STLYLI IDAZOLIUM SALT COMPLEXES BACKGROUND OF THE INVENTION Field of the Invention
The present invention relates to silylimidazolium salt complexes and their use as latent catalysts for
curing epoxy resins. Description of Background and Related Art It is known in the art to use
silylimidazoles as curing agents or accelerators for curing epoxy resins. JP 58194918 describes the
use of neutral silyl and stannyl imidazole 10 complexes as curing agents for curing epoxy resins. JP
2003292646 describes thermoplggtieresins £an@inosior Fgqepling=agents with a
trimethoxysilylimidazole compound used as a modifier. JP 08245762 describes epoxy resin
compositions for semiconductor devices that comprise 1-(trialkylsilyl)imidazoles as crosslinking
accelerators. Some prior art references also disclose the use of imidazolium salts as curing agents 15
or catalysts. For example, JP 11286536 describes the use of L2-dimethyl-3-R1-substituted
imidazolium salts of tetrasubstitute8 ACKESASNDIDE dtcelardiowd BHpl curing agents. JP 10120690
describes epoxy resin compositions comprising imidazolium chloride salts as crosslinking catalysts.
U.S. Patent No. 3,633 894descrbgs the use of an imidazolium salt curing agent for curing a bisphenol
A-epichlorohydrin copolymer. 20IT IS also known in the art to use 2-methylimidazole-boric acid as a
latent catalyst for cyping paXYIESINEN Y0/ 16 (33 HISEI0RES AN ER VMRS CUIRARY. - 1e as
2-methylimidazole-boric acid latent catalyst useful for electrical laminates applications. However, the
cure temperatGié Gfhete fxspragisreataiys8d- by the 2-methylimidazole-boric acid is not tunable.
However, there is no disclosure nor suggestion in the prior art that teaches silylimidazolium salt
complexes and theitss fef QuBesang Relate

5 Ry BEs YU BEHHG @Bbxy resins. There is also no disclosure nor
suggestion in the plrtior %rt that teaches the use ~Olf ilylimidazolium salt complexes as tunable latent
catalysts for curing epo&y TERINS BvATidasHifgh UMM TR T FaRe 28ens of defekraers/ %t al.
(Synthesis 20068 pb2¥32282) fleSEribes18 methidd-ofteymnthesizingd-methyit citrirmethylsilyik:
imidazﬁiumcb]ggrﬂi:dgs. Hagwg\llerbZ%rudtnit ii et al. do not teach the use of%)-m,()atggl-S-ttrimethylsiIvl)
imidazolium Bromide ada CatAISst B epdy CUHHE aSpht&israns  NecoPlrmlyherdsedhited to
develop nevhiatenplestalystinforeuringe Kixyrrdsinsualiahighertemperatise (eogy greatethar 120C)
and are alsg tunable at various high.curing s. SUMMARY OF THE INVENTION 100ne
aspect of th%OSFB%‘é%dt iﬁ%%lt%naisrg(ﬁ?é@%d té%a S|iy€?trl|% azcéﬁ?ﬁlr%gsalf: e d%%&%%?@é’ﬁt&&‘ﬁyf%ﬁe
following Fowmufandudormriiads thheceinpt BR HRyi dky/lsilpbttudmsief therimidakzole singlanciR1-124
each independently represents an organic group that forms a stable imidazoie ring within the
silylimidazolium sakosehipiexart referricey adgrddRtlase Substitwénts diztiaisilyhiurctiomalgreepsand R’
R", angeachipdependentlyeseniprents AR QIonnie.aanR Batiere siapls v knelipn.2qaioup
within the silylirnidazolium salt complex; and

imidazolium salts of tetrasubstituted borates as curing accelerators and curing agents. JP

10120690 describes epoxy resin compositions comprising imidazolium chloride salts as

crosslinking catalysts. U.S. Patent No. 3,635,894 describes the use of an imidazolium salt

curing agent for curing a bisphenol A-epichlorohydrin copolymer.

20 It is also known in the art to use 2-methylimidazole-boric acid as a latent catalyst for
curing epoxy resins. WO  96/12752 discloses an epoxy resin cured by
2-methylimidazole-boric acid latent catalyst useful for electrical laminates applications.
However, the cure temperature of the epoxy resin catalyzed by the 2-methylimidazole-boric

acid is not tunable.

25 However, there is no disclosure nor suggestion in the prior art that teaches
silylimidazolium salt complexes and their use as latent catalysts for curing epoxy resins.
There is also no disclosure nor suggestion in the prior art that teaches the use of
silylimidazolium salt complexes as tunable latent catalysts for curing epoxy resins at

various high curing temperatures.



X- is an anion which forms a stable salt complex with the silylimidazolium cation within the
silyimidazolium salt complex. Another aspect of the present invention is directed to a tunable latent
catalyst comprising at least one silylimidazolium salt complex, wherein the silylimidazolium salt
complex comprises an imidazole ring with a silyl functional group attached to one of nitrogen atoms in
the imidazole ring. Another aspect of the present invention is directed to an epoxy resin
composition compriginigiaisii.epoxy refsid, By tusing2@fent;, arity 2) 128t alystrikedereinethedcatalyst
comprises the,ahaye Alyimidasolium. sah Gompl e d il ANgHIelAsRREILIhG PISRRNL yention s
directed to an epoxy resin composition compfising a) an epoxy resin, by a curing agent, and €) a
catalyst; whéreitrthigachtigstseoph priseshted siomethytisiablenatenticatalystnide aAnathehaspect of the
present inveg%@% iguggggﬁgiggtmgrticle comprising the above thermosettable epoxy resin
composition. further aspect of the present invention is directed to an imidazolium salt complex

represented by the folleming: - QHENIas 1h: nE NN B REN NeGOrIA 20 WRGT @I g e@%ﬂgﬁﬁ@' lic
|

functional moiety including, for example, a stannyl functional group or’a non-metallic moiety including,
for example 2APHEEPhIFBPFE U S RinssRIfLHHal 2814 RadAe slisstiRaiitsbF tHeuptidsly slsinien) and
R1-R each inggpaagestly represents an organic group that forms a stable imidazole ring within the
imidazolium salt complex; R'. R" andare substituents of the silyl functional group and R’, R", and

R" each independently represents an organic group that forms a stable {-ZR'R"R"} 10functional group
within the imidazolium salt complex; and X-is an anion which forms a stable salt complex with the
imidazoliurn cation within the im dazdiuMMERCOMPIEKBRIFENIESERIPTION OF THE DRAWINGS
15Figure 1 is a graphical illustration showing the effects of varying anion X- of the silylirnidazolium salt
complékes of the prisertprnveritibn oreDifferertidbs danitieged atormigyhin(0SC) oureafirofiteslaf an
epoxy resin if] I Silylmi jum salt complexes as latent catalysts. Figure 2 is a
graphical illuﬁgﬁiﬁ%ﬁ%ﬁg%ﬁgw%%&ng silyl substituents 20 R', R", and R" of the
silylirnidazolium salt complexes of the present invention on DSC cure profiles of an epoxy resin
composition using the silylimidazolium salt complexes as latent catalysts. DETAILED DESCRIPTION

OF THE INVENTION ~ R ]
1
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Formula |
wherein
15 R;-R4 are substituents of the imidazole ring and R;-Rs each independently

represents an organic group that forms a stable imidazole ring within the

silylimidazolium salt complex;

R’, R” and R’’’ are substituents of the silyl functional group and R’, R”’, and
R™" each independently represents an organic group that forms a stable silyl function

20 group within the silylimidazolium salt complex; and



In the following detailed description, the specific embodiments of the present invention are described
in connection with its preferred embodiments. However, to the extent that the following description is
specific to a particular embodiment or a particular use of the present techniques, it is intended to be
illustrative only and merely provides a concise description of the exemplary embodiments. Accordingly,
the present invention is_not limited to the specific embodiments described below, but rather; the
invention includes all SltethafvesiomJdfidnationss antfadgivtlerrapimy ilitths titythuedeeopenof the

appended claimgsion widiiess oihemisecatateshiatsfgieRce to a compound, a component, or a
material includes the compound. component, or material by itself, as well as in combination with other

compounds, componexis: e mapgerials, thiGhasiMixiHRBHRAY SUMRInatioNs aleMRALRStalysAS Used
herein, the singular forms "a,- "an,"” and "the" include the plural refeience unless the context clearly
dictates otherwiS& b Tl Q% AP VEHTBH gL S MRS ST e C OB idse siehsakte
particular usefulaspriensepiadystsifoneiuing epexyTesinsi e sildimidazeliuim.saiicemplex of the
present invention comprises an ]ilmida ole ring with one of the nitrogen atoms on the imidazole ring
protected by a Islgkfl)%ﬁrrl]c |onr}5lué};o%ﬂ)@ﬁéﬁ50§ﬁ§f finctional group deactivates the imidazole ring such that
the silylimidazoliu s%lrt] com 4@3((,;%'[ grtraetsergtcapvgergn er.at%ire 1t5 Qe.%. -25C) and activated at a higher
temperature (e.g. >1201). At the Bigher temperatires the S TFRIEhIB finTRAY dSHP PR ally
activated todompramactivenimjgazotescontplexqutinich dsrusefud as a catdyyst ¢adatantieatadygt)sfor curing
epoxy resin§01§' Mléqu]%zgg{@ $ rﬁ%&ﬁmz%%%ss alt c%ﬁngl-r he silylimidazolium salt complexes of the

present invention comprise an imidazole 20 ring wi %ﬁyl functional group attached to one of the
nitrogai atoms in e imigiazole finge: o The Siimidazoliym salt camelexes.of the present invention
are stable salt complexes, whigh%%:ang that ti?ey can be isolated as SO|lIdS a%daéo %Xgoﬁsgﬁ back to
the imidazoROBRRBStHEISAYMRIREHE Al Br SDPrEoRspbe S dirsagrempeitaa@yyt: aboest)e The
stable silylimigazaliumsalt camnisxes.aligPiesant inyention can be activated at elevated

temperatures to form complexes that are catalytically active for epoxide ring-opening reactions in the

curing of epoxy reginsthentipadergier eeexamias:oh thesiviianidazol i saltsanrlexesle present

are represeqlted by the following Formulal.. R'N
thermosettable epoxy resin composition.

15 A further aspect of the present invention is directed to an imidazolium salt complex

represented by the following Formula II:

Formula I1

20



Formula | The anion X-, the substituents R1-R4 of the imidazole dng, and the substituents R', R",
and R" of the silyl functional group in the above Foimula 1 of the silylimidazolium salt complexes may
be any variables which form a stable silylimidazolium salt complex. The anion X- in the above
Formula | of the silylimidazolium salt complexes may be any anion, which form a stable salt complex
with the silylinaidazolium cation within the 10silyimidazolium salt complex. Examples of the anion
X- in the above ESFilila | of the silylimidazolium salt complexes may include a halide, R-S03-. PF6-, or
BR4; and wherein R rgp).rsegenrj\}:3 a%ip {ildgt,. gnglulr:)ns(;[{t%lteql %HIIPISU g}itéj)}grgl a}lkyl g{o]gugi1 sgglst%ted or
unsubstituted alkoxy grolup, A Stibstittited OF unsubstitlte ar%d group, 0 CF3- 15Pre erredpexamples
of the halide inglede BCandnknprdlerrediexamplesgf, the atkyhgloup phokpdenCiC8 alkydl§royip, and
preferred exan}gle igf al,ryl group include Cri-C10 aryl group. The subs ituents 12,--R4 of the
imidazole ring in the above Formula | of the silylimidazolium salt complexes each may independently
represent any organicegraup, that, g0forms.a staple;imidazole ting withi the silviimidazoliumgpmplex.
Examples of the substituents R1-122, of the imidazole ring in the above Formula 1 of the
silylimidazoliuntepagsedmplesesHragr el et SoRpdrogehatomdezplglides(@ghiBcherimigagesupstituted
or unsubstitutegaﬁlggh@éw’bstituted or unsubstituted alkoxy, or a substituted or unsubstinited aryl
group. Preferred examples of alkyl group include CI-Cs alkyl and preferred examples of aryl group
include C6-C Jo aryl. R>, RFh@RURSttHRNIGH icencdd e affheisiybianclionakaaorp iR the@bove
Formula 1 of the silylimidazolium salt complexes may each independently represent any organic group

that forms a stdble S AMAERERAIPEIOITR RIBR TRESMNRILZBINM BMpResteble {ELBntbIdS of the
substityents R'aRotAd] Rrogf $hensirfunctionnlgreup dvrihe-abaie Formula | of the silylimidazolium
salt complexes may include a substituted or unsubstituted alkyl, a substituted or unsubstituted alkoxy,
or a substituted or unsubstitiitadidd wanyhofaup Prefelrediexamples oftalkyd grodiy titlutde GdnC8 alkyl

and preferred examples of aryl group include C6 CIO aryl. The silylimidazolium salt complexes of
the present invgﬁgﬁ %56%%%8%8rggﬁﬁét%oﬁ?%lgf(alysts for curing epoxy resins with (a) high active
temperatures (e.g. greater than 120C) and (b) tunable active temperatures for various requirements of
applications of the latent 15catalysts. As used herein, the term 'latent catalyst" is referred to a

catalyst which is inert at room tgmpperaiie AR B TRRE HNFLRE e Alvaniigher temperature (-active

temperature"). The term "active temperature™ for a latent catalyst used for curing resins (e.g.

epoxy yesins) is refepigd 10 0ereR A3 IS IGMAGHRUIR Mhich dhedatenterlysiheromest agdive or 20
at which the onset of curing begins ("onset cure temperature"). The term "active temperature :

range” is refifbB it ARHEM athetERsEraLRE thRgE BN e sty BHE Bhstit dHH RTsRHRium irEng
temperature-wiaeimthe, latent catalysbisdisedadoe seiring:tasmmghditarmsndunabieylatanh eatialyst” is
referred to herein as the pro%erties (e.g. active 25 temperature) of the latent catalyst can be adjusted
(e.g. by chatfyisgIReRSTHAEHHE Ktibstituents of the silylimidaolium salt complexes of the present
mperature

invention) to meet various catalyst ications. requirements. In general, the actjve. te

for the siylimidasol HFoclto ATERES ol BIEROHE Hgn (g PRAIR Al 150 Blotorably,
the actige temnpRraturel RHgeLh30tidisiidinitazokisimcsatptowpléxas pictieetprasenbinvenbsa is from
about 120C to abo l230 more yreferabl ,frortn ablg)sut 1 OeCS I:f\bocgltz g?OC,Sgi?d (r)nn?slte rtgfaesrably
from about T8GIS 460G fﬁo@f’x i ac |Pc§)r§ff & Aclive emlp%ra lre of the s yﬁml azolimn salt
complexes dfttihe qatessrt invention may be tunable with different identities of the anion V, the

substituents

DETAILED DESCRIPTION OF THE INVENTION

25 In the following detailed description, the specific embodiments of the present
invention are described in connection with its preferred embodiments. However, to the
extent that the following description is specific to a particular embodiment or a particular
use of the present techniques, it is intended to be illustrative only and merely provides a

concise description of the exemplary embodiments. Accordingly, the present invention is
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5 RI-R4 of the irnidazole ring, and the. substituents R', R", and R™ of the silyl functional group in the
silylimidazolium salt complexes, as shown in Figure | and Figure 2. The active temperature range
or the onset and maximum cure temperatures of the silylimiciazolium salt complexes of the present
invention may be measured by Differential Scanning Calorimetry (DSC). 10DSC analysis is a
thermoanalytical method used for studying cure profiles of polymers (e.g. epoxy resins). During a
curing proc S TGt B (R e TORE B Rt O b e SR mo
absorbed (entlalizesmiccpracastiyaioms|eased (exothes fitipsocess) duting stgh etmabsangidons.
The result of DSC analysis is usually a DSC curve of heat flow versus temperature or versus time. A
curing profil‘é OFE 15 polymer may be obtained by analyzing the DSC curve, which may include, for
example, onset ang maxinym, sure. lamperatites, exothernic peaks of the polymer obtained from
DSC. Figure 1 an(f?:igure Pfigstrate the r§€: cure proﬁ]i1 S of the epo;()y resin composﬂons using
certain preferréddexdmplempiithé sivplipeitazohumsatidomplexiésof thél 20ipreseinauventienhas latent

catalysts. T 0 in co ifi us e DS alysis in Figure 1 and. Figure 2 comprise
a mixture oflat%lsgplphé%m{ﬁ éﬂ g‘#d Egﬁﬁ%@%ﬁthegrpo%g%ﬁgﬁo%ﬁg% E Kﬁnélr% a% gil;%rﬁnﬁglé}gglﬂ?fqn (s)gllt

complex as @iapenndatalyst. The mole ratio of the bispenol A and the DGEBA of the epoxy resin
compositions used in the examples shown in Figur‘g 1 e‘md”Figure 2’i’s_ about 0.6 to about 1. The
silyimidazolium salfs25ebhfpték theetingtae Epory fesimeorfipdsiionsidudsolie Phweler pisreastt based

on the total waightiof IR ERAVVATRINCRIVBARILPR..  Figure 1 shows that epoxy resin compositions
comprising silyimidazolium salt complexes with different identities of the anion X- have different

exothergic peaks (Blsprateniadnias ploeimaximumisueiamparatrgiiiadhe S cpsaiprafiles. For
example, an 30epoxy resin composition that comprises a silylimidazolium salt complex with halide

(e.g. Br- or H¥HE fidAAIbRREDSHOIRS AR B GRS FeHK at bty 1Bt 10 HFb R 1 405 eFnf Bpoxy
resin compas#iens Garrising sipdimidazalivmsal campiaxesondthOther @nions siehasoB R
(Ph=phenyl), PhS03 or MeS03 %/Ig: m%tgy), PF6,£nq CF3503 as the anions X- in the Formula |
above also ESE GifiSrePClsEiAdic TR HRgRs bRRTEEh ERIIRPES 8T e R I5BEH 320 *C, as
shown in thehfollawding tahle: Arlom{XddibtheimicoReaksilcrdtahide abaut k30odiQdBipbladuabout

145~ 1pp PNRQ3 ISR A0Re 280 2 ehddRart (g A ERE PR R B ietun.
the silylimidazolium salt complex is thermally activated to form an active imidazole

complex, which is useful as a catalyst (a latent catalyst) for curing epoxy resins.

Silvlimidazolium Salt Complexes

The silylimidazolium salt complexes of the present invention comprise an imidazole

20  ring with a silyl functional group attached to one of the nitrogen atoms in the imidazole ring.

The silyimidazolium salt complexes of the present invention are stable salt
complexes, which means that they can be isolated as solids and do not convert back to the

imidazole and the silyl functional group components at room temperature (e.g. about 25°C).

The stable silylimidazolium salt complexes of the present invention can be activated
25  at elevated temperatures to form complexes that are catalytically active for epoxide ring-

opening reactions in the curing of epoxy resins.



Figure 2 shows epoxy resin compositions comprising silyimidazolium salt complexes with different
identities of the substituen s R'. R", and R™ on the silyi functional group display exothermic peaks at
different temperatures. For example, epoxy resin compositions comprising a silyimidazolium salt
complex with the anion r such as 10 CF3S03 show a respective shift of the exothermic peaks of the
epoxy resin compasitions to higher temperature ranges when changing the substituents R', R", and R"
on the silyl functiohaf GrEuh SISt ¥Rt earmpfesanteTrs - Mot s B EnPPRiso
propyl, Me:meteyje@ﬁdga&y,{gétfbgb(b)m@mmmqazolium Salt Complexes 15According to the present
invention, the silyl protecting group on the silylimiciazolium salt complexes may be substituted for other
protecting groups such as {-ZRICR- } group as shown in the following Formula Il, in which the N-Z
interaction/bond is stable at room temperature, but sufficiently labile to be cleaved during thermal
treatment in curing an epoxy resi composition.R% is a metallic funE?i_‘onal moiety 20including, for
example, a stannyl functional group or a non-metallic moiet®'including, for example, a phosphinoyl or a
sulfonyl functional group. Formulga Il Similaf_to the silylimidazolium salt complexes represented by
Formula | above. the anion X-, thé systitue é(/)j,tc};]e"rﬂ azole ring, and the substituents R’,
R", and R" of the {-ZR'R"R" } fun ionéIErUup in thegbove Farmulal 119f the imidazolium salt
5complexes may be any variables which fokm a stable imidazokum jsalt complex. The anion X- in
the above Formula 11 of the imidazolium sa xes may inclugde any anion, which for a stable salt
complex with the imidazolium caftan withinthe imidaxglium salt complex. Examples of the anion X- in
the above Formula 11 of the imidazoliufisalt 10 compfexes may iriclude a halide (including FT, CF.
Br-. and 1-). PF6-, or BR; and wherein R represents a halide (including F, CF. Br-, and IT), a
substituted or unsubstituted alkyl group, a substituted or unsubstituted alloxy group, or a substituted or
unsubstituted aryl group. or CF3-. Preferred exaopieslef the halide include Br- and 1-, preferred
examples of the alkyl group include C1-C8 alkyl group, and preferred examples of aryl 15group include
C5-C10 aryl group. The substituents RI-R4 of the imidazole ring in the above Formula 11 of the

imidazadium salt comyplexrs eachmayindepsndently Jepresaihasy arganicgrRupthatiarns a stable
itnidazole ri%g,witng the irfnidazoli rn complex. Examples of the substituents R1-R4 of the imidazole

ring in the abové ulgf14%f!!s fionah oML e pdaaay pichasy Hrragd atom, a
substituted eslunspritsac alyhny subistifeyech dosystiibledialkaxya o5l asURStiuies of.
unsubstituted aryl group. Preferred examples of alkyl group include C.1-05 alkyl and preferred
examples of ary| gildepinciude i€ 6hE e Formihel silstitubhiisiRizEhnanch R @fh phe 7R 1:").
functional group.in the abgve Formula, [T of the imidazolium, salt.complexes may each independently
represent aﬁ%yo?é%%nl’c‘gfr’(g%hp%t%r{ oF}ﬁglg g%gtbﬁgr?ggj%RW@r? ur?g gﬁna?f%‘?(gﬁ%mW|t?1tllﬁr{hvélrﬂr1ﬁFdégzeoIium
compléf. silEradaptésoftiecomm@tituents R'. R", and R" of the {-ZR'RTR" } functional group in the
above Folfltula 1l of the imidazolium salt complexes may include a substituted or unsubstituted alkyl, a
substituted or unsubsgRated afkdwry aproa stibshtthe be v SubstidatddoariigrolpinPdefetieth exedtmples of

alkyl group e Cls(:f Alianchereiered Sxamples:iag ipuR NGUHR ChiClnd ragimiar to

the silylimidazolium salt Complexes of the present invention described above, the imidazolium salt

complexes 8f THSpEse RrinverRisiiuee athyleimiBaz ol sdedconiplassitape wiriazhov salt

complex of the graaeniIMGIREANPE ardiyatedat elevated temperatures to form a complex that is
catalytically active for epoxide ring-opening reactions in the curing of epoxy resins. 15 Thcrmosettable

EpoxyiBesin Compesiios exanipiestoemiopgtiabig-apRxyresio compasiiansahiie pregeniiiyention
comprise (a) an epoxy resin (b)]a curing agent, and c) a latent catalyst; wherein the latent catalyst
comprises cﬁﬁgucgrlﬂﬁl)‘r‘geoéth%ﬁ SRR I AIH RSHEESH pIRRM Sreh 8 B SSBrR iRgMIHGdne-FhedpYbferred
examples ottheplatent catalyst may include the silylimidazolium salt complexes 20 represented by the
Formula | above. The latent catalyst represented by Formula | of the present invention may also be
tunable by changinththevhsioneytstHe iRidaf ates rimg dadostituieptsnl 2heRahvad Ehansilyl fuctidral group
substituents R'..R"..and R" of the silylimidazglium salt,complex for various high curing temperatures
The atent oL B e e et S S o,
The priferrédraxampld ofmhdiaieningaralhst thayilpilude zbeuimidszplinm salt complexes represented
by the Formula Il above. The latent catalyst represented by the Formula Il of the present invention may

also be tunable byfetarRjPfHEcasmbr et el mfdaioteeringdeaplstitinents Ry-FRavaliidnhelf ZRIR"R"})
functional gruRiSHbsiiteNisRaR cotiifeReahhedmidpzeliyimaal cemplex foryarigus highsuring

6




30temperatures. The amount of the latent catalyst used in the thermosettable epoxy resin
composition of the present invention will mainly depend upon the desired active temperature of the
latent catalyst and the percent conversion of the epoxy resin. An increase in the latent catalyst
concentration typically induces a shift in the. exothermic peak in the DSC curve or active temperature
of the latent catalyst to a lower temperature. Accordingly, for higher temperature curing, a lower
catalyst corfe &SR SRR e NE e A SR IH Wﬁﬁ@sé‘é%saﬁ&‘aﬁ’céﬁﬁ%ﬁt%iﬂr%ult in an
increase in theuglarst@nsitioprtemperateiedd gxafihe EsUllipD epaxyifesite T gepeialythalatent
catalyst may be present from about 0.1 to about 10 mole 10 percent, preferably, from about 0.1 to

about 5 mol PEFEE YRR OF P eFEP B I RER aB0tit?YL to about 1 mole percent based on the total
moles of the epoxy.resin present in, the thermasettable e resin om ositign for the _|atent catalyst
w be active. The e%%hsélnrbr%%uﬁg%kkgof e 8%%%?/ re(};f?rt?lgosﬁf‘é?é iy %;tafﬂ 183/85§%0ﬁ?a6%@% ifted to a
lower téempdrafutie: byliicredsingitihestdtenhgstalystconeediiratidip én dhelthespeseitable epexycresin
15C°mp95'gg%§.a that (RSGPOXYIRSIR Syltable for the thﬁf&'ﬁ%%@%g'?Eﬁﬁg’%z\éﬁ%%“cg%”]gg?'“on of the
present invention may be any compound or mixtare of compoun <tha comprises N average more
(han one enovide U MAlscUle FiAMeS et g, eR0 fesil RY IS W IRSEuRY weloht
or higher molecular welg t advanced epoxy resins and liquid 70 epoxy resins or sond OXy resins.
The epoxy mdsirephsferaliylhels tie spoknsgeiaiensaleighmpRRY) nintiihsicabositbt00itaticdbmore
preferably af least AhalthA9. TheoHEWLA NG SRRRAIESINIIG RIS t6r ARHIO MRS 1A% ARAH:EA0. 000,

and more preferably no more than about 3,000. Specific examples of the epoxy resin suitable for
the théfinosttthBlewpoipiesnd esmpasitiimikayietindechisls 6nrhordipdiagpeityretvangmoples
poly(gchidy&g&@réwm&%@g_@% 'pbg'a poly(glycidyl ether) derived from a bisphenol compound, a
bisphenol compound, a trisphenol compound, a novolac, an aliphatic diol or a halogenated variation of

those compounds ThRe @paxydEesinmast REfably conerisesa:dialyeityl ethe-afbispbenehA, a
bisphenol F. or a halogenated diglycidyl ether of bisphenol A. or a 30halogenated bisphenol F.

Examples of &HSHH O SR8 SPShE Y BB (R deeth IV eEasE IS (B8, HERId BRI ethers of
resorcinol, catechptuhysleoaeinenembisaheaotobispeNOotAuisRBRRAIS applications of the latent
AP11,1-his(4-hydroxylphenyl)-1-phenylethanebisphenolF,bisphenol tetrabromobisphenol A,
phenoi—?or é‘ﬁ?de nevolac resins, alkyl substituted phenol-formaldehyde resins,
phenol-hydroxybenzaldehyde resins, cresgl-hydroxybenzaldehyde resins, dicyclopgntadiene-phenol
resins, dicyclopen a‘cdilésric.e-)éﬁ eslﬂtlfgéedt %rﬁler%c?f e’rqé—:'ts?r?‘%gllySt RINERNEE (83 Cataqy‘ which 10 nert o
tetramethylbiphe rohpetramethyd- et fa0ambiigphe ao, tetm etplnitoenthiphe nohptetrachiorobisphenol
A, and any combination thereof. The epoxy resins useful in the present invention are well known in the
art. 10 lllustrative Epdsgrresint siefuopimathee pfactidetoftthagyesestd ioeativrearsinescgbegbiry

airic Simer SuaypleReia.anhemicel BRAInaan Ry, B rliam.and Ml MateRugisnedin 2005
by Wiley-Interscience, Hoboken, NJ (pp 347-471); Handbook of Epoxy Resins by H.E. Lee and K.
NevilleZ@ublidddn thoenssy MearagbriinsNevnsebekraisenbespatent No. 4,066,628, all of which
incorporated herein by reference. 15The curing agent suitable for the thermosettable epoxy resin
composition of the Pl &8t irfFENGSAPRSIABES i) SCo- te deiE e ufinsalent MaleHRg KuswiB6De useful
for curing epexy-r@sipdasesd %@tiﬁﬁﬁﬁm&%@@%m%%ﬂ&élrmﬁ%gtlm@ﬁ?r@lﬁ]gﬁ@'ﬂdﬁ&@rf%%(amme'
polyamine. polyamide, polyaminoamide, dicyandiamide, polyphenol, polymeric thiol, polycarboxylic
acid and anfij/dtRi&;dlid any combination thereof Other specific 20 examples of the curing agent
include phenol noyglacs, bisphenql-A novolacs. Qhenog novolac¢ of dicyclopentadiene, styrene-maleic
acid anhydride (SNTAf28PolJHia 1? Hﬁﬂl%\?ﬁ;ai%%bli%éﬁf SHAALPLEEE S He RS HEIHE BUPFY Bgent to
the epdxy resipenayiréaryf dapaading-upbrithenctisingjageat(selestiedhang thelatandeaddisefofthe
themosettabl%%ﬁgxa/ re%it corpﬁosigo .In 2§t enefl, theft%guivalent ratio toft e curintg agent to the
epoxy resin’is from about 001 10 about LOb: PreferRIK TS abBlt 1 15 4Bt fb%%ré/a;ﬁr%lférably
from about Ga2atgsalygplicatiandragostepreferably from about 0.5 to about 2. Applications It has
been discovered in the present invention that the latent catalysts of the present 30invention for curing
epoxy resins havelimproved ldencyveltivectatthe Rianibthylimidadalebvorisaicicbualakest oliiently used
for curing eBPeXS‘\énr ?ﬂ(flgnt'}‘g’n is greater than about 120°C. Preferably, the active temperature range of

30 the silylimidazclium salt complexes of the present invention is from about 120°C to about

7



For example, with 1 mole percent latent catalyst present in the thermosettable epoxy resin
composition, the 2-methylimidazolc-boric acid catalyst has an active temperature at about 110C, while
most of the silylimidazolium salt complexes of the present invention have active temperatures reaching
as high as about 180C to about 230C. Furthermore, the onset cure temperature for the 2-me
Mazele-boric acid catalyst is about 80C, which is also lower than those of the silylimidazolium salt
complexes 8fthe presemisivahtio FommbathAvE Snsetkareitvlpetaturest sy hetirsarbybut 100C
to about 15Q&q-Ihg, themlesgtiable epoxy resin composition of the present invention comprising 10 the
silylimidazoliurn salt complexes or imidazolium salt complexes as latent catalysts may be used in

many applications rin particHlanhedhermassialle SPaw fesimERRRRRIon Of iR Rresept igyention is

useful for applications requiring a high heat resistance and a good storage stability (e.g. to allow epoxy
resins to beAFeATAIHGIAAN STsrale Coablitior S @igns enliistethPerativas’of Ui o BBOUER30C). For
example, the themynarliahig.epeYHESIRLarOMBAstionmay Re usedin-elgctrical ApRlicatigns such as

electrical laminate applications. = The thermosettable epoxy resin compositions comprising the
latent catalySiUBrithE prEEER HaveiEdr HEy RIS 5e 38BN hBVIasH e datityE gsIations including,
for example, to pratect steel pipes used in pipeline constructions, concrete reinforcing rebars, and on a
wide variety of piping cSHNECHGHS BRI/ HHES FlofRcdRRSHoPARSHAIRYS S8FfoSBReIEe of the
themmsettakilelapixydksin campasiiarobthrepsasent invemianmaybberReREE JITARSWHIRN coating
form at an atmospheric temperature (e.g. 760 mm Hg at 25C). The epoxy resin and the curing agent in
the powder B%rflnnagrgr}%gﬂmﬁ%ﬁ&#sﬁ rmal storage conditions. At a typical powder coating application
temperature (e.g. f about 180C to 250C), the powder.coatin be melted and transformed to a
liquid ?rm which may gnﬁg%ﬁllse&stoaotrhﬁg\?v%g ao1 ?g%a su ts?g?él ec?g}.gg §f8én%1§b§ﬁ§te‘3r§f1?%§cé)rpand,
subsequentbglsmecapbied ppwderregating Mayiie ransiery iptocassolighboatingundatyemibeatmal
cross-linking, iR, wees ISLARPIRRUANS. I (15 EIMasEHRRlE SRO0Y fesin, composition of
the present invention may |nclud€e, or example, coatings, structural lamina 6s, electrical or structural
30compositedemaldisggheastingocencapsulations toerthel likawsitions THadottowing B mpel firther

ExanpL Lo USRI IMSOIAND dSiall BUATR IR SRe RIS HHEG0 Ik TR ShARE Mherel,

. EXAMPLES The following standard analytica ipment and methods are used in the Examples
and CémpargiivaExperibreaisaiand 18ENyeibartMaghéticuiResorfadteniiviRylsgectroseopyple. In a

typical NMR gxpeliment,&-10,mq.ef salid siylimidazol ymicqmplexmas dissaedinSadbegl
deuterated solvent, such as CD3C13 or CD3CN. 1H, 13C NMR spectra were recorded using a Varian

Inova NMR Bi§éctrometer with operating frequencies 300 and 1075.4 MHz, respectively. 'H and 13C
NMR spectra were referenced to SiMe4 using the residual proton signal of the deuterated solvent.

Differential Scannifg€Rofinfétv{is8e) 2 IbgetexpsrifehtsisrePifitisd Yuticcstnig IARSTM

D341 8/E1384peihm s ialewsiin prd&fesanplsrsaravwaighesiandissaled d8apialeaingwm
DSC pan (P/N 900793.901 pans and 900794.901 lids). Each DSC sample weight was

hermeti Iy

roughlélglo G FHe BERBIEs WACBEAARSY 1 a T (TR ESKh SRRRIRSE USRI HBBIBSC (PN
970001.90 1SN 2008 £884) anitlFanratesaippiera abitiegenmpaameor R0umaliminuiayasgénschanical
cooling accessqries, 20DS periments were carried out under dynamic conditions in_a
heat-cool-hz)éstp%ﬂ?Efél.%i@%ﬁ%@sﬁfﬁ (85 éf%w@a%% SPOPRISHES R BEBE SRt A he i g P te of
2C/minute. T RS Ghsabiplesovereasdated DIGEHA abfl 06/ rapiawte kg thanpescanneddiom 25 'C to
280C at 10C/minyte. The scans were analyzed using. Universal Analysis V4.3A soffware. Weight loss
of the DSC SSTHITISS S8 CATGLTRAEE ol fE A Tere L AL tABR o ol WARENEET HEORE
samplésanddhefinaluaeight the theBSEssampipafies thessganningimein. fexampbasktd orAthe total

sﬂthdazol;ygpg hstacl)tf eme[g)loe)g(yvlyeas%s%%gggéggl using the following reactant A and reactant B:

Figure 1 shows that epoxy resin compositions comprising silyimidazolium salt
complexes with different identities of the anion X~ have different exothermic peaks (also |
referred to as “the maximum cure temperature”) in the DSC cure profiles. For example, an

30  epoxy resin composition that comprises a silylimidazolium salt complex with halide (e.g.

Br™ or I') as the anion X~ shows an exothermic peak at about 130°C to about 140°C. The

8



Reactant A (imidazole): N-methylimidazole, 1,2-dimethylimidazole, or 1- methyl-2-
phcnyli.nudazolc. Reactant B (Silvlat ng reaty.ent): R'R"R-SiX reagent, wherein R'. R".R" each
represents Me, Et, Tr, or '13u (Me=methyl, Et=ethyl, T'r=isopropyl, and 'Bu =tert-butyl) and X
represents halide (e.g. Br' or F) or R-S01: wherein R represents an alkyl group, an al.koxy group, an
aryl group, or CF3-. 10A solution of reactant A (12.5 mmol.) in diethyl ether (Et,0) (6 m1.) was reacted
with a soluti6PPSY réstiafRIBPEES & ntRBIPTH IEL0 (I FIdR &t Bt repeRifies (aHBUTRSE) aTRassolution
of reactants fand Bmgsmstitpach¢antingoushyNRIses) minutes-at 00 temperalyrs @haut.art)s The

reaction is an exothermic reaction which was accompanied bg Immediate precipitation of a white solid

product. The'whitdrSoligrprdad abriss aherflitsl wofd&ed by mthativle, irakned MRHmEe, Beityeifed under

vacuum to ofiiain he silylimidazeliyrr salt.eemplexiingliRrogiuchpydelds are typically in the range of
about 80% to about 95%. The white solid product was characterized by H and 13C. NMR

spectroscopy described abovg, Exagmple 2 OF@X@@W@%@@@ salt complex with anion X- in
which the corresponding reactant B (R'R-R''SiX reagent) is unavailable, the silylimidazolium salt
complex can be prepared salt riétiihesis rdactionshgwxefplifiéd by the following example:
1-methy1-3(trimethy 1silytimidazgigm bromjde (I TRER 2d psgassium hexalluorophosphate KPF6 (1
rnmol) were added together with acetonitrile (CH1CN) (5 mL) 25 used as a solvent. A precipitate of
potassium bromide (KBr) fdaRedimMediately, whidipwad$Pemdved from the reaction mixture via
filtration. Then 'Fhe solve twas rwéoved frofmthe TesiEaE Progget umder vacuum. The product was
then washed with Et20 and dried under vacuum. The product was characterized by 111 and 13C,
NMR spectroscopy desdribed &do¥€+10 be 1-methyb3{triftetBysilyl)imidazolium hexafluorophosphate
in quantitative 30yield. The above procedureimExampte2tanbe used to prepare other
silylimidazolium complexes of the present invention with various anions. Example 3 Samples of
therrnosettable epoxy resin compositions comprising the silylimidazolium salt complexes obtained
from Example 1 or Es&ifiple SMBoveRtete préfareMRcHEahge R0 SIBIABIERY ofé of the
following twedpglares:with ditArarxides@idiglycidyl eibarethisphenet A (RGRBALGAE, Qb mol)
and bisphenol A (20 g, 0.9 mon was heated to 130C to yield a homogeneous solution. The
homogeneotREBRMO S S BIEE BR BRIVTPHE A A SR SFTHRHEGE o ESBITHNAF 1S Yroom
temperaturerelfitheohisphiabet Aogtystalizesfiram; tedemoganants SO HRG:C00liRgshe heating
and cogling progesses may be repeated. Aliquots %ppr_oximatel 1 g) of the homogeneous solution of
the DGERAGhe? DI BRSBTS SHEH it T3 U SO S RAPSIRRISIE EBHPRBOEAASE The
resulting liquitteixtesgaacthe:3lid sihdimidazatidgnhsaltbamplex cataky/st werermanyathe agivated until

a homogen ‘ust.mjx ure 15w S bta.igé?d;.gr ’ 2. Agﬂxture of Dg%@ (j%o %I\{%.Q rnmﬁgaﬂgd
bisphenol A'(0'2'g"T. ZhiiRofy was disSENVET R dBbut! L Sl 1,.E20 Y5 ¥dFm 2" $81tion. The
solution of th®BGERAhdVkenhisphemal ‘Burasttheryladded to a solid silylirnidazolium salt complex
catalyst with stirring to form a homogeneous mixture at room temperature. The 110 CH2C12:Et20
solvent was @¢imnimaifrouth e Hofmyelarers mixture by placing the sample under vacuum for 4 hours.
The active temperatures of the resultant homogeneous mixtures (epoxy resin compositions comprising
the silylimidazoliunf\sefréogplexedy werespiéasuretisp.DIE usihg tha BSEnmettiodresorib&d above

and the res%'@%ﬂigmrkﬂg&g%l&é@%y be substituted for other protecting groups such as
{-ZR’R”’R’”’} group as shown in the following Formula II, in which the N-Z

interaction/bond is stable at room temperature, but sufficiently labile to be cleaved during
thermal treatment in curing an epoxy resin composition. Z is a metallic functional moiety
20 including, for example, a stannyl functional group or a non-metallic moiety including, for

example, a phosphinoyl or a sulfonyl functional group.



Example 4 Twenty three complexes were prepared according to the method of Example I. The
identities of the RI, R., and SIR'R"R" functionalities are shown in Table I, below (R3 and R4 = H for
each compound). Thermal analysis of the dynamic curing processes in a phenolic (0.6:1 bisphenol
A:diglycidyl ether bisphenol A (DGEBA)) epoxy system using I- 5 mon catalyst (relative to DGEBA)
was carried out using DSC. For each sample, the reaction was monitored from 25-280C with a
scanning rate of 2"Dmin aIIowedciEcool to roong{emperature, and then rescanned to determine T9.

.Data for the series of silylimidazaglium complex s are sum rlzed in Table | 5Table 1. Summary of
the DSC data for the Silylimidazolium Complexgs 1-23. ngnu, DSC under N2 Complex R, R,
X'T(C) all (03)." Taa ('C) AH DM, C@Q\Qa (5 @E/(qu X@

R3 Re

Formula [1

Similar to the silylimidazolium salt complexes represented by Formula I above, the
anion X', the substituents R,-R4 of the imidazole ring, and the substituents R’, R”>, and R*”’
of the {-ZR’R’’R’’’} functional group in the above Formula II of the imidazolium salt

5  complexes may be any variables which form a stable imidazolium salt complex.

The anion X~ in the above Formula II of the imidazolium salt complexes may
include any anion, which forms a stable salt complex with the imidazolium cation within the

imidazolium salt complex.

Examples of the anion X in the above Formula Il of the imidazolium salt

10 complexes may include a halide (including F~, CI7, Br™, and I"), R-SO;", PF¢", or BR,; and
wherein R represents a halide (including F, CI7, Br™, and I"), a substituted or unsubstituted

alkyl group, a substituted or unsubstituted alkoxy group, or a substituted or unsubstituted

aryl group, or CF;". Preferred examples of the halide include Br™ and I, preferred
examples of the alkyl group include C,-Cg alkyl group, and preferred examples of aryl

15 group include C¢-Cyp aryl group.

The substituents R;-Rs of the imidazole ring in the above Formula II of the
imidazolium salt complexes each may independently represent any organic group that forms

a stable imidazole ring within the imidazolium complex.

Examples of the substituents R;-R; of the imidazole ring in the above Formula II of
20  the imidazolium salt complexes may include a hydrogen atom, a substituted or unsubstituted
alkyl, a substituted or unsubstituted alkoxy, or a substituted or unsubstituted aryl group.
Preferred examples of alkyl group include C,-Cj alkyl and preferred examples of aryl group
include C4-Cjp aryl.
10
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The substituents R’, R, and R’ of the {-ZR’R’’R’"’} functional group in the
above Formula II of the imidazolium salt complexes may each independently represent any
organic group that forms a stable {-ZR’R’R’’’} functional group within the imidazolium

complex.

5 Examples of the substituents R’, R’’, and R’ of the {-ZR’R’’R’’} functional
group in the above Formula II of the imidazolium salt complexes may include a substituted
or unsubstituted alkyl, a substituted or unsubstituted alkoxy, or a substituted or
unsubstituted aryl group. Preferred examples of alkyl group include C,-Cg alkyl and

preferred examples of aryl group include C4-Cjp aryl.

10 Similar to the silylimidazolium salt complexes of the present invention described
above, the imidazolium salt complexes of the present invention are stable imidazolium salt
complexes. The imidazolium salt complex of the present invention can be activated at
elevated temperatures to form a complex that is catalytically active for epoxide ring-

opening reactions in the curing of epoxy resins.

15  Thermosettable Epoxv Resin Composition

The thermosettable epoxy resin compositions of the present invention comprise (a)
an epoxy resin, (b) a curing agent, and ¢) a létent catalyst; wherein the latent catalyst
comprises one or more of the silylimidazolium salt complexes of the present invention. The
preferred examples of the latent catalyst may include the silylimidazolium salt complexes

20 represented by the Formula I above. The latent catalyst represented by Formula I of the
present invention may also be tunable by changing the anion X, the imidazole ring
substituents R;-R4, and the silyl functional group substituents R’, R”’, and R’”’ of the

silylimidazolium salt complex for various high curing temperatures.

The latent catalyst comprises one or more of the imidazolium salt complexes of the

25 present invention. The preferred example of the latent catalyst may include the
imidazolium salt complexes represented by the Formula II above. The latent catalyst
represented by the Formula II of the present invention may also be tunable by changing the
anion X, the imidazole ring substituents R;-R4, and the {-ZR’R’’R’”’} functional group
substituents R’, R*’, and R’’ of the imidazolium salt complex for various high curing

30  temperatures.

11
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The amount of the latent catalyst used in the thermosettable epoxy resin composition
of the present invention will mainly depend upon the desired active temperature of the latent
catalyst and the percent conversion of the epoxy resin. An increase in the latent catalyst
concentration typically induces a shift in the exothermic peak in the DSC curve or active

5 temperature of the latent catalyst to a lower temperature. Accordingly, for higher
temperature curing, a lower catalyst concentration is preferred. However, an increase in the
catalyst concentration may result in an increase in the glass transition temperature (T,) of

the resulting epoxy resin.

In general, the latent catalyst may be present from about 0.1 to about 10 mole

10 percent, preferably, from about 0.1 to about 5 mole percent, and more preferably, from
about 0.1 to about 1 mole percent based on the total moles of the epoxy resin present in the
thermosettable epoxy resin composition for the latent catalyst to be active. The exothermic

peak of the epoxy resin composition obtained by DSC may be shifted to a lower
temperature by increasing the latent catalyst concentration in the thermosettable epoxy resin

15 composition.

The epoxy resin suitable for the thermosettable epoxy resin composition of the
present invention may be any compound or mixture of compounds that comprises on
average more than one epoxide group per molecule. Examples of the epoxy resin may
include low molecular weight or higher molecular weight advanced epoxy resins and liquid

20 epoxy resins or solid epoxy resins. The epoxy resin preferably has an epoxy equivalent
weight (EEW) of at least about 100, and more preferably at least about 170. The EEW of
the epoxy resin is preferably no more than about 10,000, and more preferably no more than

about 3,000.

Specific examples of the epoxy resin suitable for the thermosettable epoxy resin

25  composition may include one or more poly(glycidyl ether) or poly(glycidyl ester)
compounds including a poly(glycidyl ether) derived from a bisphenol compound, a
bisphenol compound, a trisphenol compound, a novolac, an aliphatic diol or a halogenated
variation of those compounds. The epoxy resin most preferably comprises a diglycidyl
ether of bisphenol A, a bisphenol F, or a halogenated diglycidyl ether of bisphenol A, or a

30  halogenated bisphenol F.

12
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Examples of known epoxy resins that may be used in the present invention, include
diglycidyl ethers of resorcinol, catechol, hydroquinone, bisphenol, bisphenol A, bisphenol
AP (1,1-bis(4-hydroxylphenyl)-1-phenyl  ethane), bisphenol F, bisphenol K,

tetrabromobisphenol A, phenol-formaldehyde novolac resins, alkyl substituted phenol-

Lh

formaldehyde resins, phenol-hydroxybenzaldehyde resins, cresol-hydroxybenzaldehyde
resins, dicyclopentadiene-phenol resins, dicyclopentadiene-substituted phenol resins
tetramethylbiphenol, tetramethyl-tetrabromobiphenol, tetramethyltribromobiphenol,

tetrachlorobisphenol A, and any combination thereof.

The epoxy resins useful in the present invention are well known in the art.

10 Tlustrative epoxy resins useful in the practice of the present invention are described in Kirk-

Othmer Encyclopedia of Chemical Technology by H. Q. Pham and M. J. Marks published in

2005 by Wiley-Interscience, Hoboken, NJ (pp 347-471); Handbook of Epoxy Resins by H.E.

Lee and K. Neville published in 1967 by McGraw-Hill, New York; and U.S. Patent No.
4,066,628, all of which incorporated herein by reference.

15 The curing agent suitable for the thermosettable epoxy resin composition of the
present invention may be any co-reactive curing agent materials known to be useful for
curing epoxy resin based coating compositions. Such curing agent materials include, for
example, polyamine, polyamide, polyaminoamide, dicyandiamide, polyphenol, polymeric
thiol, polycarboxylic acid and anhydride, and any combination thereof. Other specific

20  examples of the curing agent include phenol novolacs, bisphenol-A novolacs, phenol
novolac of dicyclopentadiene, styrene-maleic acid anhydride (SMA) copolymers, and any

combination thereof.

The ratio of the curing agent to the epoxy resin may vary depending upon the curing

agent selected and the intended use of the thermosettable epoxy resin composition. In

25  general, the equivalent ratio of the curing agent to the epoxy resin is from about 0.01 to
about 100, preferably from about 0.1 to about 10, more preferably from about 0.2 to about 5,

and most preferably from about 0.5 to about 2.

Applications

It has been discovered in the present invention that the latent catalysts of the present
30 invention for curing epoxy resins have improved latency relative to the

2-methylimidazole-boric acid catalyst currently used for curing epoxy resins.

13
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For example, with 1 mole percent latent catalyst present in the thermosettable
epoxy resin composition, the 2-methylimidazole-boric acid catalyst has an active
temperature at about 140°C, while most of the silylimidazolium salt complexes of the
present invention have active temperatures reaching as high as about 180°C to about 230°C.

5  Furthermore, the onset cure temperature for the 2-methylimidazole-boric acid catalyst is
about 80°C, which is also lower than those of the silylimidazolium salt complexes of the
present invention, which have onset cure temperatures ranging between about 100°C to

about 150°C.

The thermosettable epoxy resin composition of the present invention comprising

10 the silylimidazolium salt complexes or imidazolium salt complexes as latent catalysts may
be used in many applications. In particular, the thermosettable epoxy resin composition of

the present invention is useful for applications requiring a high heat resistance and a good
storage stability (e.g. to allow epoxy resins to be inert at normal storage conditions and cure

at high temperatures of up to about 230°C). For example, the thermosettable epoxy resin

15  composition may be used in electrical applications such as electrical laminate applications.

The thermosettable epoxy resin compositions comprising the latent catalysts of the
present invention may also be used in powder coatings applications including, for example,
to protect steel pipes used in pipeline constructions, concrete reinforcing rebars, and on a

wide variety of piping connections and valves from deterioration due to corrosion.

20 The thermosettable epoxy resin composition of the present invention may be
prepared in a powder coating form at an atmospheric temperature (e.g. 760 mm Hg at 25°C).
The epoxy resin and the curing agent in the powder coating remain inert at normal storage
conditions. At a typical powder coating application temperature (e.g. from about 180°C to

250°C), the powder coating may be melted and transformed to a liquid form which may be

R
Lh

applied to or flowed onto a substrate (e.g. a steel substrate) surface and, subsequently, the
applied powder coating may be transient into a solid coating by chemical cross-linking

and/or heating.

Other applications of the thermosettable epoxy resin composition of the present
invention may include, for example, coatings, structural laminates, electrical or structural

30  composites, moldings, castings, encapsulations, or the like.
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The following examples further illustrate the present invention in detail but are not

to be construed to limit the scope thereof.
EXAMPLES

The following standard analytical equipment and methods are used in the Examples

and Comparative Experiments:

'H and *C Nuclear Magnetic Resonance {(NMR) spectroscopy

In a typical NMR experiment, 5-10 mg of solid silylimidazolium complex was
dissolved in 0.5 mL of deuterated solvent, such as CD»Cl, or CD:CN. 'H, BC NMR spectra
were recorded using a Varian Inova NMR spectrometer with operating frequencies 300 and
75.4 MHz, respectively. 'H and “C NMR spectra were referenced to SiMe. using the

residual proton signal of the deuterated solvent.

Differential Scanning Calorimetry (DSC)

DSC experiments were carried out according to ASTM D3418/E1356 method as

follows:

DSC samples were weighed and sealed in an aluminum hermetic DSC pan (P/N
900793.901 pans and 900794.901 lids). Each DSC sample weight was roughly 10 nig. The
samples were scanned in a TA (Thermal Analysis) Instruments Q2000 DSC (P/N
970001.901) (S/N 2000.0884) with an autosampler, a nitrogen purge of 50 ml/minute, and

mechanical cooling accessories.

DSC experiments were carried out under dynamic conditions in a heat-cool-heat
cycle. First, the DSC samples were heated from 20°C to 280°C with a heating rate of
2°C/minute. The DSC samples were cooled to 20°C at 10°C/minute and then rescanned
from 25 °C to 280°C at 10°C/minute. The scans were analyzed using Universal Analysis
V4.3A software. Weight loss of the DSC samples was calculated from the difference
between the initial weight of the DSC sample and the final weight of the DSC sample after

the scanning run.
Example 1

A silylimidazolium salt complex was synthesized using the following reactant A and

reactant B:

15
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Reactant A (imidazole):

N-methylimidazole,
1,2-dimethylimidazole, or
1-methyl-2-phenylimidazole

Reactant B (Silvlatine reagent):

R’R’R’”’SiX reagent, wherein R’, R*", and R’’’ each represents Me, Et, iPr, or ‘Bu
(Me=methyl, Et=ethyl, Pr=isopropyl, and ‘Bu =tert-butyl) and X represents halide (e.g. Br~
or I') or R-SO3, wherein R represents an alkyl group, an alkoxy group, an aryl group, or

CFs .

A solution of reactant A (12.5 mmol) in diethyl ether (Et,O) (6 mL) was reacted
with a solution of reactant B (12.5 mmol) in Et,O (4 mL) at room temperature (about 25°C).
The solution of reactants A and B was stirred continuously for 30 minutes at room
temperature (about 25°C). The reaction is an exothermic reaction which was accompanied
by immediate precipitation of a white solid product. The white solid product was then
collected by filtration, washed with Et,O, and dried under vacuum to obtain the
silylimidazolium salt complex final product. Yields are typically in the range of about 80%
to about 95%. The white solid product was characterized by 'H and "C NMR spectroscopy

described above.
Example 2

For a silylimidazolium salt complex with anion X~ in which the corresponding
reactant B (R’R’’R’’’S1X reagent) is unavailable, the silylimidazolium salt complex can be

prepared salt metathesis reaction as exemplified by the following example:

1-methyl-3(trimethylsilyljyimidazolium  bromide (1 mmol) and potassium
hexafluorophosphate KPFs (1 mmol) were added together with acetonitrile (CH;CN) (5 mL)
used as a solvent. A precipitate of potassium bromide (KBr) formed immediately, which
was removed from the reaction mixture via filtration. Then the solvent was removed from
the resultant product under vacuum. The product was then washed with Et,O and dried
under vacuum. The product was characterized by 'H and *C NMR spectroscopy described

above to be 1-methyl-3(trimethylsilyl)imidazolium hexafluorophosphate in quantitative

yield.
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The above procedure in Example 2 can be used to prepare other silylimidazolium

complexes of the present invention with various anions,

Example 3

Samples of thermosettable epoxy resin compositions comprising the
5  silylimidazolium salt complexes obtained from Example 1 or Example 2 above were

prepared in the range from 1 to 5 mol% by any one of the following two methods:

1. A mixture of diglycidyl ether of bisphenol A (DGEBA) (50 g, 0.15 mol) and
bisphenol A (20 g, 0.9 mol) was heated to 130°C to yield a homogeneous solution. The
homogeneous solution of the DGEBA and bisphenol A was then allowed to cool rapidly to

10 room temperature. If the bisphenol A crystallizes from the homogeneous solution during
cooling, the heating and cooling processes may be repeated. Aliquots (approximately 1 g)
of the homogeneous solution of the DGEBA and bisphenol A were then added to a solid
silylimidazolium salt complex catalyst. The resulting liquid mixture and the solid
silylimidazolium salt complex catalyst were manually agitated until a homogeneous mixture

15  was obtained; or

2. A mixture of DGEBA (1.0 g, 2.9 mmol) and bisphenol A (0.4 g, 1.7 mmol)
was dissolved in about 3 rﬁL of 3:1 CH-Cl,:Et,O to form a solution. The solution of the
DGEBA and the bisphenol A was then added to a solid silylimidazolium salt complex
catalyst with stirring to form a homogeneous mixture at room temperature. The

20 CH:Cl:Et;0 solvent was removed from the homogenous mixture by placing the sample

under vacuum for 4 hours.

The active temperatures of the resultant homogeneous mixtures (epoxy resin
compositions comprising the silylimidazolium salt complexes) were measured by DSC

using the DSC method described above and the results are shown in Figures 1 and 2.

25 Example 4
Twenty three complexes were prepared according to the method of Example 1. The
identities of the Ry, R; and SiR’R”’R””’ functionalities are shown in Table 1, below (R and
R, = H for each compound). Thermal analysis of the dynamic curing processes in a

phenolic (0.6:1 bisphenol A:diglycidyl ether bisphenol A (DGEBA)) epoxy system using 1-
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SiMe7 MeSC77 171.7 203.9 5956 18 Me H SiMes PhS03 183.3 209.9 61 54 19 Me Me SiMes
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5 mol% catalyst (relative to DGEBA) was carried out using DSC. For each sample, the
reaction was monitored from 25-280°C with a scanning rate of 2°C/min., allowed to cool to
room temperature, and then rescanned to determine T,. Data for the series of

silylimidazolium complexes are summarized in Table 1.

5 Table 1. Summary of the DSC data for the Silylimidazolium Complexes 1-23.
Dynamic DSC under N,

Complex R, R, SiR'R"R™ X? Toea ('C)  AH (g)* Twa (C)  AH (Jig)r  Conversion(%)® Tg(°C)°©
1 Me H SiMes Br 135.3 187.9 247.6 55.5 70 75
2 Me Me SiMe, Br 133.6 202.8 243.8 51.0 73 78
3 Me H SiEt, Br 120.1 139.0 238 50.3 55 75
4 Me Me SiEt, Br 133.8 135.6 247.4 85.0 64 81
5 Me H SiMe, ! 138.3 169.1 246.8 106.8 79 70
6 Me Me Sinie, 1 130.1 168.6 245.9 113.4 81 78
7 Me H SiMe,  CF,80, 2007 66.7 234.2 228.5 85 75
8 Me Me SiMe;  CF80, 2037 203.4 e — 58 66
9 Me Ph SiMe,  CF,S0,  209.1 <X R— S 57 65
10 Ke H SiPr,  CF80, 1970 208.4 e — 60 53
1 Me Me SiPr,  CF,80, 1953 P E— —— 69 73
12 H Me  SiMe,/Bu CF.80, 2127 10 % - J— S— 46 65
13 Me H SiMe, By CF,S0; ¢ d — —— d 63
14 Me Me  SiMe,/Bu CF.80, 2223 1218 e — 35 63
15 Me Ph SiMe,'Bu  CF,S0, 2183 166.2 —— R 48 62
16 Me H SiMe;  MeSO, 1958 164.1 — — 56 72
17 Me Me SiMe;  MeSO; 1717 203.9 e S 59 56
18 Me H SiMe;  PhSO, 1839 T R— — 61 54
18 Me Me SiMe,  PhSO, 1583 1N R— [ 58 82
20 Me H SiMe, PF, 2005 TSI O J— — 44 71
21 Me Me SiMe, PF, 188.0 -2 J— S— 56 69
22° Me H Sitte, BPh, 1518 29506 ememer e 85 107
23 Me Me SiMe; BPh,  144.8 188.2 187.9 36.2 85 99

“Obtained by linear integration of the DSC peaks. Data for a second isotherm is included only for samples in which
a clear higher temperature peak is present. *Calculated using an estimated reaction enthalpy of 20 kecal/mol for
both epoxy homopolymerization and epoxy-phenol reactions. ‘Estimated from DSC data. “Reliable integration data
could not be obtained. “NMR spectroscopy suggests rapid dissociation to imidazole-BPh; complex in solution.

10

It will be obvious to persons skilled in the art that certain changes may be made in
the compounds, compositions, and processes described above without departing from the
scope of the present invention. It is therefore intended that all matter herein disclosed be
interpreted as illustrative only and not as limiting the scope of protection sought. Moreover,

15  the compounds, compositions, and processes of the present invention are not to be limited
by the specific examples set forth above including the tables to which they refer. Rather,
these examples and the tables they refer to are illustrative of the compounds, compositions,

and processes of the present invention.
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What is claimed is:

. A silylimidazolium salt complex represented by the following Formula I:

R
1 =g
.
R, )\@/ si
N N \ S
X
-
Rs R,
Formula |

wherein

Ri-R4 are substituents of the imidazole ring and R;-R4 each independently
represents an organic group that forms a stable imidazole ring within the

silylimidazolium salt complex;

R’, R and R’” are substituents of the silyl functional group and R’, R”’, and
R™"" each independently represents an organic group that forms a stable silyl function

group within the silylimidazolium salt complex; and

X" is an anion which forms a stable salt complex with the silylimidazolium

cation within the silyimidazolium salt complex.

. The silylimidazolium salt complex according to claim 1, wherein the anion X~

comprises a halide, R-SO;™, PF¢", or BR,; and wherein R represents a halide, a
substituted or unsubstituted alkyl group, a substituted or unsubstituted alkoxy group, a

substituted or unsubstituted aryl group, or CF5™.

. The silylimidazolium salt complex according to claim 1, wherein the substituents R;-Ry

each independently represents a hydrogen atom, a substituted or unsubstituted alkyl, a

substituted or unsubstituted alkoxy, or a substituted or unsubstituted aryl group.

. The silylimidazolium salt complex according to claim 1, wherein the substituents R’,

R” and R™’ each independently represents a substituted or unsubstituted alkyl, a

substituted or unsubstituted alkoxy, or a substituted or unsubstituted aryl group.
19



H SiMe, 151.8 295.0 88 707 23' Me Me Sircle, 8314, 144.8 188,2 187.9 36.2 65 99 'Obtained by
linear integration of the DSC peaks. Data for a second isotherm is included only for samples in which a
clear higher temperature peak is present. bCalculated using an estimated reaction enthalpy of 20
kcal/mol for both epoxy hoompolymerization and epoxy-phenol reactions. 'Estimated from DSC data.
"Reliable integration data could not be obtained. eNMR spectroscopy suggests rapid dissociation to

imidazole-13Ph3, complex | ution. Wi Vi t I skilled in the art that certain
E 3A C télgr%:gt %Eﬁ's%% Hle%élghmu!ita%”_lgg %ti’t éggl\ 1€k BEFQHP S

changes may be ma e compounds, compositions, and processes described above without

departing frop) theseane ifthie Rresentinvention. it s thereforedntendsd that hmeiter herein

disclosed be interpreted as illustrative only and not as limiting the scope of protection sought.
Moreover, the cHHipONHELIEEHEB SO RETRIEK FIYBRESES B thidprelsamtanvahtibn Wi htitersk limited

by the specific ew@@@@afwmm inesludingithe: tablestaavhichthey refer. Rather, these

examples and the tables they refer to are illustrative of the compounds. compositions, and processes
of the présent.inVaatiomal \Whaicisdlaimeddsit. A siyinidaraliuiySalideoohplex sépresepted by the

following Formmr%plfesented by the following Formula I:

wherein

R;-Rs are substituents of the imidazole ring and R;-R4 each independently
represents an organic group that forms a stable imidazole ring within the

10 silylimidazolium salt complex;

R’, R’ and R’ are substituents of the silyl functional group and R’, R"’, and
R’ each independently represents an organic group that forms a stable silyl function

group within the silylimidazolium salt complex; and

X~ is an anion which forms a stable salt complex with the silylimidazolium

15 cation within the silyimidazolium salt complex.

8. The catalyst according to claim 7, wherein the anion X~ comprises a halide, R—SOs",
PF¢~, or BR.; and wherein R represents a halide, a substituted or unsubstituted alkyl
group, a substituted or unsubstituted alkoxy group, a substituted or unsubstituted aryl

group, or CF;5".

R
[ <
-
RZ\N \ %/Si 9
X
R!"
R3 R,
Formula 1
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Formula | wherein 5RI-R4 are substituents of the imidazole ring and R1-R4 each independently
represents an organic group that forms a stable imidazole ring within the silylimidazolium salt complex;
R', R" and R" are substituents of the silyl functional group and R'. R", and R- each independently
represents an organic group that forms a stable silyl function 10group within the silylimidazolium salt
complex; and X- is an anion which forms a stable salt complex with the silylimidazolium cation

within the silyjmidazolium salt complex. 2. .The silylimi li salt lex according to claim 1,
whorein the Shiol T e SR, SR e B R R AR e
15substituted orreprseanstitatdoidatiepng rsem, & sulbstituted or unsuitssiinitddadikbxy grbuptwedubstituted or

tins ubstituted aMSggg%te%ra%;S{r’ 3r ;’Q&g{w{ggg@@g%ﬁ@&pwpé%apcording to claim 1, wherein

the substituents R1-1,24 each independently represents a hydrogen atom, a substituted or
unsubstituted @lkyle 2 Shlstitiitedeh Lnsubstifutedvalkexy, @k asssibstituteckor Hnsuyhstituted-aiyl group.
104. The_silylimidazolium salt complex according to claim 1, wherein the substituents R'. R" and R"
each ind%pendemm@nt?ﬁrgﬁﬂﬁit&tealg?tlgiwgﬁbﬁftu@ﬂ‘lgﬁ%ﬂft%dsLi’ﬂ)l‘s)fﬁut%dS&)’Pﬂﬁgfﬂ:ﬁ{stﬁﬁted
allcoxy, or a subsiiutethaediisubgtitytedibayhgedwp nuhSutstifteatatyisireamprising the silylimidazolium
salt complex of claim 1. 6. A tunable latent catalyst comprising at least one silylimidazolium salt
complex, whéieifhtheasilylimidazdlngricsaleroiplekeoom grisesylimidaiddzote saigcwitplexshys functional

group attached tp.gne g e AIOIANAGMS @Het%i@@i%ﬁ&ﬁ@iﬁmﬂlﬁ&ﬁ%&(%Qﬁ‘g‘%&%&i&? claim 6,

wherein the silylimidazolium salt complex is represented by the following Formula™1:"wherein
R1-R4 are subs#fubnesiontie inflifadblEmiigzanaRialseaelsindependently represents an organic
group that forms a stable imidazaole ring within_the 10silylirnidazolium salt corgllwglex; R', R"and R’

are subttuehts Drasa=iKt AASEEGRAIGr6tiiardd Yo dhd RYUFEAFRIBER e COPRIPTSME an
organic group thaifas mempesiaieasiydHerattiare geaivp wibhiidie SiniBRZe} dnasatcrmplexs and

X-is an anion whijch forms a stahle aI; om ng V\{ith.the Si Iimli azulium.15cation within the
TR . gg 8 QHg]iltuergs l],f]??:O &]C 1Im1dazo 8-nngtm the si IMyaazoiu sait com _)% .
silyimidazolium salt'complex: 8. The Catalyst according®o claim 7, whéerein the anion omprises a

halide, R-S03» %ﬁ?'ca?izfs%%'cé}%g?@ SRR SHEREN RS ﬁ@ﬁ?ﬁd@zﬁﬂ%@t"@

uted or ynsybstituted alkyl
group, a substituted or uhsubstituted alkoxy group, a substit or unsu stitute&a@?g%p,%r CFa3l.

active temperature and wherein the active temperature is tunable by changing identities
15 of the substituents R’, R*’, and R’’’ of the silyl functional group in the silylimidazolium

salt complex.

14. The catalyst according to claim 6, wherein the catalyst is inert at room temperature and

active at a temperature greater than about 120°C.

15. The catalyst according to claim 14, wherein the active temperature of the catalyst is

20 from about 120°C to about 230°C.

16. The catalyst according to claim 15, wherein the active temperature of the catalyst is

from about 150°C to about 230°C.

17. The catalyst according to claim 16, wherein the active temperature of the catalyst is

from about 180°C to about 220°C.

25  18. A thermosettable epoxy resin composition comprising a) an epoxy resin, b) a curing
agent, and c¢) a catalyst; wherein the catalyst comprises the silylimidazolium salt

complex of claim 1.
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Formula I 9. The catalyst according to claim 7, wherein the substituents R1R4 each independently
represents a hydrogen atom, a substituted or unsubstituted alkyl, a substituted or unsubstituted alkoxy,
or a substituted or unsubstituted aryl group. 10. The catalyst according to claim 7, wherein the.
substituents R’, R" and R™ each independently represents a substituted or unsubstituted alkyl, a
substituted or unsubstituted alkoxy, or a substituted or unsubstituted aryl group. 11. The catalyst
according to ¢laim 7, whereijn the silylimidazplium salt,complex has an active temperature and wherein
the activg terr%ae@%ubr%n} Otﬂ#llgglzéc ?/I}%Wgr?aiﬁ%l%grﬁiﬁvehs? lbefxfhteeaﬁ@ry Xt Séms?ﬁr/’l%ﬁ}igarflz%lﬁﬁr%gsalt
complex. 1012. Fmcathlysttacedidliimglts ptaiamt7hasdtepaithth @ silytiniidpaotiurnfsalt epmplexsinas an
active temperatg&%%gr&i&é{;gtﬂgive temperature is tunable by changing identities of the
substituents 121-12.20f the imidazole ring in the silylimidazolium salt complex. 13. The catalyst

according to sfaime/ - MhRIGIN the siindidazolism salieomplex has an RCHVEfempgeratisgand wherein

the active temperature is tunable by changing identities 150f the substituents R', R", and R" of the silyl
functional groupatPHd dilfliAfian o MRS AT ComBRR 1A PRaUatANNE REESHHIRG B CREMY 6Cierein the
catalyst is inert sl ienepRembakaiand active at a temperature greater than about 120C. 15. The
catalyst according to claim 14, wherein the active temperature of the catalyst from about 120C to
about 230C. 156.Thke oatalyisivaceorditigeteclhim 18, witerdinibeadyveitgmperature ahthencatalyst is
from about 150Gt C. 17 The catalyst according to. claim 16, wherejin.the active .
temperature of t %83%‘?;)&‘/&05%9%1&”11 gg(;)%tp %gcd?él/%ag d(:)ﬁ? %%ét %ﬁ%lef % Ceeprigf;%}%?a%qggpgeff/nresin
composition contprisiidgnaharcapexitiaesin, b) a curing agent, and e) a catalyst; wherein the catalyst
comprises the silylimidazolium salt complex of claim 1. 19. The composition according to claim 18,
wherein!the catally SRGETS1ESaRIEIHTRRT AriTStn E P BRHD 20TPABHG 20 SRS HéFEi@nbhASE B the total
mole percent of {aeneRAXY: yesimpERSe N thecmiragiiens 20. The composition according to claim
19, wherein the catalyst is present in an amount of about 0.1 to about 5 moles percent based on the
total mole pefdeAnai thk epoyyiseinhprésendiattitéecompositioreadipckhicarnpasiiian alecordsng to
claim 20, wherein the catalyst is present in an amount of about 0.1 to about | mole percent based on
the total mol@pekaartiae tamppsing tesimpresttiahicthposomgsosivorrdg2on Acthetimpsetiable22poxy
resin composition comprising a) an epoxy resin, b) a curing agent, and c) the tunable latent catalyst of
claim 6. 23. Ah REAEEEMFFIHGEHE Hammdsctahiintpoxy RS dBmposiadn dckarbirrpetefdaim 18.

24. An agfticle cospprigingthe dheunosetialeenonniasi) GamPQsitian sccarding.loslaip?e; £5- The
article accordin }io claim 22 or claim 24, wherein the article is at least one of a 15coating, an electrical

or structural lamiH&TE "5 SEEH AP SIW A AT Mo B5RECAR AR Rht winding, a molding, a casting, or

an encapsu'i"tgc. Q‘he article according to claim 25, wherein the article is a powder coating.

27. An imidazolium salt complex represented by the following Formula II:

Ry

R’
[ =
RQ\N)\E?/Z/ o
j N, | %

Rg R,

Formula I1
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26. The article according to claim 25. wherein the article is a powder coating. 27. An imidazolium salt
complex represented by the following Formula Il:  Formula Il wherein Z is a stannyl. phosphinoyl, or
a sulfonyt functional group; R 1-R4 are substituents of the imidazole ring and R1-R4 each
independently represents an organic group that forms a stable imidazole ring within the imidazolium
5salt complex; R', R" and R- are substituents of the silyl functional group and R'. R", and R" each
independently represents an organic group that forms a stable {-ZR'R-Rfunctional group within the
imidazolium salt complex; and X-is an anion which forms a stable salt complex with the

imidazolium cation 10within {hgMidazohium salk.com I%C'Eggamgg%golium salt complex according

to claim 27, wherein the anion X- comprises a halide, R-S03-. PFr,-, or BR4-; and wherein R

represents a halide, a sylgstitited @i unsulstituted aliihgsouping siastituted Qrynsubstitdted plkoxy
group, a substituted or unsubstituted aryl g}gﬁg or CF3-. 1529. The imidazolium salt complex

according to clalff 27 WhateTrefie” stiBEht LR HRRp ERURAA ris SN AhiBR S Yom, a
substituted or unsitbstitpled alkyl, a substituted or unsubstituted alkoxy, or a substituted or
unsubstituted and group. 30. The imidazolium salt complex according to claim 27, wherein the
substituents R', Rand R-.e&chairntiBpéride mulysfepretserfisha sistitutgonel gimspbstitlRedRilkydpa

substituted 200rainsubstiies Akay. o6 8 SRS O URSHARIIHISH ARG P: ZR R Aveatplyst
comprising the imidazolium salt complex of claim 27.
functional group within the imidazolium salt complex; and

X" is an anion which forms a stable salt complex with the imidazolium cation

10 within the imidazolium salt complex.

28. The imidazolium salt complex according to claim 27, wherein the anion X~ comprises a
halide, R-SO;", PFs", or BR;™; and wherein R represents a halide, a substituted or
unsubstituted alkyl group, a substituted or unsubstituted alkoxy group, a substituted or

unsubstituted aryl group, or CF;".

15 29. The imidazolium salt complex according to claim 27, wherein the substituents R;-Ry
each independently represents a hydrogen atom, a substituted or unsubstituted alkyl, a

substituted or unsubstituted alkoxy, or a substituted or unsubstituted aryl group.

30. The imidazolium salt complex according to claim 27, wherein the substituents R’, R”’
and R’”" each independently represents a substituted or unsubstituted alkyl, a substituted

20 or unsubstituted alkoxy, or a substituted or unsubstituted aryl group.

31. A catalyst comprising the imidazolium salt complex of claim 27.
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