted to, diCaniidrimeshal(iedine polyDIMEIMPr{saxihe iae Fpstioing 6pf Bpytoaerdymes al 3i .
hue ("61- W IPIRC SRS e [ =T nzol i " s | 1 ne
O mpoa P st ST IRET R B At G L o RAE IV ey
conprilse comnysita@i of haliydrieries ukindeerniinest the campgsitiandfi the Fitst pakymist tand diee
limted t 4.4'| af l.uct r ol sopr.o e I Spi i I ydF i

C 6PDA") ,ngl gsﬁtélgono? ﬁggrésg.ecgnd l;e%ais[n&gn@%‘%@y ?qrrgghtc &gﬁ&%tﬁ)ga%ﬂr @g%ﬁ?&? vyr??e? on, a
repeat unitere6@n @enprdrdieargarskdininnige andvandd aeilidy sadvy drel geropFelc repcanphieto, a

repeat unity GaMhe SOURA LSSl TDA DAM

The first repeat unit can comprise one or more monomers, and the second repeat unit

25  can comprise one or more monomers. For example, if the first polymer is a polyimide, the first
repeat unit would comprise an imide. Similarly, if the first polymer was a polysulfone, the first
repeat unit would comprise a sulfone. The similar principle applies to the second polymer and

the second repeat unit. In some embodiments of the present invention, the repeat unit
comprises one type monomer to from a homopolymer. In other embodiments of the present

30  invention, the repeat unit comprises more than one type of monomer to form a copolymer.
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20 wherein n is equal to one or nore. A repeat unit can coneric FDA ABA,
wherein n is equal to one or nom A repeat unit can al so conprise
5FDA-nPDA, O wherein n is equal to one or nore. I n an enbodi nment
of the present invention repeat unit: can conprise an acid anhydride and
two or nore am nes. in an enbodi nent of the present invention, a repeat
unit can conprise 5 6FDA-DAM 111PDA, wherein mis equal to one or nore and
nis equal to one or nore. in another enbodi nent of the present invention,

a repeat unitpcaR eﬁl%ﬂ?ﬁlbﬁ%f@lﬁ%es@ﬂ@lﬂ%u%& fitst & X‘ﬂ%ﬁﬁ'c@m ﬁ'sewg f jap on 1S
ot e.

equal to one or nore and n is equa to one or In so iments in
may he egpii@ne,top combingiicns Hereoé nbothomenesbodimenimy t@@f@p@a&eﬁhom,hmsmom El |

may be | %ﬁéat tuni"il@mﬂ?nses an 1n11d£I LN68E Q;?l %ﬁn%&@%ﬁ ﬁ@ Ah? fm Elggoceﬁlgrﬁ ri‘tthe

i nvention, a repea unit can conprlse
present invention, the first repeat unit can comprise a carboxyl group. In another embodiment

5 of the present invention, the second repeat unit can comprise a carboxyl group. In some
embodiments, the first repeat unit may be the same as the second repeat unit; however, in other

embodiments the first repeat unit may be different than the second repeat unit.

As commonly known in organic chemistry, an imide can be formed by the reaction of an

amine with a carboxylic acid or an acid anhydride. Consequently, the imides of the present

10 invention can comprise many amines, carboxylic acids and acid anhydrides known in the art.
For example, an amine may comprise many amines known in the art, including, but not limited

to, diaminomesitylene (“DAM”), (4.4’-hexafluoroisopropylidene) dianiline (“6FpDA™), 3,5-
diaminobenzoic acid (“DABA”), m-phenylene diamine (“mPDA”), and combinations thereof,
among others. An acid anhydride may comprise many acid anhydrides known in the art,

15  including but not limited to, (4,4’-hexafluoroisopropylidene) bisphthalic dianhydride (“6FDA™),

among others.

In an embodiment of the present invention, a repeat unit can comprise an amine and an

acid anhydride. For example, a repeat unit can comprise 6FDA-DAM,

o
=
L

CFs
) \)“--. -y LL
1

CFy

20  wherein n is equal to one or more. A repeat unit can comprise 6FDA-DABA,

23 CEs 0
\?‘ = (l._ - "‘t‘.\\ Q‘f’ .
\\,_.\-ﬂ :]7| —’! {‘I ‘\P“ \J_
PR e T G N
o O T Y

COOH

wherein n is equal to one or more. A repeat unit can also comprise 6FDA-mPDA,

10
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wherein in wherein in is equal to one or nore and n is equal to one or
nore. in sone enbodinents mmy he equal to n. in other enbodinents, 111
may be greater than a or in may be | ess than n. En one enbodi nent of the

present invention, the ratio of ruto nis greater than or equal to : . En
an exenpl ary enbodi nent of the present invention, the ratio of Ett to ii is
11. Al t hough RCE wi shing to be bound by any particular theory, it is

currently believed that the first, polymer crosslinks to the second pol yner
by decarboxyl ation of the first repeat unit. For exanple, in the case of
61111/ A4) AM DABA, the DA RA [noi ety c§ﬁprisigg a free carboxyl group
provides a crossliiiking sitewfit”$5{b§pfivfd that at high tenperatures the
DABA noi ety of the first repeat-uni't g ~Ahe flirst. polymer can be
decarboxyl ned to create a phenyl radical capabl®@ of attacking portions of
the second repeat unit of the second polyner, effectively crossiinking the
first polynmer to the second polyner. The sane principle is also applicable
i n enbodiyRAli$n &feqhidl®o PELSEMel NVeNtion where the second repeat unit of the
second pol ynmer conprises a carboxyl group. t 5An aspect of the present
invention conpx hS&sbifiEk Bpde plestmkivistich, & RPEdTahlt ¥arCéRgHist hinkedaetyner ,
conprising: providing a polyner mxture conprisinq,a. first,Fonner,
conpri si i§d &9 praere paeat [n A qmbodimesnepifhe presen} fnygnliopyigptat Bt t20CoMBri%ses a
carboxyl qiupanaR®D, second pol yner conprising a second repeat. unit;
heating the polynmer mxture to a tenperature sufficient to crosslink the
pol ymers; and crosslinking the polynmers to forma erosslinked 20_pol yner,
wherei n crosslinki‘hg the pol ymers“does not i“ncl ude 'he forration|of an

ester group. o rain, the term. mxture'jcan conprise a
honbgenous or a eygieg:n Qusuaix;uﬂeﬁ\n alyﬁkaffgﬁggnsﬂiﬁ_ﬁgp; en. Thus,
a mxture of a first polynmer and & sécond: pel yner can conpri se” a [honogenous
m xture, a heterogeneous m xtures, or a variation therebettveen. His
wel | known in the art Mat rigid anorphous gl assy pol yners do not exist in

t her nody rvdwredn Bigieiquabiol aaenor UREend @ds Paushocea ar BPndn apqier SRBPHREYL S yner
passes fr - I, . N Shhkan tenperature ('10) in

Qé&ﬁtqmaﬁﬁaq, %@g& dnft cglvt&grﬁqsg bR5A dipBASHABA!

whi ch i ong-range po r segnen novenent econe drastically hindered as
the polyner donsi lies into a solid stale, As would be apparent to one of
ordinary skill in_the art, thevaries bas upon the conpositjon of the
pol ymer. I n|ap embodi, npat of Lhe p esent.cinwentji on, heating the
pdymnrﬁﬂumatwmﬁqquymg?’ [-CT e dewqﬁqwmit pol yner s

m xt-ur@. to ' tenperature sufficient to

conpri ses heating tre-polyne
i nduce decarboxyl atéon of theefirst repea it. For ékanﬁje, in the case
of 61FDA- DAM DABA' decar boxyl ati on can octur by heating'thé’polymer to a
tenperature of about 350C to about 415 C.

10 wherein in wherein m is equal to one or more and n is equal to one or more. In some
embodiments m may be equal to n. In other embodiments, m may be greater than n or m may

be less than n.

In an exemplary embodiment of the present invention, a repeat unit can comprise

6I'DA-DAM:DABA,

Q ﬁFé 3] *EFS &

R i W o e Fd
I _.. Ry, L Ry :_, P B {_‘ o S \ 5 s il
LA L NAS ELLEIT
C;.f e W = W Ny

[ J I
15 SO0H
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En an exenpl ary enbodi nent of the present invention, heating the polyner

m xture to a tenperature sufficient to crosslink the polyners conprises
heating the polynmer m xture to 10 about C above the TG of the polyner. For
exanpl e, oFDA- DANI : DABA, has a Tc, of about 374 RC. Thus, heating a polyner
m xture conprising 6l DA-DAI M DABA to a tenperature sufficient to crosslink
the polyner conprises heating the polyner m xture to about 389 "C. I n
anot her enbodi nent of the present invention, the heating of the polyner

m xture weeréintigWperad Wi & Sytfaf k€ behbr hr€hes sl ik uilng @el yBss. CRNWtses
heating the pol ynmer m xture to 15 about 15 ue. below the To of the

pol yner . SHMEHeihy 8 Mgty 9 e IhINSAisrborinanisr & 1y B $reipdhat RiPeMIWht i ci ent
to crosshd Bk thdde. AR LYIENS G SRR hics&t MR aLHAIhE BRIoRPLYITBIis BleXbiihen 50 at

| east about 15 'DC below the .ri; of the polymer but no higher than about
15 1" C abevdotdHe I efenpiey pobagivaent of the presqng inypntoabide raveef Mop ntivd lpr esent

i nvention, the heating of the polyner mxture to a tenperature sufficient
to crosslink the polynmers may conprise heating the polynmer mxture to
tenperature rangijng |f r omabeut <”‘120 "(2 [t o aboug <200 "C. In gnot her

enbodi nent of the ere ent Ny .kh Qeaﬁi‘p}g’ 'T"*th bpoly r mxture to a
t enperature suffilci ent. Ho A%oéslfﬁk ipol-lyz,: rsn:.y,édhprl e heating the
pol ymer m xture tjo @pnperatureé@angiﬁ fdbnlabout 1db cClto about 200 C
2.5The heating oflLthe polynmer m xtureltlo a tenperatureysufficient to
erosslink the polymers can he perforned for various tine periods ranging
from about 5 m,nutes to_.about. thr days. . One of ordinary.skiill in the art
woul d reali ze‘dﬁthﬁ)g%h the’ l%ﬁ?%&oibgr? 0 (F%e%'p%/pr?gl e th§’8 ylr%ésr Cuﬁﬂ."eé%r eehe’t“(l’)Cl le

t enper at the éirs phlyner entslihks ©rtbs séiconk pdiy@eplol yareirbsxylsidnmfehes Bisy rgpeapaitt i onal
to the t

t.ur. f heating. , t ti t t [
the. dr ok FaRBr HBAE G GiPa Do BauS v ISABRET chERERD B SraeRRyGr nont

of the pgregembvidewvenbdsdfikindheat ing bélkeepdhiymbighmnictieeC OOEPrAISA R@icty of

617f 18, 4) AM DABA co| i ses heatin he polynmer to at | east bout 9 "C
f or ou‘i’e %t PR aG O e e POisner Ghatn ST e s & pheay| %@FWP%’?@

cr oss| nkgthpedi BRIt G Yot fikdy et HHRIreSQAMPHIL SEthE UEDEMN HHAIGmEN 6 RS drétk@ekifol ymer
to about rqgomtenperature. As used herd.n, the term"roomtenperature"
refers t6°{IEHPAVAPLPEY Yamyi iy M5 ot @bt privgipiecs alse 8pRitsaRle ingniadiments

The net hqdnefpraieki g dibe W MeClosR ie?éﬁedmgqifytﬂsrs&oﬁmpofyﬂ{e} ReMpRQWINS i Se
providing a free radical generator to the m xture of the first polyner and
the secofPPvidfo to facilitate the generation, of free radicals to
pronote crosslinking. A free radical generator can conprise 10 many free
radi Bal gener’dt GtRSCKRbWR® iPFPSEHeingprtion ¢rmnadesng, mpkIed bt Mpking taedherpgly

di benzoyl,RENRY! F& k3 PDmprRZQDI ﬁbﬁﬁfﬁgta\/ pAIES ln'i;&u&'%\é\h{)prisﬂ% QUAAY bolPmEOX! de
(DCP), hibenzoyl, "potassium persol fate, and conbi nations Thefeof,  anong

ot hers. @nPKsNgH [Hetrepdas piih gvhetsihéefosimdpdely uzingonpisty € cdrbexyl Bewopyandtahe
presenc I G 0 L0 | r ' ol ymer
Bnd the SacaRgVERF BaphER « AEARIERAL AR lrb IR kiR bORhblaheES

t her mal wffpsslt itokirgsglinks the pdgeds;t andt dresstignpe tiat pelpmeedesioanya tosslinkiuc e

t her sl I i nki. . 1] [ . c I I e absence
her sl 5 0R3L LKL D900 LB ) RObATRE A SRERNH, P TPLL 1A

 nventi on cOMRY | 88%RiTRA WAL SERALR® AN Klice, SATRLLSING: o ReTBOBLANS
configured to sorb a nedium the nmenbrane tonpri si a first poFyner

conpr i simgte fid gt variep@atn wiwtgn. tThes,fa mistury efpelast poitereodrpsécendhgolamear boxyl

rou . . . ..
9 P can comprise a homogenous mixture, a heterogeneous mixtures, or a variation therebetween.

It is well known in the art that rigid amorphous glassy polymers do not exist in

25  thermodynamic equilibrium. Under cooling conditions, the amorphous polymer passes from a
rubbery state through a glass transition temperature (Tg) in which long-range polymer
segmental movements become drastically hindered as the polymer densifies into a solid state.

12
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20 wherein the first polyner erosslinks to a second polyner fornmed froma
second repeat unit, and wherein the first polynmer crosslinks to the second
pol ymer without formation of an ester group. The term"nedium"” is
used herein for convenience and refers generally to many fluids, |iquids,
gases, solutions, suspensions, powders, gels, dispersions, slurries,

emul si ons, vapors, tlowable materials, nultiphase materials, or

conbi nati ons thereof. A medium can enconpass nany nedia, including, but not
limted tg waild, bavafrent idlehs of @G adksl] iPeid aehesi Talssesskistd updiliehegas,
natural gas, fuel gas, No gas, town gas, waste gas, coal gas, or a carbon
di oxi de- COMPEIIHATRY U RADINCIA medi um can conprise a nixture of a plurality of
conponents. The tetra "plurality” as used herein refers to nore than one.
A nedi um canltdppreylinen| of g PEsert OEHPGReRELng Hel BRIVRY Bt Rofo @
limted tQnpesahilRoRrthicdX i BrosMUMTR S8lyms bR WOXMGaRe pHYHRN MidLiSaniaC,
salt, 30water, mnerals, other inpurities, or conbinations thereof,

I n an Sexénpreatyresniséinhinindgie depebervéaiontol it/ Bist 1aert Unive Hep ataipls dpdicat i on
devi ce '%a&o'af'aﬂﬂ@%&h?;n?ﬁmr At &rtloxg@hod QM DREMT! hidife the Aahdielo a

exenpl ary enbodi ment o e present 1 nvention, thé nedium separation device
can be cderhpegumed! plpus dpiCavebiydidgen sul fide (WS) fromnatural gas. In
yet anot her exenpl ary enbodi ment of the present invention, the medium

separ ati on deW gecxcamlanecnorlimneioé thetpoeseripipndomn heatng the padymegimixturng a

t her mal | i Lit 4 O | f a

| nventi o IARIRS St 3 PRRHICRS, e L Ah G RUGE IO popiiks RIRERSY

As uséd hboweilh Ctahevettbe T V6 e Pblymef.eFa examplhedliproDédd: DEYB Aatizsor bt dicapout

. sorption_or.copgbinations thereof. 10A nenbrane, of, bhe [ ion
devi ce cgggbg" gggl ’t@e&h%ar%)rwn CHMFGUr At ons use‘?ftqung)rﬁhetg?e%lgP%%ﬁﬁ%n of
nedi a, sucfiiceat @ chisslinkahd pdigner compaseplhuatakitieypodymdrinbews:, to aeng8oicher s.

Regar dl ess of configuration, a nenbrane conprising the thernmally
crosslinked poi yoetes elbodiment pif éggmndsentrivention thedeatnpsdfrtiat pgyresrTharmedo a

stability to plasticization. The phrase "enhanced stabjlity to .

pl asti ci ZHPRGHE; Sélﬁéf“)r“élt%tcf%%h’ikeqlﬁﬁpgﬁmef%8°IB%I?SF%?‘ﬁ§W§eth%P Og'ﬁlél’r {HEFRRI y

cr ossisi nkeeuc1Gpad Warki theCDPOShd pORsenf Thhefdx, esenig itavenyiha@nmasure aopar ed
to simlar polyneric conpositions that have not been the, wally crosslinked
i n accor dHHEENCSHTICKHEL RETRYTE 1B PALHECTS FELEPTSH IRHPS Biy PopeT E%‘/ 19 Yed
nmenbr aneseQf adolie1 PrEe Bl théY &6t ihe PoShRWbitHBHAMEHIEE Shckit 3 8E abdVe IRSE; N
selectivity for conponent A vs. Bwth selectivity neasured by the

per neabi IhaBPIERETA, PA, divided by the permeability of B. Pg. The

enhancenment ratio, ER_of the stabilized 20nenbrane selectivity (PAIPB)*,
di vi ded by t h& ahsmapiineniedf He mssaHdnsarert hyheafing pA/ISBPOLYBRE[UBNE PRY: | /
(1A Bg) Itémﬁﬂu@%uﬁ%cienl %‘%?{))ssﬁﬁ@ﬁ'ﬁ: plyherOhaf @iniRe Bbatng a8t pARAM mikndo to

As used herein, a "film" conprises a layer” of c,rosslinked polymeric
mat eri al temppeRitwe cangitgaven abouay &t g abRiiclNeS's lbfnogiss aabpdmentch A presgnt

m cr omet ol LN € : i 2 i hQn, a
1§ m can hauast, e pkling brebETRhALY AHRRELIR buBlrbRE RTGSADD POSER 1R
Al t er nat ippbimers may @inrprisaheadiay ércanlyance nayeret thioknesse oingaldiom atoot 180 °C

EM E30113t9%50912.3(%@l\/9 to at+oUt | pm

25 The heating of the polymer mixture to a temperature sufficient to crosslink the polymers
can be performed for various time periods ranging from about 5 minutes to about three days.
One of ordinary skill in the art would realize that the duration of heating the polymer mixture to
a temperature sufficient to crosslink the polymers is inversely proportional to the temperature of

heating. Thus, as the heating temperature increases the duration of heating would decrease.
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As used herein, a "fiber" neans a continuous, flexible, filanmentous
material having a relatively high aspect ratio (i.e., ratio of length to
average | ongest cross-section). In an enbodi nent of the present. invention,
an aspect ratio can be at |east about 4:1. In an 30enbodi nent of the.
present invention, an aspect ratio can be at |east about 10:1, at | east
about 100:1, or at |east about 1000: 1 In an enbodi nent of the present
invention, a fiber has an average | ongest crosssectional dinension of at

| east about 5@ MNexeMPlat ehBaBher@bgUhe pRBeMInvediiotheh@@Sthe 3BB4er BHQuRI N, oOr
at | east about 300 m or at |east about 400 pm As used herein, the term

"plural i ‘f‘S}“FB‘Pm&%QAs AP Rymeries Bratingre pilaesto %l?qsbétrou&é%%rq? des a
core. Thgofiersuef the present ins union can be a solid fiber or a 5
holl ow fiber. A hollow fiber is simlar to a solid fiber; however, a hollow

fiber has a luenedibsPesadiiikt Ri fetie fér@ﬁ[mke@eE@?Q&esn%yo?urﬁ@f‘fdoglﬁﬁ%' on,
the core of the fiber operates to sor% a conponen he medi um hi an

exenp? ar Yreashserdinpaiosslished nodypar e ghout forpdpnpGRfure: He vsest kergf. thherm‘tsem sor bs

CO2 fromepatyural g8 L Khihse the thermally
Cl GsSI M ch 1rngtlt erlr ali%stO g?ﬁflﬁglr%rr&eﬁsé& |nfr11{h/l§ezﬁg ?(gﬁym%%m b en enbodi nent s of

the present Iméqr&mrbfqmmrg (BRI R c RN o B ﬁﬁ&l@{)&&hpﬁrﬁsm@ﬁn@esposed

within the lunen of the hollow fiber to forma bore ore ectively
oper at es? {Tee fechlgsnealr ip e pponte of e Eermlynkr ot deotcoad bplyaer tﬂafy?wlb@r@pr i se

the thergg gl&%ereﬁi%ﬁ%? ki 0keed ag rdnﬁJte %ssrlﬁﬁ P &SEAL, édlrﬂés rt&nea Pl

embodi ment the present in entr on ore an ore of
may Eonpmisyelreerradisd menepators knowmim théent, rmfﬂil@xng boissi limiked tpdibymey] mﬂrtrmeerl al s.

Such enb d.t t he. ar [iths I n
ot her en@qj mtﬁ?bslgécﬁ) B’E&n?tﬁr eseﬁ%ﬁ}enelég 1?’1 m, emxhda &‘8‘?@ o] 1%? Zoy]f %Otass%gly
conpri sepeasmlfaEr émell dombmamlthenmmmmlgenheed Mhougtenanvesmng tol rvenbd bnanywher eas
the core e rent terja i | ithin the
scope. 39‘6%. S |er(?r E}e pres cﬁasfﬁeg r?(& atm?é%g\erﬁﬂﬂé ?f)*%ﬁ@& P‘%\‘yw&ft eri al
of t he parﬂsbaﬁeconal\wmempemﬁm tlbzalsersEIdmraSteﬂlpsnammrtcb inflade tﬂerhﬁl trowlifikibess (i .e.,
Therefore, sorbent fipers having a sel ected chem cal
cowpbsr t‘?pé’ﬂs‘%]l}? ERPHGE BEETHEdC h’é‘@ﬁ%&eﬂif FElEging tE‘éﬁ“ﬁB"@H‘ﬁb?ﬂdt ed by
t he conpesiddippnenedin hhebspiRSE He fiedYRIMal @derator. The concept of providing a
support structure to a fiber is also applicable in the case of nenbrane
films. ' Me thﬁfoﬂﬁ“dﬁp@fQﬁSlhErlﬁljé@dt ROlYMERT icEmEORPOS inkddats Lparkind pEBSENt
i nvention m used to profyl de, a support structure to a nenhrane film

For - exanBBTYa%s uh AP e aR 0! EaRoTR GpISE. A BYOPTGr SoHBRE Ry

crossi i nkeghdradodipriging haviisngeRAt aMerBggirdthepdanass c@fnpﬁaﬁglta e zl Boup,
in some enbodi nents of the present invention, a fiber may further conprise

a shehat TR Ssrftrtmglyager F’é’é%‘flk%rmﬁé@%qﬂé Rolymer frameq e a sppaddeRsat Wit $idrs a

sel ecti Vignetdih e pOHARE BGsAnRAG iR Bl pblgict WRESut @ FhallBYo RGN orbikle
separation of the conmponents of the nedium The

The term “medium” is used herein for convenience and refers generally to many fluids,
liquids, gases, solutions, suspensions, powders, gels, dispersions, slurries, emulsions, vapors,
flowable materials, multiphase materials, or combinations thereof. A medium can encompass

25  many media, including, but not limited to, air, water, fuels, chemicals, petrochemicals, soil, flue
gas, natural gas, fuel gas, bio gas, town gas, waste gas, coal gas, or a carbon dioxide-containing
fluid. A medium can comprise a mixture of a plurality of components. The term “plurality” as
used herein refers to more than one. A medium can comprise a plurality of components,
including but not limited to, carbon dioxide, hydrogen, nitrogen, oxygen, boron, arsenic, salt,

30 water, minerals, other impurities, or combinations thereof.
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30sheath may conprise many polymers known in the art, including, but not
limted to, polystalfones, polyimdes, co-polyners thereof, or

conbi nati ons thereof. For exanple, a sheath may conpri se 61DA- DVA: DABA.

It must be noted that, as used in this specification and the appended
clainms, the singular fornms "a", "an", and "the" include plural referents
unl ess the context clearly dictates otherwi se. 5A| patents, patent
applications and references included herein are specifically incorporated

by reference ipaf Qﬁ‘érﬁplﬁgrehl'b@(ﬁlhﬁﬁt of the presehNmQ&ERAUME nlehiut BES6HIPdehRB is
vari ous conPonents may be identified as having specific val ues or

par anet erc§ gftme@aepar@th% fromp pagurgh g5 p A it CHYNRARE KPP aFiRe R ObF RFETFES .
| ndeed, nﬁ € ! ﬁE&luﬁ@€gﬁt[ﬁrﬁe§lcg Qa 'R cdn'ﬁ%?n{ad E(h?epﬁﬁ@(e' HHR &P Bﬁﬁ&é(}ﬁﬁ'ﬂ

Concept S O e pr esent I nvention as ma Yy conpara e par aneters, sizes,
ranges, afmm oatumalg@seslnwaym@éler rpineniasy eedodimenisHdlg pregsat merdost e éhedigm

cour se, - tal fheud AL edpiIdor e ALLS ARl LCRXSITR 3Ly BIRIMIRN LS udde

pr esent I on an hat i cations or terations nmay
suggest td@mpestimesanﬂcrehatedslevsésl 1l tbel presertt fieveatien wint hroagapidé e use g thf mem t he
spirit and t scope of the invention as set forth in this disclosure.
15The pre§§ﬁfﬁY ﬁPﬁéﬁ“F% further |IIustrated by way of the exanples

contained her 6l WD, Ahe BLOUGEA FAL (&I oges%foﬂh%%sm%w—g%o

exenpl ary enb nents’ s not be""¢ons

Iimtati apsbiqoonstthaeedscope thereof. On the contrary, it is to be clearly
understood that resort may be had to various ot her enbodi nents,

nodi filcat i ons,A arcbeqguioy deantduh kegaeofonwhiich carabd edapted adinngy thdigdesiond pti on

her ei n, est thenselves to,tho 2

Gopar ] ng Frbhf Ba ettt oot up et bt | it ranuharbhienanolbbAOSE | ne
gppenged R‘dggid(ﬂj’@is of %lonﬁgurmﬁr ew@h ranwhbinpnﬁm@?d itHeRRAlSy @bsstifiied pblywemdfmlﬁ’e have
een described in det Wi t rti reference to Y.

ermbodi merteseT fRySMOgemoagirais; fencs tSta\%fl'ttY AU ?ﬁaﬂﬁv | SPERE and.
modi fi catgM0gy ¢aplaheiafibeChadeitd iddmt BL S GREBrvinct BE uiermaﬂltauparoaamﬁ@‘ i ned
in the 25 appended clainms. Accordingly, the scope of the various

enmbodiSmemoyynesrict Kempestisat of e ntPBAT SABERN ndt CBBPHPHT Ped G t RAYRHYY e

di scuss e%ﬁfg@ﬁ%ﬂmﬂét%v@m b%@ﬁ) Werhn A HofEnidafih R&DrdYcd HEh hiRl hawbnbrehai s
and all equivalents. EXAWMP
present invention. The stab1hzed membranes of the present invention show improved resistance

to loss in selectivity for component A vs. B with selectivity measured by the permeability of A,
P,, divided by the permeability of B, Pg. The enhancement ratio, ER, of the stabilized
20  membrane selectivity (PA/PB)*, divided by the unstabilized membrane selectivity (PA/Pp), (i.e.,

ER=[ (Pa/Ps)" I/ [ (PA/Pg) ]) can be at least about 1.1, or can be at least about 1.2 .

As used herein, a “film” comprises a layer of crosslinked polymeric material. A film
can have an average thickness of about less than 100 micrometers ((m). In an exemplary
embodiment of the present invention, a film can have an average thickness of about 25 [im to

25 about 50 pm. Alternatively, a film can have an average thickness of about 100 nanometers

(nm) to about 1 pum.

As used herein, a “fiber” means a continuous, flexible, filamentous material having a
relatively high aspect ratio (i.e., ratio of length to average longest cross-section). In an
embodiment of the present invention, an aspect ratio can be at least about 4:1. In an

30 embodiment of the present invention, an aspect ratio can be at least about 10:1, at least about

100:1, or at least about 1000:1. In an embodiment of the present invention, a fiber has an

15
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Exanpl e 1: Deenboxyl ati on-1nduced Crossliuking of Po w de for Fathonmed CO2
30Pl asticization Resistance it is known that polyim detexceptional gas
separation properties. Selected nenbers in this famly that have both
"stiff' backbones and packing-inhibited groups within the backbone create
an attractive distribution of free volune for perform ng subtle size and
shape discrimnation, between simlarly sized penetrants. Polviim des have
shown prom se as a nenbrane material for use in aggressive feed

separ atlwa o TGN BSsNAb Al dlaenﬁmﬂ‘dt%&ea%umtdm 3 i Qi Ghdut 108QAtGNt . due
to their gust mechani cal properties, high glass transition tenperatures,
and resi@ﬂemb@MUbF@hemumatbbﬁe@kﬁéﬂhumkbmﬂﬂmmtammn406uqm ps esduhers), e 02
tends to pla nmenbr anes, which greatly dim nishes

the separa mﬁ ?fsgbeﬁcvﬁ%?mtﬁgoﬁé%@;%ﬁe Recent wor k denonstrates that

crossllnklng i ncreases ressure at
pl asticizati o%flg‘%cclﬁ)%néa rlsetshau("sO "sta ‘iel?e?l %%tﬁ resen nnﬁl egthoél bﬁl o] lér 91][?)?reosrsaur es of

C2. 5LI 'ho'l]h@ fiheal Achicdles/ fibek isngmégemntassolid éﬂten hotvines, erllowefibanbak a flondred

i ae betkBonG"aHn R BReged o PSS B G B o des

However , cdrﬁpesan estiermddivk agesm &afmpmgt emddahény ob@c hydealiyzadod, hea@ss €Ssi ve
acid gas feed st fects of crossllrtklng and

whi ch uld r verse t f
greatly P8 ahé%rﬁﬁ %@Beffw @P@%g%f fg ber may compyise e hegmatly o, t he

sane Car@@%MM&ﬁnﬁ@hﬁhQ@ﬂk@hﬁaﬁ%“QaﬁﬂlpOlyane fromthe previous work is
used; however, the discovery of a novel cross]inking approach is presented,

whi ¢ty 1 esul t Sniembadisony ak &i@tﬂr%eﬁﬁﬁﬁénh&k eshRBIngEfollbhafibek, acksietiN @86 be
vul nerabl e ester |inkages. Although not w shing to be bound by any

parti cul 4rPoplewityn the 1“F’§“ & rheéwélaWthSf to fqrma aﬂ%%l A&P&%%flchmlh PWT%GS to

mechani sip@eRbas dppoual the desarhaxykigtd @Ry ebmpie tﬁ@lt&rﬂﬁnd&agshﬂkedﬂ gh
tenperatures and creates free radical sites capa crosslinking wthout

the di ol MeEHdSf fherkesapy IBgaHen: udesdme srppdyicas of tlmrfréent invention, thevigreidal s and
Met hods. hJThg,L Qp‘ﬁley Fipdd Cgy lé§1ﬁgl’denthte hiy §1e VT é’fmil% %E%Il?p%%éd( Zolfthericshown

in below, and is further rTeferred. to as the "free acid polyner due to the
openl®23 @&P%%yﬁqcb e@é@famgm@&rp@ftemreﬁ%dmmhwreetryonomt@m ng inhibitions due
to the DAM noi ety provi de considerable free vol unme, which enhances the
product i vi t y Iefothepempedierinef thsr prasgniuinaentigasthe dpegr eft thoiger 1OnY coariseteher

band, t hﬁe&ﬁﬁﬁ‘c%@%lﬁ}(id %tgl‘{%gfflh ng)rr&éﬁltg%hérﬁ whElets RERSBRE 1@ ERUPeontYHGN Can

be used {0 Cross
a different material. It is well within the scope of this invention that the thermally crosslinked

polymeric material of the present invention can be used as a support for a hollow fiber (i.e., the
20  bore). Therefore, sorbent fibers having a selected chemical composition but lacking a desired

mechanical integrity can be supported by the compositions of the present invention.

The concept of providing a support structure to a fiber is also applicable in the case of
membrane films. The thermally crosslinked polymeric compositions of the present invention
may be used to provide a support structure to a membrane film. For example, a support layer

25  can comprise a layer of thermally crosslinked material having an average thickness of about

100 pm.

In some embodiments of the present invention, a fiber may further comprise a sheath
surrounding at least a portion of the fiber. The sheath forms a selective skin surrounding a
portion of the fiber and may permit the separation of the components of the medium. The

30 sheath may comprise many polymers known in the art, including, but not limited to,
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This poi:Oral & was synt hesi zed through a two-step pol ycondensati on
reaction. In the first step, stoichionehric anmounts of the three nononers
were added. to NMP at room tenperature to nmake a 20 wt. % solution. This
solution was slirred at roomtenperature for 8 hours to produce the

pol yarnic acid. The second step involves heating the highly viscous
solution to 200 OC, for 24 hours to close the imde ring and conplete the

i mdization of the polynmer. At the beginning of this step,

or t hodi C%&fsgﬂ&ﬁg,%ims,%%ﬁqﬁe@s B80S 6} ttnhRMiid Rk hakbOWRd et fnpi€hlskvati nto a
Dean Stark trap to facilitate the renoval of water which can cleave the

am de bondaueinpred (BARYIAZMMBA. wei ght. Great care was taken to renpve
water fromall aspects of the synthesis to further the reactions and
prevent chai n lsesdiegmwieddhatmsiuscdigshi¢ienseilicpicauigh trappeiylearingshBRistigriar 10
over dri ed, fptecylar,gi@¥escud! YAt BRI BREQ RaRddictd e &M ng
and purging all glassware, and Intaining a pure N2 purge during all steps
of the reacti Om'paléﬁrt"ss, [ OSHARN 0ROl FBGedcBe iRlLAUNALEAN RS spdgicamy de
peak followi ng the thermal imdization procedure. Once imdization was
conpl et e, ingdrporglodl by rederenvadn eieentpreticst ed i nto a 50/ 50 wat er/ net hanol mixture
to phase separate the polyner. The polyner was then bl ended and washed
multiple 15 tThrshaittthis dhesripaene vanasrarpPnas] wey ba identikicsor haaimgepedilit e t o
renove as P - : e

ol ut 1 on e & R ERERRELRL e s e e TR o B MR TR o,
The gl ovehbagemplsrypemigeldinerits ko puot dinnii theogreivu$ @spet6 andnepnespts of Henpesnwat er

and then saturated with ' f r ont open jar w,thi
ot DE" RRLMEE LSS dhnalibicdarilel LBE DAL ANl Ny BEflOckr 1
syringe tdwaddge vad@s@od, pinc&irkE: tak tHedbreigoing r¢lites ondy co exBnglanp bubwbsegover ed

with a glass dish to. reduce the rate of THE evapor.ation. roximately 24
our s 1 ot B Pregsil s ot putrarh B et & BB EhotR ARSL A RETS e
hag. Fil nmédeisekressas drowithduk Sesiti@dyroretie: 00 itmicepy oble phventidiass set
perneation measurenents in this work were acquired using constant-vol une,
vari abl e-BrBESHSISIPSYEms which were operated at 35 T. Pol ymer film
sanpl es for gas perneation and_sol vent dissol uti tests were anneal ed
abovelY he gl add AR Y EHOR éSnB’é‘?‘SIt gl g vay é)grr‘}‘ler SrMalys |8P'6t31é‘8fﬂg‘éte‘éfnd

envi r onmefich ISr@h@8For J120$ bt LRARRARE! ahdeLendpldty chbBb&EmeAP Ghatiadeo vas
d.etermned to he 374 'C. fromdifferential scanning calorinetry

measur eneROEMCR) B W SeiSPRENE IR ipeR BEdFevaTTtRls Grohc AN dng (30

pol yner . (BeGans ndioal ﬁﬁtsregcfr@ﬁlgﬂ’ bd B HEAREEAI M @mibSdisRnB] @bkifididRehm cr af t
split-tube furhace was outfitted with an internal thernocouple for

t enper at WqBivelshis thsireod mdhich, Hesr raaging dregleseription bereia. @AY sussest P usitp giose

envi r f ~ R Atech@RRtnidD fdBERe Ldope P

ol L e e R R ) Pt R T (e 88 o
appr oxi nmethebppeb@®dsiaamslar d cubi ¢ centineters per mnute during the annealing
process. All sanples were annealed in a free-standing state by hanging the
sanpl e with cdppeforai weilgOmbeligens of ¢lsis inteaadn baysporen . deTirved e dgwll with

anneal i n roced hown in FEi : i ncl - : i at
ol her auNRR] R ERes BOGU ol BBl fpls, HOG HARgR P Sy JRA S UEP 2
t o as anneahiiong apd otodifehtidh? rart oy efRBtelouithén the scaproVy ereamentiesasdledinedsiol thent

foll oyed b rapid r 0,15 degrees,above To 89 1)C 1) for .40 m nutes.
a i aohed iy R e TR 08 SR AR RS e et G Lo

t hr ough idnoEdinat & leeval thé alee tdiveudsert araselimewhs, ahd sloekd app bx idafixiedlby tBe t o 4
seconds. cam natio f th ol ymer during the annealing process was
conduct eotjoﬁ‘g‘%(‘H§°@H]é§rar?a§ﬁ§WW§?‘ﬁ?'c analysis with the ability to he coupl ed
with ER %A&%@Eﬁed gas determ nation, The ILIA was a Netzsch SPA 409PC

i nstrument’ Il sanples were run under an Merl N2 purge of 30 tritimn.

The tenperature profiles e displayed with.the s Lpss data Fo

nmeasur ené?['ﬁaé',‘pl‘é a(r)[&"&‘ﬁﬁ"é‘ﬁ 6'?“'598%" hg%[’s?lg&'ﬂgjf’f gl%fyd'im @’d'i E“@Pﬂce té(llszéast
64 scans Masicisa6n Residtan@asure either pol yner sanples or evol ved gases from
the TGA
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Fl uor escence spectroscopy and solid-state carbon NNWwere enpl oyed to
exam ne the polyner follow ng the high-tenperature thernmal treatnent. A
CRAI G 1000 spectroneter 11:331131. a 50x objective at 365 am was used for
fl uorescence neasurenents and a Sinker DSX 300 was used for NEUF

measur enents. 20Results, Recausequenching a polynmer filmfrom above Ts

i ntroduces | arge anmounts of excess free volune into the polynmer matrix, gas

perneabilities in the quenched filmwll he significantly |arger than an
as-cast or anpeakgslyd ihan Riyithiaes 80 e fRbESdaflas Iéb%faﬁf)@rpeopeh{ésor d8kcrdo
conpare a. quenched sanple with a control sanpl , gas perneabilities are

nor mal i Z@eMMTe i essigaety that dayenoth RstY dacihoneredsi narkips rddsiard @ment vabing at m
Figure 2ndiflals Rl RELIRARIbbYon'Sh b QURRE Ml hrohiie AR 86 thapol yirer
fil mqguenched from above usi ng protoco a cont % sanpl e anneal ed
at 220 13hane @scrfn@nat@n@elrwam smilarly yipérdneipings t Rodyimatep bwerSQg‘pmnmliﬁoas & his
pol yner i - ) essure
OF 400, phrOapn B forle W I g SR r bl o8 oM S L R B R e
pl asti ci zligh 60 cesésidncethefobdgtrerchimel poperhies high ghm:teedlsmes testtpamuees s

si nply aan'élqrgslilslttncc’fto Ichrf]:t EC%PHI%LPCI%WrJDIi‘F e%/(t%egt% b eree sgres ndts(%o pst cize, or,

pol ymer, quenc 6d s es were pl aced’ i'n™t o] ' 38 or’ casting
t hi s pol ypieth ;iﬂymeﬁrmelﬁbram t\ﬂucksgrefhlyasmﬁlyshbﬂhemmﬁmg efﬂ'HEncyarﬁdlel\ﬂMMbrElm al |
three so vents ched sa rediss a free
bt a1 Bl ReaR e r Sy ARt AR BROBT RS deasesBe pBSIS Ry | n
NVP fmr \iz&cllnplasmzaﬁhlets‘@utsy\muﬁ eﬁmmsgshel methigateatsomee pleasures OF (L1,08 SThenki ng
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Polymer film samples for gas permeation and solvent dissolution tests were annealed
above the glass transition temperature using a controlled procedure and environment. The glass
transition temperature for this copolyimide was determined to be 374 °C from differential
scanning calorimetry measurements, which agrees well with literature values for this same

30 polymer. Because the glass transition temperature is so high, a Thermcraft split-tube furnace
was outfitted with an internal thermocouple for temperature control and a helium purge to

create an inert annealing environment. The furnace tube was purged with at least 10 times its
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volume prior to thermal annealing, and the helium purge was maintained at approximately 50
standard cubic centimeters per minute during the annealing process. All samples were annealed
in a free-standing state by hanging the sample with copper wire from a stainless steel support.
The thermal annealing procedures, shown in Figure I, include a sub-Tg drying step at either
100 °C (referred to as annealing protocol #1) or 220 °C (referred to as annealing protocol #2)
for 23 hours to remove any residual solvent followed by a rapid ramp to 15 degrees above Tg
(389 °C) for 40 minutes. At the 40 minute mark, the films were rapidly quenched to room
temperature through immediate removal from the furnace, which took approximately 2 to 4

seconds.

Examination of the polymer during the annealing process was conducted using
thermogravimetric analysis with the ability to be coupled with IR for evolved gas determination.
The TGA was a Netzsch STA 409PC instrument, and all samples were run under an inert Ny
purge of 30 mL/min. The temperature profiles are displayed with the mass loss data. For IR
measurements, a Bruker Tensor 27 with a resolution of 4 cm™ and at least 64 scans was used to

measure either polymer samples or evolved gases from the TGA.

Fluorescence spectroscopy and solid-state carbon NMR were employed to examine the
polymer following the high-temperature thermal treatment. A CRAIC 1000 spectrometer using
a 50x objective at 365 nm was used for fluorescence measurements and a Bruker DSX 300 was

used for NMR measurements.

Results. Because quenching a polymer film from above T introduces large amounts of
excess free volume into the polymer matrix, gas permeabilities in the quenched film will be
significantly larger than an as-cast or annealed film of the same material. Therefore. in order to
compare a quenched sample with a control sample, gas permeabilities are normalized with
respect to the initial permeability measurement at 2 atm. Figure 2 displays a CO, permeability
isotherm for the free acid polymer film quenched from above T using protocol #2 and a
control sample annealed at 220 °C for 23 hours. A typical plasticization response for this
polymer is observed in the control sample with a plasticization pressure of 400 psia; whereas,
the sample quenched from above T exhibits enhanced plasticization resistance. To determine
if this enhanced resistance is simply a result of introducing more excess free volume into the
polymer, quenched samples were placed in typical solvents used for casting this polyimide into
films, such as cyclohexanone, THF, and NMP. For all three solvents, none of the quenched

samples redissolved. In fact, a free acid film quenched from above T remained insoluble after
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boiling in NMP for 18 hours. These two responses indicate some form of crosslinking is
occurring, whether physical or chemical; however, the free acid polyimide lacks the diol

crosslinking agent typically used to crosslink this polymer.

There are a few possible explanations for these responses of the free acid quenched from
above Tg which will be explored. First, this polymer is capable of forming charge transfer
complexes, which has been shown to stabilize another polyimide against plasticization. This
stabilization may also lead to greater insolubility in typical solvents. From a thermodynamic
standpoint, when the polymer is in the rubbery region during the annealing process, enhanced
chain mobility will allow alignment of the necessary components to form these complexes
which results in an energetically more favorable state. Second, thermal degradation of similar
polyimides has been shown to create a carbon structure with enhanced gas separation properties.
This new material should be resistant to penetrant swelling since it consists of a rigid,
ultramicroporous carbon structure. The Tg of the free acid is sufficiently high (374 °C) that the
beginning stages of polymer degradation may be occurring which could lead to these
stabilization effects. Finally, even though this free acid polymer is considered to be
‘noncrosslinkable’ (i.e., it does not have the glycol crosslinking agent chemically attached to
the DABA acid site) the high annealing temperature may cause some form of chemical reaction

or reorganization to occur which could then stabilize the polymer.

Investigation of Charge Transfer Complexes. Figure 3 presents fluorescence spectra
of a free acid film dried at 70 °C for 24 hours and a film annealed using protocol #1. Each
curve is a representation of three different measurements per sample. The samples used for
these measurements are adjacent samples from the same cast film, and both samples were
measured on the spectrometer at the same time to eliminate the issue of changes in instrument
calibration over time. As a complementary measurement, a structurally similar polymer,
6FDA-DAM, was examined with fluorescence spectroscopy in the same manner as described
above with the results shown in Figure 4, and solubility tests were performed in THF and NMP.
Even though this polymer is structurally different than the free acid, rapid quench from 389 °C
increased the film thickness from 33 pum to 74 um. This response is indicative of a polymer
film surpassing the glassy transition followed by a rapid quench to room temperature.
Surprisingly, solubility tests revealed the 6FDA-DAM polymer to be soluble in both THF and

NMP at room temperature following the high-temperature treatment.
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These data reveal many insights in annealing the free acid above Tg. As mentioned
before, when in the rubbery state, these polymers are expected to form charge transfer
complexes which leads to a more favorable energy state. The fluorescence spectra for both the
6FDA-DAM:DABA (2:1) and 6FDA-DAM confirm this hypothesis as shown by the four-fold
increase in fluorescence intensity when quenched from above Tg. Also, the 6FDA-DAM
solubility in THF and NMP following thermal treatment demonstrates that charge transfer
complexes are not sufficiently strong enough to stabilize these polymers against strong swelling
or even dissolving in these solvents. Ultimately, these data reveal that charge transfer
complexes are not the cause of the insolubility and enhanced plasticization resistance of the free
acid, and the DABA moiety of the free acid is most likely responsible for these effects

following the rapid quench from above Tg.

Investigation of Oligomer Crosslinking. Previous work has explored the ability to
crosslink polyimides with both small and large molecule diamines. While the polymer film is
immersed in a methanol/diamine solution at room temperature, the diamines cleave the imide
ring and form an amide linkage on the polymer backbone. The opposite end of the diamine
then reacts with another imide ring in a similar manner. The result is a crosslinked polymer
through the newly formed amides. The purpose of the methanol is to swell the polymer to
enhance the chain mobility which allows alignment for the crosslinks to form. When the large
batch of 6FDA-DAM:DABA (2:1) free acid was synthesized and analyzed with GPC, a small
secondary distribution existed in the low molecular weight region indicating material with a low
degree of polymerization is present in the bulk polymer. Based on the polystyrene calibration,
this low molecular weight material is equivalent to 1-3 repeat unit oligomers. If these small
chain oligomers contain amine end groups, either DAM or DABA substituents, it is reasonable
to conclude that the high temperature annealing above T provides enough polymer mobility to
form the amide crosslinks mentioned above. To test this possibility, the low molecular weight
polymer was removed from a small batch of the free acid, and the remaining high molecular
weight polymer was heat treated using protocol #2 and examined with solubility tests and gas

permeation.

A small batch of the free acid was placed in a near-theta solvent (50/50 THF/Methanol)
and mixed for 18 hours to greatly swell the polymer and dissolve the low molecular weight
species. The remaining polymer was then placed in a fresh 50/50 THF/Methanol solution and

mixed again for 18 hours. Once removed and dried, approximately 75% of the polymer
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efficiency of the extraction. The washed polymer contains only high molecular weight
material; whereas, the extracted polymer contains a mix of high and low molecular weight

material. The molecular weight values and PDI for each are presented in Table 1.

Table 1
Polymer Mn PDI
Washed Free Acid 78,337 1.904
Extracted Free Acid 912 4.449

Upon thermal treatment with protocol #2, the high molecular weight polymer remains
insoluble in both THF and NMP. Furthermore, as shown in Figure 5, after rapid quenching
from above Tg, the CO, plasticization resistance of the washed free acid is nearly identical to
the original free acid. Therefore, the small chain oligomers that are present in the original free
acid polymer are not responsible for the crosslinking effects that are observed following rapid

quench from above Tg.

Decomposition of the Free Acid. TGA measurements coupled with IR of the evolved
gases were conducted on the free acid polymer to characterize the decomposition of the
polymer. The temperature was ramped up to 800 °C at a rate of 5 °C/min in a nitrogen purge.
Figure 6 displays the mass loss of the polymer and temperature profile of the measurement.
The first mass loss begins at 80 °C and can be attributed to water evolution and possibly trace
amounts of residual solvent since mass loss continues until approximately 220 °C. There is also
a second mass loss between 350 °C and 415 °C which will be addressed later. The significant
mass loss associated with polymer decomposition begins at 470 °C. Figure 7 displays the 3-D
IR spectra of gas evolution, and Figure 8 displays the IR trace at 1150 cm” which corresponds
to HCF; evolution which has been determined to be one of the first byproducts of
decomposition in similar polyimides. The large, growing peak at 3200 cm™ is a water peak
associated with ice formation on the external IR detector. These spectra confirm that
decomposition of the 6FDA-DAM:DABA (2:1) free acid polymer does not begin until 470 °C.
Since the annealing protocols only go up to 389 °C, carbon formation from polymer
decomposition is not responsible for the observed insolubility and plasticization resistance of

the rapidly quenched free acid.
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2006, 9. 1he Begeopeglat $20Kose aﬁdwatehaea%mt ‘é[ﬁ'h%fr geatiog onjthe exteigpld at

| over 1 GTHSEE@P lhro%vé?nﬁi id {81 bl@\{fIIQJh 'x%#e?% &BAkd AnThy lﬁls‘?[;g?c%gs Ardnd s1§1§al tlJ.le

msul t of decar’boxyl ation of e e structure he free acid
pol ymer fhiddepwe thim théd lmrgeapeabr oHetsngcreQShen rhxsbanos durigs bie ifattef Olisedpnde ov al

of t t peat
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derlvatl i s of t data i.n Fiqure canfi.rn amasslosof
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obser ved otass bkwesn 4000 enpesiat weasls jib tigudell ow Thorcfwe, Cheisf mee lfkelyoqugj ymer

associ at ed th the decarhoxyl ati on e free acid in the DABA
pear oas b ol e PRSI T AT PR e AR ASURED P et Ehed

fr Om’l@bO\é@nfuhﬁnga!hﬁﬂhé Bdb&aie adib @roup Wilebpoa@Ble-for @S Snaeé 10kd) e I Aot lesiftias .
Fi gure 13 di s gh-frequency range for these filns, and the broad

s the hi
peaks in &R, Béﬁéep%fmegmes t9nusss cipglp therg ﬁ)l”é’alnlas?s desoriioft &4 B tRYSH

stretchi r@gcd(ﬁ&;sﬁbhgp@eg Xglepeen greatly dimnished in the filmanneal ed
above TG Thi's broad peak range

Cervantes et al. (Polymer Degradation and Stability 2006, 91, 3312-3321) concluded

that benzoic anhydride is first formed at lower temperatures and the CO, evolution that occurs

30 at 353 °C is the result of decarboxylation of the anhydride structures. If the free acid polymer
followed a similar process, the mass loss associated with removal of the complete anhydride

structure from the polymer is 2.16% per 2 repeat units of the free acid (6 6F'DA, 4 DAM, 2
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10 is not just a result of sorbed water in the polyner since the film
anneal ed above To was rapidly quenched to room conditions and was not
nmeasured with IR for a nunber of days. Therefore, it would have reached
equilibriumw th the environment just as the dried free acid film

C-NVR was conducted on the free acid polyner to confirmth.e | oss of the
carboxylic acid carbon during the heat treatnent above Tth A free acid
sanple dried at 220 cf..] was 5 conpared to a sanple thermally treated

using proABael s vAld (ghe s abehi facAsshORMBNiSyMRERpHRIRE N N&th usi Ng
Cheni, Drawt . software. Because the absolute intensnies of the spectra are

not equiAMAYdHe. st daiatizh arasissof Be donclamadtiaie i Oreapart 2 fgst e of

ar omat i of §F; 4 NERKSpOf Thi e RA! YiMBLNdals! e phaNgRy Ahat RO o%&?v&apmssmes E’Leak of
interest is the car bonyl carbon band in the range of 1.70-160 ppm which
conpr i selsmpéralueaiusoRyPw dodel e dar boAgolgicns| assogigiedtvetintbe ée@m%blnwn 2o

car bops. , Afed m(eﬁrtﬁjkDggﬁ%éu& of the peaks confirns a reduction in the

carbonyl car on pea W ng anneallng above F. to ensure this technique
is accurate, [pe hed to
the CF:; groupsﬁ%g Ophgg%g%ﬁﬁP car ons gnQE@EG&Q@§§{§?ﬂ§p@f?ﬂ£?%§pect
to the avgmtnclosRg tlpﬁe‘akcid\gtee e kﬁeﬁh&llﬁyeme Hiflefequeesyubte far Gedifgpbayed in
Tabl e 2. X Laht i mde
car bonyi “SaPpe paLiia BEEo! £108UF ARR T hplorIPRLItBET BER ROl

decat boxybratiomaysbeon Ig;eaﬂ;l diblifshodiin e ﬁltn ainseair@t abpes$t.blleis br.o)adl eéakmanga/el y
dete ne the unce soci at e nmeasur.e Iechnl ue, the
or olht "SRRGS Rl RE NG BRRCR R e TR R R ek € R L one

I'ight OquiBthhedl nceohabmiiyorsfand hes eot measuedewmisn ks for Alnumbdfre)f‘d@‘sy The[aﬁire, it hi s
tech bl i hat C=0 d f
the pol yRRHT BORGEE E'? SrobEr b e%‘VH8?‘He%bHS§%éEO$%Gd§Wﬁé“&ﬁgl&‘r 33332 G
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gai n an ahtesrsinadinaghefhehovtatoner ppOeERS OCauE Sciandmpk dried a2 €adwio

cross)inkin urin r mal I’QCGSSI n | ow rank coals. In one study
usi n§ W@lﬁ‘g’f"'glto %Ff\gﬂﬂt]"oﬁﬁ@ ly “E%tﬁ VAl =i Pfaioc‘%(”%nélwe@“# WS aspiggpenty grere

1257- 1264k)er@0RE th@Ché}ﬂbratN@?s&M&ﬁ | H ks 8 the Obs u rkesiidCdAhOGRbESark Rbough
anhydride formation. and subsequent deconposition to formaryl radicals

whi ch t HaURRIE's P faa e\ﬁaﬂﬁlstlﬁ%"fﬁiaﬁ?ﬂ WP &eecs i De pematic]CHaraeks IR Yyt s of

t he model yanygrdrdenins ﬁiﬂhtﬁﬁé%@ﬁeof iveRbide the2 Mo §1Qa8h Bktdih ldrapsoguct s

wi th a deconposition ra % hi! at 400 Interestingly, there was no
crossl i nk@d6prrpaucrhigh edprises thenvabisyhodell catioas af gich figha iBskdagionyhe open
radi gal Sidogs- Aﬁaﬁt%grapﬁhalfhﬁ Jf%ﬁ&ﬁééaﬁﬁc&{fﬁlﬂyﬁtrédlﬁﬂ& ga%. RYBLRAUGHSn pEakay et
al. (Energy ct Fuel 1287) concl uded that the decorrp05| tion
of the arhywing dencplare Fhoxe vy [Eeleysmrm@wde@nbxyees gegdipicapeak demdtanalysesden t  of

honol ysi 0 d r | oss
in the GE%%LEIE)%%F% (%Zt@ﬂ %ta ftroetéggs:ﬁ ?&% a?r}grthéa%%y&%tb:g&?ﬂ?% @Fl%ﬁ y

bel ow t hamine eibiréspedt t@W@emnaut/Cfemﬂ(e’teee tlempvabredf Thive rantydr ddplajor mat i on
across tywg. DABA species. Wth the known pathway to crosslinking shown to
occur in the nmbdel acid described above, it is reasonable to conclude that
t he J;g gh tenperature treatnment of thlea EeP A- DAM DABA (2: 1) free acid polyner
produces a crosslinked poI ymer in whic he acid site of the DABA group is
arylated to another portion of the potypmer backbone, This crosslirtking

most likely occurs in a few differlent_ pl acé$Cal ang.the backbone. if the
proposed i nduced decompositior*pat h%fv&fo “itfrj‘eéroﬁnwmgbde hol ds true, then a
hydr ogen nust be abstracted from tlhe babk% The hydrogens in the DAM

met hyl groups have the|l@westc.bend di sspci at| on energy, and are therefore
nost likely to be abstractedowmich 36¥hen Etéat gs'd%ethyl radical and
possi bl e crosslinki ng stte—Converisely, even theugh—Eskay et 2:7

Q“?gf?;yp;‘;‘f)b"“ 0.084 0.083 1.0%
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al. did not observe any crosslinked nodel acids, it may be possible for two
radi cal DABA groups to formlinkage and correspondi ng bi phenyl. One ot her
possibility exists as a potential crosslinking point. The gradual nass | oss
at 389 0C from 4500 seconds to 6500 seconds in Figure 5.9 nmay be the onset
of deconposition caused by 1-1CF; loss. A simlar TGA experinment 5 was
conducted with a maxi numtenperature of 450 OC, hi this run, the gradua
mass | oss at the isothernal step was slightly enhanced, and the IR spectrum
of evol ved gases exhi bife a smal I peak at 1749 eirf which is indicative of
O&g ?lltcmi 1 PL

[1C Th evol ution. Ther et L 1S possibl e phat a sned || amount of the CH
groups are being cl eave af'§§§ C. The | eaving UP] group woul d then provide
an available radical site for crosslinking. Wiile this structure appears to
be too t0 sterically hindered to form there have been studi es conducted
with a st¥imesttherald gnesimpkdic a9l garhon and highsinridiotadroas] @ibonh aserepedd pois dlek
crossl i nkj i e r, h a : Sl nkj |

hrough tHSTEAR ot ot < BB tORaR a5 MRS OLASEN B

cl eaved Clfisitively ditebnine the uncertainty Tksesieted pridpbs eckapoemerns t@hnignag sisd perdeki ng

woul d not  significantly alter the IR signature of the polynmer, which is
consi ss'?en 4 t%.thwuéxﬁe &y 8?{5%? %(gmgtgy Is‘i’rilgov(\)/ﬁ S i S v R e
subst ant i @lihdde hfeavuenmeaisbetiweerery hasethspedinigae esailiBesdhariani ishedCgeakbat 1400

I in the fil | ed TO. Wile thi eak. i t definitivel
nown, |1 1 B)E BEERLORR o Brana B oGt 1B G rER AP bORy F WG D 1

ranges from 1440-1395 | .28 B 1 USi. OnSe .Upaon rapi d .quenching from
Lbove T, “the MATERTTovaTcRt CronfinkiREar e Bt yor cesfruiy &b St A
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Insoluble 1n strong solvents and exhiblts. excellen asticjzatiaon

r esi st’andBOGes wep's %Fﬂﬂf&é‘@? Hgd &orresstipfing ‘cB‘ff‘“ér“Ei’s‘é‘?thj‘ﬁ af?g%ﬂa.g 81L 'é&’cr @als-

Char ge t rianst efudf QiR %8 Sral OhViRAMRA., EEQS S LNkEnggy @anhiydriode ©r eslizgkj ng,
and bul k deconposition are all dism ssed as possible causes for these

obser ved ¥8dpdndus the prgasinRingnef € NPl Refe 8&UFe HEMES EdHfTdendarnatian gl aci d

in the palyaehent NEESPRERiON S AR 18 IR | With el Qbsstifk WAACHeNghphMAGledS  The
subsequent aryl 15 radicals then erosslink with a few proposed sites al ong

the pol yrrehenadktienehemivysisedube ngelanhyshie it narichatang| yiddeks1% esslipkebi de a
much o1 &, LQRKSEiR Y YBMpIRESH e B ds9 PR PrBHS S CRALALdely! SherEEHRRINCES

crosslinked product created from two model acids forming a bond at the open radical sites.

p

Based on the reaction products and gas byproducts, Eskay et al. (Energy & Fuels 1997, 11,
1278-1287) concluded that the decomposition of the anhydride was most likely induced by a
radical and not a result of homolysis of the C(=0)-O bond.

20 As shown earlier, the amount of mass loss in the 6FDA-DAM:DABA (2:1) free acid
polymer at 350 °C is slightly below the theoretical amount of complete removal of the
anhydride formation across two DABA species. With the known pathway to crosslinking
shown to occur in the model acid described above, it is reasonable to conclude that the high
temperature treatment of the 6FDA-DAM:DABA (2:1) free acid polymer produces a

25  crosslinked polymer in which the acid site of the DABA group is arylated to another portion of
the polymer backbone. This crosslinking most likely occurs in a few different places along the
backbone. If the proposed induced decomposition pathway of the anhydride holds true, then a
hydrogen must be abstracted from the backbone. The hydrogens in the DAM methyl groups
have the lowest bond dissociation energy, and are therefore most likely to be abstracted which

30  then creates a methyl radical and possible crosslinking site. Conversely, even though Eskay et
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20Wnd, J. D.; Statitit-Biekel, C; Paul, D. R; Koros, W J.;
Maer ar nol ecul es 2003, 36, 1.882-1888, Wnd, J. D.; Staudt-Biekcl, C; Paul,
D. R; Koros, W.1llndustrial & Engineering Chem stry Research 2002, 41,
6139-6148. Wnd, |I. 0.; Paul, 0. K ; Koros, WJ.: Journal of Menbrane
Sci ence 2004, 228, 227-236. CLAIMS What is clained is: 1..k conposition
conpri si ng: a first polyner conprising a first repeat unit, the first
repeat unit conprising a carboxyl group, wherein the first pol yner
crossl i nksdtitod os&eRNEhyPab¥IRdf MR hcilid, OMudy $€GRLhIE éRadb Miibdl, DABA
wherein the first polyner crosalinks to the second pol ymer w thout
f or mat i CHOWP t@PrEsnkpeng sprrespArling biphenygh g pih¢rpessibiligtexiss| 4 metoledtidlss| i nks
to the seGaRdiRObYAET TIRY HELRHRMXMEALI 29 0f rrdileshi s&bndseB&Bho YRichds iihe
conposi tion of aim1l, Wherein the first repeat unit conprises an imde.
3. The ddéapesidtmayrpedhe @sefi andoconyheiien ¢rusddeyfii¢Istlos e pesamiluniGA exmepriesles
(4,45 h\?ﬁ%acfoh#{%%g'vﬁfﬂpiﬂmm#lhﬂqé}ﬁéerﬁhéPPth. Gn @i @R hig ';g#aqgal mafs 1018 the
conmposition o alm 3, erein the first repeat unit “further conprises an
am ne. Sothdrhel ganposilighdnerdfin€ll adnchtide, IRpertainn of hieladigaes ednptadsegnall
di ar ni no i.tylene 3. 5- .di.amn oie.acid, (4. . . .
2 hexar g i Lo Ry Pridthe LR RP ARES By A stk oreias ppaiplsgpac @ sman

amount of the CF; groups are being cleaved at 389 °C. The leaving CF; group would then

provide an available radical site for crosslinking. While this structure appears to be too
10  sterically hindered to form, there have been studies conducted with a structurally similar
polymer. The structures of these proposed crosslinking sites are shown below, where A shows
a crosslinking site through the DAM methyl, B shows a biphenyl crosslink, and C shows the

cleaved CFj site.
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6. The conposition of Claimb5, wherein the first repeat unit conprises and
wherein in is greatt-g- than or equal to one and a is greater than or equa
to one. 7. The conposition of Claim®6, wherein the ratio of m

(4, 4" - hexaf |l uoroi sopropyl i dene) bisphthalie di anhydride and

di am nonmesitylene, to a, (4,4'-hexalluoroisopropylidene) bisphthalie

di anhydri de and 3, 5-di am nobenzoic acid, is greater than or equal to 1:1,

8. A nedi um separation device conprising: a nmenbrane configured to sorb a

conponent of a nedium the nenbrane coip a first polyner
conprising a first repeat unit, the first repeat unit conprising a carboxyl
group, wherein the first polynem)crossllnks to a second pol yner

&Wﬁt

and wher eiln t k& ~4G's pol ymer crossl i nks
p.N--9. The nedi um

formed froma second |repeé
to the second pol yng '
separation device o ' : osslinks to h
second pol yner by dc. st repeat unig. 10. The nedi um
separation device of T aim8, mh@reln f i repeat unit is selected
fromthe group consisting of an je-g silicone, and wherein the
second repeat unit is selected gonsi sting of an imde and a
silicone. 11. The nedi um separa Cl aim 10, wherein the first
repeat unit conprises (4,4 - hex.‘luor0|sopropalldene) bi sphthal i c
di anhydride. 12. The nedlunlseparatlon device of Claim 11, wherein the
first repeat ygid ‘;;r%{ots&fa%olﬁtg)gpwbﬁﬁkﬁ? vﬂ)‘ﬂ(f‘ﬁ)t sf ﬁlc@ﬁﬂyn%ﬁtep AR $dAbire of
dlanlnon95|tylene I am nobertzoie acid

- hexaf ltappoysoprdpyi isdemejteMawiih ivhat 180@bsem«ﬂ)|ahah¢\m§1 ﬂgereeIﬁ The only

5 substantial difference between these spectra is the diminished peak at 1400 ecm™ in the film

annealed above Tg. While this peak is not definitively known, it may be the OH in-plane

deformation of carboxyl dimers which ranges from 1440-1395 cm [

Conclusions. Upon rapid quenching from above Tg, the 6FDA-DAM:DABA (2:1) free

acid polymer exhibits unusual responses for a polymer simply annealed above T. The polymer

10  becomes insoluble in strong solvents and exhibits excellent plasticization resistance in CO»
indicating some form of crosslinking has occurred. Charge transfer complexes, oligomer
crosslinking, anhydride crosslinking, and bulk decomposition are all dismissed as possible
causes for these observed responses. TGA-IR and C-NMR measurements confirm the free acid

in the polymer undergoes decarboxylation just prior to reaching the Tg. The subsequent aryl

15  radicals then crosslink with a few proposed sites along the polymer backbone. The resulting
aliphatic and aryl crosslinks provide a much more robust polymer material for membrane

separations.
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Research 2002, 41, 6139-6148.

Wind, J. D.; Paul, D. R.; Koros, W. J.; Journal of Membrane Science 2004, 228, 227-236.

29

2073639



13. The medi um separati on device of Claim12, wherein the repeat unit
conprises and wherein inis greater than or equal to one and n is greater
than or equal to one, 14. The medium separation device of Caim8, wherein
the nediumis natural gas and the conmponent is carbon dioxide. 15, The
medi um separation device of Caim8, wherein the nenbrane denonstrates
enhanegdh |gfbility to plasticization as conpared to a nmenbrane conpri sing
the first polymer and the second. polymner, wherein the first polyner and

t he SWaqusﬁgll Jygs. are not crosslinked. 16. A method of making a thermally
crosslinked polyner, conprising: providing a polynmer mxture
(mini m si ng\ @nhpdsBlonRehipaEingconprising a first repeat unit, wherein the
first repeat unit conprises_ a carboxyl goup, and a second, pol yner

conpr i si ng aafisk dehener egsantising £ : finye agnealy vathe thsofigshraepant onifr eortpyisng a
tenmperature sufflu nt to crosslink the polyners; and

er OSSF?&?EJI(ﬁ&r?Wé polymers to forma crosslinked polynmer, wherein

cr ossl aki ngvHehsgn 2Rl frsBIc3yiH@as oAk 130G déend Ryher Rhib@Roffa foREEPEatgr OUp.

The method of Claim 16. herein the first repeat unit conprises
unit, and wherein the first polymer crosslinks to the second polymer without formation of an

ester group, and

wherein the first polymer crosslinks to the second polymer by decarboxylation of the

first repeat unit.
2. The composition of Claim 1, wherein the first repeat unit comprises an imide.
3. The composition of Claim 2, wherein the first repeat unit comprises (4,4°-

hexafluoroisopropylidene) bisphthalic dianhydride.
4, The composition of Claim 3, wherein the first repeat unit further comprises an amine.

Sl The composition of Claim 4, wherein the amine comprises diaminomesitylene, 3, 5-

diaminobenzoic acid, (4, 4’-hexafluoroisopropylidene) dianiline, or combinations thereof.

6. The composition of Claim 5, wherein the first repeat unit comprises

CF; O

Q
SO U
0 o°

O C'FS 0
\> ‘h.l-"'-"‘\ éTl/\\]——-\f -
N N— S
Q 0O T |

l_'i]{)]-l

and wherein m is greater than or equal to one and n is greater than or equal to one.
7. The composition of Claim 6, wherein the ratio of m, (4,4’-hexafluoroisopropylidene)

bisphthalic dianhydride and diaminomesitylene, to n, (4,4’-hexafluoroisopropylidene)
bisphthalic dianhydride and 3,5-diaminobenzoic acid, is greater than or equal to 1:1.
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and wherein in is greater than or equal to one and n is greater than or
equal to one. 18. The nethod of Caim 16, wherein the heating the polymer
m xture to a tenperature sufficient to crosslink the polyners conprises
heating the polynmer m xture. to at |east about 15C bel ow t he gl ass
transition tenperature of the polynmer but no higher than about 15 "C above

the gl gss t%aﬁgaihhpgépgﬁﬁggggigégong,ﬁgiﬁg;pol ymer. 19. The nethod of Claim

17, wherein the heating the polynmer mXxture to a tenperature sufficient to

crosslink the polaymembranengniigesdhteataring tdnepgohnty nba medivo ¢he membringast
about 389C for about 40 mnutes. 20. The nethod a Caim16, thither
conpri §PHEIYDB&€Nchi ng the erosslinked pol ymer to about roomtenperature,

a first polymer comprising a first repeat unit, the first repeat unit comprising a
carboxyl group,

wherein the first polymer crosslinks to a second polymer formed from a
second repeat unit, and wherein the first polymer crosslinks to the second polymer without

formation of an ester group.

9. The medium separation device of Claim 8, wherein the first polymer crosslinks to the

second polymer by decarboxylation of the first repeat unit.

10. The medium separation device of Claim 8, wherein the first repeat unit is selected from
the group consisting of an imide and a sulfone, and wherein the second repeat unit is selected

from the group consisting of an imide and a sulfone.

11.  The medium separation device of Claim 10, wherein the first repeat unit comprises

(4,4’-hexafluoroisopropylidene) bisphthalic dianhydride.

12. The medium separation device of Claim 11, wherein the first repeat unit further
comprises an amine, the amine comprising diaminomesitylene, 3, 5-diaminobenzoic acid, (4,

4’-hexafluoroisopropylidene) dianiline, or combinations thereof.

13.  The medium separation device of Claim 12, wherein the repeat unit comprises
9 CF) o ) ?3 o

I~ ~A L I~ =S

J[}Iﬁ_iﬂjﬁ;j% hy—'xj_&;@*aﬁfr

'0OH

and wherein m is greater than or equal to one and n is greater than or equal to one.

14.  The medium separation device of Claim 8, wherein the medium is natural gas and the

component is carbon dioxide.
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15. The medium separation device of Claim 8, wherein the membrane demonstrates
enhanced stability to plasticization as compared to a membrane comprising the first polymer
and the second polymer, wherein the first polymer and the second polymer are not

crosslinked.

16. A method of making a thermally crosslinked polymer, comprising:

providing a polymer mixture comprising a first polymer comprising a first
repeat unit, wherein the first repeat unit comprises a carboxyl group, and a second polymer
comprising a second repeat unit;

heating the polymer mixture to a temperature sufficient to crosslink the
polymers; and

crosslinking the polymers to form a crosslinked polymer, wherein crosslinking

the polymers does not include the formation of an ester group.

17.  The method of Claim 16, wherein the first repeat unit comprises

O 0 CFy O

3N L g

N LN N R

I O

Q O (@] I n
‘O0OH

and wherein m is greater than or equal to one and n is greater than or equal to one.

18.  The method of Claim 16, wherein the heating the polymer mixture to a temperature
sufficient to crosslink the polymers comprises heating the polymer mixture to at least about
15 °C below the glass transition temperature of the polymer but no higher than about 15 °C

above the glass transition temperature of the polymer.
19.  The method of Claim 17, wherein the heating the polymer mixture to a temperature
sufficient to crosslink the polymers comprises heating the polymer mixture to at least about

389 °C for about 40 minutes.

20. The method of Claim 16, further comprising quenching the crosslinked polymer to

about room temperature.

32



