WO 2009/131546PCT/SG2009/000134 1 Polyisecyanurates Technical Field The present invention
relates to polyisocyanurates and to methods for making them. Background of the invention
Microporous and mesoporous materials, such as zeolites, activated carbon, silica and metal organic
frameworks W#G#8)1aFé*4videly used in heterogeneous catalysis, gas storsgbSae8iidit and
separations. It is hoped that recent development of polymer-based microporoas materials may provide
new opportunities in hydrogen storage and heterogenéous catalysis, since organic materials have
certain advantages over other to materials. Microporous polymeric materials may have unique surface

properties that can be tailored to facilitate Fhefpiaselesipagateyion, separation and catalysis.
Although hard and soft templates have been yidel use?ig] the preparation of porous materials,-a
%rgﬂg

bottom-up approach allows for the synthesis #&i€is with tailored porous structure and
surface chemistryThigweyen; inbusionicieparauschpibsoesapatalmpolymeisds Spnthekiag dadiom
molecular building blocks are still rath%éigu d'?"e e&;%g?miﬁf with intrinsic microporosity (PIMs)
have begn prepac. ROl SRR it R ALOS % 19L HROPIARAlac o spfezcenter

for the contortion of macromolecular structure with the inefficient space packing model.
Hypercross|ifiké disalyPrante fragsmoakb PR st piégonvirrintly Feieiegsensaaspeatptysis. Similar to
MIAs, the posesity-0A2onyinerainssipisad spatarial ihaLeaut Riexterssrressiiathat nake

polymer chains pack inefficiently and prevent the formation of dense and non-poroas systems.

Generally: tHE'BERIERY-Df ESIHTo BbeshiPHiiterBiis WRABHHS Indor SBRRES TigRicdhats #hthe
polymer netvietdroYaghissgatipyeisy eltpedaouitenhargaaic fhamewatis (adiantpat apegopapesed

fully of rligid netyvgéﬁ_im%%out %nx "soft:' knotg A. P..Cote, A. I.Penin N. W. 25 Ocicwia, M. O'Keefe, A.
J. Matzaer, D- M- ¢aght, g&%nrcgszﬁm, %’ﬁ%l.sl\%}agl e SR ST PPPRIGHIGA @ortes,
A. P. Cote, PcEtailergtdr i f0IKeefestOmivhetaght; Soismmpe @00 p3i6ica68)d Thasty nevellthatehials are
constr-ucted iy Iy e O AARAE 1RN WL G AUAN 0TROR AR G RS, RO PRI R RIDITY and
guasi-inorganic nature of the reaction, highly crystalline products are attained. ere Is a néed for a
polymer havirR§tRiEizicrmaeio vy fhidhasyamkicas of mprews mwrriekisevithdat ereldporonm
relatively reagily ayaileiiesstaitingnaiaiarialsidhmeuid e pietared f dhe UG- aRIRSIbOVES R mers
controllable. Object of the invention o ) o
15 synthesized from molecular building bkocks are still rather limited.. Recently, polymers
with intrinsiic microporosity (PIMs) have been prepared entirely of fused-ring subunits to
provide a rigid nonplanar block or a spiro-center for the contortiom of macromolecular
structure writh the inefficient space packeing model. Hypercrosslinked polymers represent
another class of predominantly microporous polymers. Similar to PIMs, the porosity of
26 hypercrosskinked material is a result of extensive crosslinking that xnake polymer chains
pack insfficiently and prevent the formation of dense and non-porowes svstems. Generally,
the porosiry of these two types of matexials is created by incorporating rigid units in the
polymer network. Yaghi’s group developed covalent organic frameworks (COFs) that are
composed Fully of rigid network withowet any ;‘soft” knots (A. P. Cote, A. L Benin, N. W,
25 Ockwig, ML O’Keefe, A. J. Matzger, O. M. Yaghi, Science 2003, 310, 1166; H. M. Ei-
Kaden, J. R. Hunt, J. L. Mendoza-Corges, A. P. Cote, R E. Tavioxr, M. O’Keefe, O. M.
Yagiu, Science 2007, 316, 268). These> novel materials are constucted by dehvdration
condensation reaction of boronic acicds. Due to the kinetic reQersibiiity and gquasi-
inorganic mature of the reaction, highly crystalline products are attaiped.
30 There is a need for a polymer lxaving intrinsic microporosity which is relatvely
simple to synthesise and 15 made fromx relatively readily available starting materials. It

would be preferred if the microporosity were controliable.



It is the object of the present invention to at Iea,st partially satisfy the above need.. Summary Ina
first aspect, there is provided a polyisoeyanurate comprising isocyanurate rings linked by rigid linker
groups coupled to the nitrogen atoms of said rings, said polyisocyanurate being microporous or
mesoporous or both microporous and. me sgpg&g%%‘;ﬁé@g following options may be used in
conjunction with the first aspect eithe? mdividdally or in any suitable combination_ _The linker groups
may be rigid ;Te\spheay betarereatinGnhetsor oAkl PEGELITHREEFRalPIGEX AR be tither
optionally substituted 1,4-phenylgﬁ“qmg 5 or optionally substituted 4A'-biphenyl groups.  The
polyisocyanurate may be microporous or mesoporous or both microporous and mesoporous. it may
have riores of aboiut 4 thratbontd, thein diametésd FhegsirmayrpEde RnBa B th S SEEEAGraieYinds and
the linker 9[%#%&1;“%8%&%9@’&% r@ggpgg@yohggqim@ﬁ Q{O%QQ_;ftsaQ{ tg;@b,cgdtcﬁg@)spé@aﬁumea}n
diameter. e p\gol?%socyanurate may comprise a metal species on the walls of the pores arid/ or as
nanoparticlres DB EESH TR & FALETHE %E?g} LREERLOATAHRSRRAES . it may be a metal or a metal
oxide. The metghmayferaxampiedze platinbmeregatiadionirfhemetdihotidemsapdpedtontoxide.  in
an embodi ent th Je as Hpgg\{ld}gga a goclxgg%%rggte havm_g pores of abOl_Jt_I to about 5 urnin
diameter,'S éocryanuPaFe comprising Isocyanurate rings linked by rigid linker groups coupled to
the nitrogen atofis dibkaickriges main bhatlis: dRbbdrAE M BEFORYS GVilBEaPHIRASGSaPiate having

pores of apout, %5% HoUL5,80 iR diametgrssaidipalviservanurale-nempEsing dsecyanuriaIings linked
by optionally Substituted 1,4-pheinylene groups or optionally substituted 4,4'-biphenyl groups coupled
to the niir6HeRtEAL Gf ARRFHGE P another embodiment there is provided a poiyisocyanurate
having pores of ahogblyie.aheni-E-urm iy diameerpsadpalyissoyanixatecartiprsingpisooy ardrate
rings linked by optionally substituted 1.4-phenylene.,groups or opf| y stituted 4,41-highenyl
groups co%gap%%% ﬂﬁ%ﬁ?%ﬁ SonTst gﬁﬁ?ﬁg&l sgaoizao %8%€I§£%r?§r§§%6{r%br?ig§i a%n é%&tic metal
or metal oxéderen tetivaliogfthearoroagnandr ths Atkep ks bestealiiserBores M2y [FEY Second

aspect, there is proyided apracessins making.apolisgeyanurate, said polyisocyanurate being
microporous or mesoporous or both microporous and mesoporous an(%?eaid rogess corpprisg)g
exposing a bisisoeyaRaB AR IRER BT ERP T e ME A BRSPS S ﬂﬂﬁ%% dPalSufficient
temperatuge oy sMRrsIaRsobte:bisisaayanate. (0 thepollispeyanunste whiateigtimitropgroas=or
mesoporous or both microporous.and mesoporoys. .. followi ti . edin .
conjunctiofP&ith $hé &%‘%ﬁ] 'a%epzr(g”el é@i#cﬁiié%%ﬁ?ﬂc%?nea%& %%gb%ggﬂ%ﬁ.ﬁ ?'nr%a
polyisocyamtiratermapdeamizrgisorous r mesoporous or both mtroporous and mesoporous  The

sufficient temperatyre may he fiemdput R5:te-ABou 150G sEhasilisienitime may bedrom ahout 1
hour to about 5 days. . . . } . vy
about 5 nm in diameter, saict polyisocyanurate comprising isocyanurate rings linked by
rigid linker groups coupled to the nitrogen atoms of said T gs.
In another embodiment there is provided a polvisocvaanurate having pores of about |
o aboﬁt 5 nm in diameter, sarid polyisocyanurate COmprisiceg isocyanurate rings imked by
‘optiopally substituted 1,4-phepylens groups or optiopzally substituted 4.47-bipheryy!
groups coupled to the niwogen atoms of said rings. '
In another embodiment there is provided a polyisocyzanurate having pores of z2bouwt 1
to about 5 mm in diamster, send palyisocyanm'ate comprisire 1sooyanurate Tings Imked by
optionally substituted l4-phenylemne groups or optonzally substituted 4,4°-bipheryyi
groups coupled to the mwogren atoms of said rings, smd “polyisocyanurate COMPrising a
catalytic metal or metal oxide on the walls of the pores ane<i/or as nanoparticles jocated in
the pores.
In a second aspect, there is provided a process for making a polyisocyanurate, said

polyisocyanurate being microporous or mesoporous or both microporous and mesoporous and

said process comprising exposing a bisisocyanate to an N-heterocyelic



The NHC may be used in a catalytic amount_  The process may comprise the step of generating the
NBC. It may comprise generating the. NHC in situ. The step of Frenerati lag the NBC may comprise
treating an imiciazdium sail with a base.  The bisisocyanate may be a rigid bisisocyanate. It may be
an aromatic or heteroaromatie bisisocyanate. It may be for example a 1,4-phenyierte diisacyanate or a
4,4'-bip'nenyidiisaeyaitils, Rachiiesg:opkenaty subsiitttedin adaliiomie: the isatyanaiengoduips.

e N KR SIS SR SRR AL S AP R ene
1,3-bis-t-butissemyionnidazol-22-ylidene. The NBC ma37 be a stable NBC. It may be a pnlymeric

NBC. It may be arRerRIVMRIEKEord. MANNEHRIOLIIBEFeIMBE witHtidnsesshodinent thete: is
provided a process f?r making a poiyisoc-vanurate, said process comprising exposing a 1,4-phenyl:me
diisocyanatePdrachay Bfﬁﬁ‘eaﬁyia‘i%ﬁ%gaﬁ%%f’ BB Being optionally substituted in addition to Che
isocyanate groupEr¢cpalyiNehstemmeyc eag drbene¢iNBO)atatmes@Btoahn ol 0C-forsuffisiend time
for conversi%@%gg}glgisisocyanate to the poLyisocyanurate.  In another embodiment there is
provided a_ process for making a poi yisocyanurate comprising: treating an imid_azolium salt with a
base to, generatelhf NETSIEHdSBRBTEHT F8Y Ph&Rgie fdib oty dpatpo sy b 0'C. The sufficient
4,4'-biplienvigiispeyapattenasiibeaingeptiabally substituted in addition to the isocyanate groups, to
the NI-IC at aboujrﬁl% ch%bout go}%%r.suffiqi nt.time for conversion of the bisisocyanate to the
polyisocyanurate. 8 J8H 3548 P TS /6&?@4’4 In a third aspect, there is provided

use of the polyiscEyammatsamdsfinethabiovaiorsstarage pEasgasnd HbegdEiay betaydrogemsthere is
also provided.a method ohsiering a.gasgenaprisipgdR,nasing & Palyisogyanumis-accqrding 4o the

disclosure td the gas; wherein the polyisocyanurate has a pore size such that it can store said gas.
There is alsorpszidabsMeNiBdad?e8erubbing a gaseous substance from a eras comprising said

gaseous substangg,:Sajd:REeeRsS SOMPIISHY £XROYNGis ROMEasKaANHIante aecandingriedie or

disclosure tq said gas, WNSEIn e, POl ISPGaNIAle 1as 8 DALe SI7G U tene diiscocyanate or
4 4°-biphenyldiisocyanate, each being optionally substtuted in addinon to thhe 1socyanaie
groups. ,

The NHC may be selected from the group consisting of l.3-b3s-mestyi-4,5-
dihvdrotrmdazol-2-yhidene, 1.3-b1s-(2,6-di—i-propyipheny!}-4,5-dibhyd roimidazol-2-
viidene and 1,3-bis-r-butyl-4,5-dinvdroimidazol- 2-vlidene. The NHC mes be a stabie
NHC. It mav be 2z polymeric NHC. It mayv be & non-polvmeric (e/g. moonomenc or’
dimeric) NHC.

In an embodimeryt there is provided a process for making 2 polyisocvanurate, said
process - comprising  exposing a2  l/4-phemylene diisocyamate ©r a 44'-
biphenyldiisocvanate, €ach being optionally sub»stinrted in addifion to the isocyanate
groups, to an _N~hf:tsrbcyciic carbene (NHC)'af about 23 to abowm 150°C for sufficient
time for conversiop of the bisisocyanalte 1o the pol yisocvanurate.

in another embodiment there is provided & process for making a pok yisocyanurate
comprising: |

¢ reating an imidazolium salt with 2 base to generate an NHC; and

e exposing 2 1,4-phenylene diisocyanate or a 4,4’-biphenvidiisocyanate, each being
optionally substituted in addihon 1o the isocyanate groups, to the NEIC at about 25
to abour 130%C for sufficient ume for <onversion of the bisisocvanate o the

polvisocyanurate.



that it can store said gaseous substance. The polyisocyanurate may have a pore size such that it can
not store other components offilt gas. -In a fourth aspect, there is provided a gas storage device
comprising thg,galygqsyapurate as defined above. In a fifth aspect, there is provided use of the
polyisocyanurate as defined above as a catalyst. The polyisocyanurate conﬁf%@%%"é‘é’féﬂ?ﬁc metal
species on the walls of the pores and/or as nanoparticles located in the pores. In a sixth aspect,
there is provided a method for conducting a reaction of a starting material to a product, said method
comprising exposing said starting material to a polyisocyanurate as defined above, wherein said metal

species is capable ofcatdysirgsaid teactiopcTedolyisdcyrnprBtecomiptises: alcatally isneta)

species on thewals @ttbe Pares.andioras aangpadicles lgcated in the pores. In an example, the
starting material is an aryl halide or a vinyl halide and the reaction is'a Suzuki coupling reaction. In this

example the $BH°6f ¥posiatBesstartingymmerisrial to the polyisosyandrateAemRrises exnesing he

starting materigkio the Ralyisocyanurate in the presence of an arylboronic acid. or a vinylbGronic acid.
Brief Description, of th rav??%és, H&e?’hr‘%el%% r(gtvil%ﬁﬁg‘ariar%e% Sorthe 15?558%1?]?“&?\%%%” now be

describe:#:l-,%‘;?1 way of eei?aﬁﬁﬂé’%ﬂﬂ&?%\/ﬁh“%mé@t@mmg@ngpmamw&ﬂM%r%igé
FiFlUre 1 shovesnBaskT |Rz$peazacat @iAanandib)RIGLEA. Fime2.s PA-FTIR sp.-cima of
Plcr_343 synthesized irtlogeljvg'i a& (Sa%)I 80C a{?d gb 5%1%0) in B%\%%r%}ﬁh%ﬁo uran Wl‘:@l‘ B End
(d) in DM.F. /toduene at 80T Fintre 3 sAOWE SENTTH ARG P tusass htha siredizmteh (a) static--
conditions andhb) stirrige Fagligesdoshews BENM inagescef RIGHTEasynbesizad () RdaIvLr-ltc>luetie

at 80C, and inHaMEca! {Q)80G(GitrAG,. ARdLd) 43G. Figure 5 is a TGA curve of PICU-B; WO
2009/131546PCT/SG2009/000134 5 Figure 6 is a TEMﬁmage of PIC IU-B.;

In a fourth aspect, there is provided a gas storage device comprising the polyisocyanurate
as defined above.

In a fifth aspect, there is provided use of the polyisocyanurate as defined above 23 a
catalyst. The polyisocyanurate comprises a catalytic metal species on the walls of the pores
and/or as nanoparticles located in the pores. ' *

In a sixth aspect, there is provided 2 method for conducting a reaction of a starting
material to a product, said method comprising exposing said starting material to a
polyisocyanurate | as defined above, wherein said metal species is capable of catalysing
said reaction. The polyisocyanurate comprises a catalytic metal species on the walls of the poTEs
and/or as nanoparticies located in the pores. In an example, the starting material is an aryl halide
or a vinyl halide and the reaction is 2 Suzuki coupiiﬁg reaction. In this example the step of
exposing the starting material to the polyisocyanurate comprises exposing the starting material to

the polyisocyanurate in the presence of an arylboronic acid or a vinylboronic acig,

Brief DescripEion of the Drawings
Prefemrred embodiments of the prese=mt invéntion will mow be desscribed, by way of
an exampie only, with reference 10 the ac <ompanying drawings wherein:
Figure ] skaows PA-FTIR spectra of (2) A and (b) PYCU-4;
Figure 2 shaows PA-FTIR -spectra of PICE B synthesized in DVF at (2) 80°C and 63
25°C. (¢) im DMF/tewabydrofuran (THF) a1 80°C, and (d) in DMF/i>lnens a1 80°C:
Figure 3 shhows SEM images of PICU-A synthesized under (2) static conditions anﬁ (b}
SUITIng,
Figurs 4 shows SEM imaces of PICU-IE svithe
DMEF at (b)) 80°C, (c) 150°C and (d) 23°C:

sized {a} in DMF/i>luene at 80°C, end 1

Figure 5 is a TGA curve of PICU-B;



Figure 7 shows XRD patterns of PICU-A (a) in the dry form, and (b) in DMSO; Figure 8 shows XRD
patterns of PICU-B (a) in the dry form, and (b) in DMF; Figure 9 is a Nitrogen adsorption-desorption
isotherm and pore size distribution of PICL1- B; Figure 10 is a Nitrogen adsorption-desorption isotherm
of PL CU-AVHE#E/ 13158 a TGA curve of Pd/PICU-B-1 with a Pd loading B T/$ae8¥/8¢0i3gure 12 shows
|IEM images of- (a) Pd/PICU-B-1 and (b) Pcl/PICU-B-2; and Figure 13 is a 1EM image of Pt/PICU-B;
ioDetailed Description of the Preferred Embodiments® The present invention provides a
polyisocyanurate. t he polyisocyanurate may be porous. It may be microporous or it may be

mesoporouq:%&{gm Qq—@gfrﬁﬁgggq,@%ijaﬁg ronesoporous. It may be macroporous. It may be
It ma es o

nanoporous, | )éhave por about 1 to about 5 run in diameter or about 1 to 3. 2 to 3 or 2 to 4nm

in diameter, 2815 9STHARY pagensol PIGUAL2) g B8 driifommmanst (rhid RYRcyanurate may
have a narr@gperd sizewdiSIRDUbaRErIhefPRIEUoB) Palyiseefaiy AIeybBRIstantially

monodispersed (i.€, all of the pores may be the same.diameter)..It may have. a himodal pgre size
distribution o%} a poeﬁ/%%ég‘if?%’ e é;%ze? I@%ﬁﬁh ?8?{%"%&8%%%16 |Sf‘r2|18 |o¥1%/%hz§ po%gb% Dalb%tf}tq?@ about
Stun in dian¥ter may be the smaller (or smallest) of the two 20 modes. The smaller (smallest) mode

may b(rel sub;ggaf@l!mrggqmﬂ{g@iﬁs&gggpgg,ﬂq&%gw%pgéﬁl{g%?@t'@ga@,, or alternatively comprirs]e
pores having.a mean diameter between ahout 20 and about nm. These pores may represent the
larger of the%ﬂ%ﬁwibé%agﬁ §’E.FH6V&’a?§?§V%%fF&%93rHé&@ﬁ&é&%ﬁ&&%@%b&&?@g&o 150nm, or about 2D
to 100, 20 tdE0rsd Icikees TEbtoR(es b (@) PO I0Bd indfnFa el diatheatet, e.g. about 20,
30, 40, 50, QQ@ZQ: {39159@@99&;& 320 A1 49, 150, 160, 170, 180, 190k or 200nrn They may

have a broad. pore size distribution, The pores in the range of about L to about 5nrn may be a direct

conseddence of the chemRgiaipehPesstriiptipmaldhe Beefietned HarbedimeREs diameter) of linker
groups between théspeyanuiaergionBEdieda g eb NS/ MamRe B REONKAUHBBFMaFdRenPreasess

used for making the.30po 1 yi socyannrate . The polyisocyanurate may b rticulate. The particles
of the polyisg%rf(/}z‘a‘lnstlrlag)t[eIEi ;fi/é/k%lgp ré%?r‘?la?éli} é‘b%ﬁ%%‘,@%?!ﬁ%%’ysm“% Bﬁ?eeggé?f%%?{%%?g? some
other shapeaihayasayohene i diambtem@cropenwiaihetey) bf aoyborogstol albeyt Ramsigrans orfabout

0.2 10 1, 0.240,0:51 Qi 3 Ir2iAr e Brd TUCHOR6: G0 2O D2, (-3, £ fh 0y sl WO
2009/131546PCT/SG2009/0001346 0.8,0.9,1,1.1,1.2,1.3,1.4,1.5,1.6, 1.7, 1.8, 1.9 oif 2 microns.

- e =

They ntay b&8lbstahtally %Bn&di’sbe?s&.sﬁegpﬁ’ra’?‘Smﬁﬂigﬁi‘ér%ﬁyim%yﬁ%}?%%é?%ﬁ?éﬁ fnay be
a condensedanass. ghraayPeispivaius Maie. pheporos maskaBydmavadpenes ot awbsthaikMabout

o0 R D0 3 R AR R0 o
have a broa@o&zSrsiiBtilion or a polymodal pore size distribution. In such a distribution, £he
pores- of about I to about 5nm in diameter may be the smzaller (or smallest) of the two
20 mocies, The smaller (smallest) mode may be substantially monodispersed. T he
polyisocyanate may additionall v or alternatively comprise prores having a mean diarnester |
between about 20 and about 200nm. These pores may represent the larger of the rwo
modes of a bimodal distributior:. These pores may be abowt 20 to- 1530nm, or about 20 10
100, 20 1o .50, 50 to 2(_)0, 100 ®o 200, 50 to 100 or 100 to 1350nm in mean diamester, =.¢.
25 about 20, 30, 40, 50, 60, 7C, 80, 90, 100, 110, 120, 130, 1430, 150, 160, 170, 180, 193 or
200, They may have a broad pore size distribution. The ppores in the range of about 1 10
about Snim may be a direct consequence of the chemistry of the polyvisocyanate, In
particular the size (length, diasneter) of linker groups betoveen the isocyanurate growmps.
“The larger pores may be a conseQuence of the process used for making the
30 polyilsocyanurate,
The polyisocyanurate may be particulate. The particlees of the polyisocyanurate may
be approximately spherical, or they may be irregular, podvhedral or some other shape.
They may have a diameter (or mean diameter) of about 0 .2 10 about 2 micron, or abrout

02t01,021w0 05,0512 1to2or0.51 | micron, e.g. about 0.2, 0.3, 0.4, 0.5, 0.6, Q.7,



The polyisocyanurate may comprise isocyanurate rings linked by linker groups. An isocyanurate ring is
a 6-membered ring in which nitrogen atoms alternate -with carbon atoms of carbonyl groups. The
nitrogen atoms may be coupled to various species, in the to present instance the linker groups.
Isocyanurat&¥thiasPBéiHéwed as cyclic trimers of isocyanates The polyis&€EyaifedtiosdiHe present
invention may comprise a_ network of fused macrocycles, each of said macrocycles comprising three
isocyanurate rings, each pair of isocyanurate rings being joined by a linker group. In this structure, the
macrocycles may define pores in said polyisocyanurate. The linker groups may be 15 coupled to the

nitrogen atorgs o §aid 1inasoThe lipkergropps may ke rigid,. 7 %s&%@.rﬁr%*&sﬁﬂ%vsk%&gaﬂ%%c or

heteroaromatic or both. It may be a rigid aliphatic linkér. Tt may bea rigid alicyclie linker. Suitable linker

groups includ°RAdsPsrsdd TehaRy - Qq%ﬁsmwis@bétim&iwawm Baheqsecssensasdrings),
commonly hawisg the:iwbdlinksages: imike FREyaRusHiRtinasd RN OPPASIE TnesRherde.o-

naphthalene-2,6- 20 diy|, anthracene-2,6-dj c.). Other suitghle linker groups include 14-linked
chains of aronnﬁhaﬁlcaﬁ?m%%{?réﬁ ig(ﬂl%%fg)r %?réé%@%ir@s}%%ﬁtcﬁéé&%@H%%érﬁ?nfﬁ%ﬁtﬁ: ring is
linked tosadjddent AlgstoyhéLiBor7a8oP ihihell Gridd pb3fidds), ds@.¢ah 1@min&laidhatic ring
is linked to angepeyanthatefing.LytReaarton ateakirdhe 4 position. Examples of such a linker are a
biphenyl-4,4'-y1 group and a 1,4- 25 diphenylbenzene-4'.4"-y1 group g:e.' a_p-tephenyl with bonds in
the 4 positions of g%‘ﬁ%?’hﬁﬂ?ﬁi‘?ﬁﬁ%’f I FARATSFOIPS AR Bse Hialat ha ke stiones fo
,4-phenylenespayapsra: apip il yCeuhatifbied 4i4e hiphadybmemesen BetiakstaiaspsohtRerbon
polyisocyan e | aining the two isocyanate groups in the .
bisisocyanatg%txggg ?())é z%%’&éﬁt e%%ﬁi%yé%ﬁ%%g ,%&m rggyl/ e\g e?f%%%qg?e‘%%r%gjﬁgg SigE gbﬂ(%? the
pores ifthe PEIFROEERGRatE: HERKEE SBnRs||dBte Y RnIalF B emainthellsisiedsl wh sankicoftimdinked
group. Thus {soggaeiss, ahenasrliiaaaioms e lprashdisianreRehgenhe-wo; iIspayanategroups
of the bisisocyannpe) will result in I%r% ores in tf}Pegqolyisocya,nurate. This may be modulated by side
groups on thcgéﬁﬁ(l{zeraﬁF b Wn s ? OIS 1E AP ERTEES SBGR BW LI BIDtRES it the
pores, therelpaeitheriseckrringith etz e wrimgogifivied) theie sulifdee chemistiy othbothructiee pel
yisocyanuralgiR-FaPHas Adelel sBREISR & AMALAMALR! I pLaoms aegmetal salt

on the walls of the pores. It may comprise nanoparticle€s of the 5 metal species loce le-pores. It
may coi’ﬁpris%oﬂ?éefgr)]&ép‘%ﬁ’é@é?bdﬂ?% Hestidl Busrst i p obek enegresps apsp Ae i loEatdinkeThe
pores. The metaipspasieseraeymad cadalitierdemeiabmeyeior Rxampie hepktinyralpaliagium or
gold or iron. The metal oxide m e an oxide of any. one of these, e.g.,.Fe304. The . .
polyisocyan u%?l)ég% 0 trﬁ%ép?ggveﬁ%rﬁ}g% |%n§rlﬁ§ay/&53%%a§r Y% >S<p%%%ﬁ%gah’fﬁaﬁ%ﬁ%ic%ﬂﬁ%u&rg‘gs
N-heterocycli¢rzanahespeBiyser bu Hdidnen indhanidcayauticientitenperatmeniyrieonrer sierrebthe
bisisocy-anatentadhephiSQENBRLIANR  rind REEBAGHOIRRY:RE GaNdHSied gé.a%ﬁé&gﬁeb%t 150C,
or about 25t .]100. 5to 50, 50 toé 50,.100 to 150 or 50 to 100C, or about 25, 30, 35, 40, 45, 50, 60,
70, 80, 9, 13@: ﬁ‘é‘?ﬁﬁﬁ%&,’qﬁ' GFUsGARs SHPR SR SRS OB O St eushAirt@bending
on the tempemtmat andgh éermatur&ofithe drisisaoyaniateand INB Ghactabaiit Acaaemidedicubkdry, 1 to
12 hours, 1 10 10455 BOUIS 8- das. IO A8¥Rt 18 QY5 dhe NP J03HRMRhAE 18,21

hours, e.g. about 1, 2, 3, 4; 5,6, 12 or 18 hours, or about I. 2, 3, 4 or ys. [t may be conducted
under an inefEARABSpate BRaittdJErkRelurth ABSNARRGSH cingniixtire eftapy BVOBrimdke thereof.

It may be condsieied UpgahResadhydsass coNHitiens.alhesreasinniay 8, copduptedii asealed
vessel. ;I;hus aflt)er rlgmbinin_g,t e rga ents, the vessel.in whiché{}? aész,combined may be sealed (or
they may be Taneierred o a separaté QURSEIWAIRRTP BEDES TR R AER[B e 4 positions of both

terminal rings). The linmker groups may be either optionally substituted 1 .4-phenviene
groups or optionally substinmted 4.4’-biphenyl groups. The linker groups of the

polyisocyanurate may be the same as the group j oining the two isocyanate grroups in the

bistsocyanate ‘used to make the polyisocyanurate, or may be derived therefrom. The size
30 of the pores in the poly-isocyanurate may be contmrollable. It may be controllable by means
of the linker group. Thus in general. a longer linker group (i.e. a larger distance between
the two isocyanate groups of the bisisocyanate) will result in larger ypores in the

~ polyisocyanurate, This may be modulated by side> groups on the linker group, which may



It may be conducted in a solvent. The solvent may be substantially anhydrous. It may be dried prior to
use in the reaction. It may be a solvent capable of dissolving one or 25 more, optionally all, of the
reagents used. It may be a solvent in which the polyisocyamarate is substantially insolable, or from
which the TaKWEYAAdFate can precipitate. It may be an aprotic solvent_RE hiy2B/80p6Yar solvent. It
may be a dipolar aprotic solvent. It may for example be dimethylsulfoxide, dimethylformamide,
hexamethylphosphoric triamide, hexamethylphosphorus triarnide, propylene carbonate, 30 ethylene
carbonate or a mixture of any two or more of these. 'The reaction may be conducted under
substantiallyRaRME QS C@f@iﬁ'@ﬁ@ therdiie Qkﬁiasos;éaae«;@gma&p@;ﬁen&l%&y?ﬂ tendimMayia-we a
rigid molecular framewark j.oining the two isocyanate groups. It may have no flexible moieties between
the isocyan&tE GroTHE" y have a structure such that the two isocyanate groups of the WO
2009/131546PC T8 GE00RMRQ0AG4!8 m&mmhwemvmbsﬁxadmd@haﬁem&eiaﬁuﬁdmlaadheaiher

may be an aygmatig. fused aramatic %Mﬁi@%mae“g.ﬁ@gw& "SOC ate g a%ﬁﬁl fisogyapate, a

fur-an diisooyanate, a phenylene diisocyanate, a naphthalene ipheny dusocyanate
each being SISt ISGRIRS IRt oA ORPRISES | [%e%‘?ﬁdi’f’ﬁé(’&‘ BrsiswEiatiate in
which the twhdsanyarad® gsapsmieidisposetaliang? gormnanaxsdivsdaeexample sampyibe a

1.4-phenylez% dusc%glyanate argsz:'m qepge socyanaacﬁa% .2,6- na hhpalene dllﬁcyana La
N Pyﬁgn & B

2,5-pyridinediSocyanate 1 Ti%E pore Bize o botyiSo&yanat g% may e at 1éaStin part Controtted by the
nature of thengiskoeyanats %manméubysme glidtemble - between the two |socyanate groups thereof.

to The bisisocyangte payyniionally.Re %fbﬁs@%gs%@l@ﬁoa;%&@ gviSRCYRIAE gio

substituent(s) may for example be halides (e.g. Br) or alkoxy (e.qg. methoch ox groups or
some other GrSEYs4HE bﬁ&éoéy&ﬁ%’%ﬁgﬁh%eemsr@\‘ﬁ)% ﬁfﬁ(h‘ié%@ A5T86 % u@nf@%ﬂﬁ%‘r

monomers, mmpm%meﬁxﬂermdms(ﬁﬁermbnmymm&eﬂoahd polyleoeahiraiisocyanate were found to
produce non- poroH% 9?%&%5%%9% |§o&)%%g§ Ter?ou@wprbse two isocyanate ﬂfeups joined

to a linker group. T er group may e as descri or the pofylsocyanurate or may be

derived therBfRfin?0 0 HRONHE imdyber 4R imidBZelyitaheut 2/ 3P0t L0-thid A8 offlidEh80itShay be a
1,3-alisubstitagd 13 dmide@ohimiens; bemgsxoﬁ@ Qtom@rqmaédmtyhﬂsﬁtez Ihaaay Re BGu®-5 days,

d|hyC|r0|m|d zolylidene. It be a 4. 5 0|m|da7ol- -ylidene. It ma 20 d| ubstltuted
il ESEHE TR R4 2 S BERER 2 b T R RO e Bt
4,5-dihydroitmidaokidylidedss). hay ﬁékmﬁsdmze: Freysn@phdediffé réays, Thay hiayhHé tmﬂ@ays

substituents; T g, NHCnay e sterically siaRilisgd alfig §ubsytue@t%ma>6lbel9mﬁ@e&%@@m lkyl
substituents, The..4y may be C3 to 012 branched chain alkyl substituents, e.g. 03 to 06. 06 to 012 or

04 to 08. Sutabie' SlibsTaRML MRS RUBHPY, WEPEFUER, BT AFRSIRYTEF oFy EaRtrogen, helinm,
1,1,2,2- tetrameﬁayimapylofr heynstissitue pisvmay bezaﬁﬁmaumdr&tgy mayabe B:6wisthstitinggiaromatic

They may b rch gle %iﬁs\ﬂﬂl eftH‘yIphe%l o{héﬁl %:lme elgyé SFecﬁlzfr) o q mla}xlbea% stable

NHC. If may &4 polymenc This case e recyc Sequent reactions. It

may be a SMWWMW%%@TP@B@W@N%&%@MWW%@y oesaladratetiemay be
@ monomerigHG S auRe AragENGel EIRHNEGuIBY bR Se i 3, catalytic amount. It nay

be used in a molalcrS amount relatjve tq the blsbs}ocy te of about 1 to about 109& or apout 1 to 5 1lto
2,210 10, 5 to 10 B0 85" FGUHBBUE £FO4 Y, 518 088\ grangs substantally anhydrous.

may be dried prior to use in the reaction. It may be a solvent capable of dissolving one or

25 more, optiomally all, of the reagents wused. t may be 2 soolvent In which the

polyisocyanuirate .is substantially nsoluble. or from which the polvisocyanurate can

precipitate. It may be an aprotic soivent. It may be a polar soivent. It may be a dipolar

aprotic solwent. It may for example be dimethvisulfoxide, dimethylformamide,

hexamethyiphosphoric triamide. hexamesthylphosphorus triamide, propylene carbonate,

30 ethvlens carbonate or a mixture of ansy’ twe or more of these. The reaction may be
conducted uxder substantially anhydrous conditions.

The bisisocyanate may be a rigad isocyanate. It may hawe a rigid molecular

framework j oining the two isocyanate gzroups. It may have no ﬁéxible moieties between

the 1socyanate groups. It may have a stnacmure such that the two isocyanate groups of the



WO 2009/131546PCT/SG2009/000134 9  The reaction may comprise the step of generating the
NHC. The NEC may be generated in situ. This may be useful in cases where the NHC has limited
stability, or is unstable. It may be useful in cases where the NBC has limited stability, or is unstable,
under the redi&idii%ehidtfions used for making the polyisocyanurate. The RITE4)/ 198184 made
immediately, or a short time, prior to combining it with_the bisisocyanate. The reaction may be
conducted without isolation, or without purification, ofthe NTHC. Thus the NHC may be generated and
the bisisocyanate added directly to the reaction mixture in order to convert the bisisocyanate to the

polyisocyainyjtate JTheNHG ARG generaied by axnogiLs f @n b Iyd] 'E%Sﬁgriga&,bﬁgwhe

base io may be a strong base. It may be a non-nucleophilic base. It may tor example be hydride (e.qg.

sodium hyd ERERESiuRT dRSEPRSERMAN IS teACETRBABe (Y. polsditinrteRisRsymdeitor SofEasther

suitable basgiisbae/bage, may bphefglin abgikeguimelar amasphialatiye 0dheotidkator may be used
in a slight mgll [ EXCRSS, €.9. L(%essetgglnb%n abouttl, 5,10, 1 ortgtO?{o molad' excess. The.reactiontmay be
conducted in & SOVent. The Same rangelﬁgof’gé% rshuay & tiséd ad 8(1-:- W8 Bh VTR HHE

conversion grebedidigoeydaatbisstdsepativido cyeichritet W isveratiols grayiseacodidpesedistegout O to
about 30C, @raRauh04e25T80 20 Cierd pR 162 A0 1840,30,20,10-30s10 12;: 28 Qfad2d0 £9Cg8S_

abate 0, 5, 10, 15, 20, 25 or 30C. It nhay be_conducted for at least about 30 minutes, or at least about
1, 1.5 or 2 hBRREBY a6 a0 SHURERTIERS, HisapsRar g 220 P15 4pdisecid s Jo%r 1 to 3
hours, e.2. givoeit Sl &f 1h6, @I ESo8yshited b be hinacs. i puay desneaniidctedtbinderihesathe ranee
of atmospherges ib f ofver i the hisisQcyanate to the polyisocyanurate. It
may be comE o e b B S R ey
prepardfion éh¢hPIRISESYaRaiciHiah opiRAlds Ibm aphsviried aidironssN EC e ey sasn @modazolyl salt
It may be a Fiimisigaihealts) biRaY et indidi vdbsiitddede rimictar gy salidbmag ke fethoxy,
dihydroimirls7olyl salt. It may be a 4,5-dihydroimjdn7olyi salt. It ma %;4.5-& -droimi(g zol-2-y1
Salt It may bEOPEY) SRR RS BT, BBy e A BaS TR (Ih Eher the
2- imiclazolyd saltbetithents 5-Cihydreimiciezol- 2sydhsakt) dndlyrbeithie seidplitey nwaybeaaiffaent. They
may be bulk sysituents; boimidazallracialh ey pecieyiGall Rt siabiiseth s subatitugqls may

be branched chain alkyl substituents. They may be to 012 branched chain alkyl substituents, est.

C3 to 0B. 06D8#29Y8R ¢ AT SORDHEHRY USRS iBQuBR B Y1 2 t8RKSTA0YD1 Thinbkwsropy
and 1,1,2,2- deingmatiyhierapitsdiiey substidenisspay/ioaramats. dhewmaydesv:6disebkstilted
aromatic. They may, be fgr-example 2,6-dimet enyl or 2 4 6-trimethylphenyl. W .
20091131546PC%&%2g%8ef8%§§ﬂ6m u?u%ép‘{]ﬁ%e'ré%\cu n% o"?rﬁ“ﬁ%lé%gf OB nLAR %R
reaction mixiuredtapsuaeitatotidrzeliidlepe. Jhayirabed: fimvarpbaidegniolisignagitamsy be it fhdy be

gently agitatggly HheiagHaIN0L HHSeE, MAY w@?-&%?mgnﬁl@k@gasama@n% Mixing:of some other
form of aglta{tgln . .As %’ue ?o%socyarturate Is common insoluble in the solvent used in its ,
productibn, i ‘Fﬂ%?fﬂ@& iftts T R faEStor Y ARe. iRfnby B AcRANSHYERES'® cUbritESedttion

mixture folloiwiiteeoiptisivncoftives aittipnibhisi daay! fciiiatess uhastbenhensnipulation phtheoe
reaction mixfiyse and may fagilitaie pigRiPiation ol ihe RodnstPQlyIsPeyaguraly; The Rfecipitaed

product may be separated from tne reaction mixture,
substituents may be branched chain alkyvl substituents. They may be C3 to C12 branched

chairn alkyl substituents, e.g. C3 10 C6, C6 to C12 or (C4 1o C8. Suitable substituents
inchade isopropyl, tert-butyl, 1.1-dimethylpropyl and 1.1.2.2-tetramethylpropyl. They

[
(%]

substituents may be aromatic. T hey may be 2,6-disubstineted aromatic. They may be for
exampie 2.6-dimethyipheny] or 2.4.6-rimethyiphenyl.

The NHC may be a stable NHC. It may be a polymezric NHC. In this case the NNHC

may be recycled for subsequent reactions. It may be a soduble NHC. It may be an NJTHC

30 that is separable from the polyisocyanurate. It may be 2 monomeric NHC. It may be a
dimeric NHC. |

" The NHC may be used in a catalytic amount. It meay be used in a molar amount

" relative to the bisisocvanaie of about ! to about 10%, orabout 1 t0'35, 1 to 2. 210 10, 3 to
10 or 210 5%, e.g.about 1,2, 3, 4, 5,6, 7. 8, 9 or 10%.



to e.g. by settling and decanting, by filtration, by centrifugation or by some other suitable method. It
may then be washed with a wash solvent. Suitable wash solvents are non-solvents or poor solvents for
the product. They may for example be any of the suitable solvents described above as being suitable
for the reactf¥fl #¥&if36Hthey may be some other suitable organic solventP$§Uéa8HBHene chloride,
chloroform, diethyl ether, ethyl 13 acetate, ethanol, methanol or a combination of any two or more of
these. The product may be washed more than once, é.g. 2, 3, 4 or 5 times, and each washing nnay,
independently, use a washing solvent as described above. For example the product may be washed

successively with #pGlavkiarmar idexgitlormmeliane sorehn, Rllawied e vasbingfeyroduct

may be dried. This nay be at elevated temperature (e.g. in an oven) 20 at a temperature of about 50 to
about 1 50CEFREHEHBS Y 10 Poev & BB ap 1BseoobeRs iy DE cortdimetrdsteailiaBrsssure,
e.g. less thanmihii. I0GaBae wsclfal thaasabeuidnd 1R NHTORds MBael sedhe epndustedina wean
of gas. e.2. gjr or nitroeen or carbon dioxide pr.a mixture of any two or more suita es. , The
oronedure e R R B R B A S TR o be
polyisoéyanurafs Haseerisiehisido eyahare vk Wek! ritagosekiniagstt asthitthe distpeiaaatt. abaut 85,
90, 95 Ior r??@m@ma%maﬁtwﬁmﬁ &Eﬁ&@ﬂﬁi@y%ﬂ&é}aﬁ%@ﬁg&ﬁ@ﬂ{g ﬁ@@ﬁ:@f%&a& for
example hydro St ores of the ispcyanurate ma, ailored at will, specific products may
be designed %?@%é‘é‘éyo%gﬁgﬁf?ctﬁgﬁ B%Fﬁdf&fﬁﬂaiﬁ%% ﬂé,ﬂﬁ‘i WL 3P %%ﬁ%ﬁ%m make
the polyisocyaden &ieolhatpbh/isoegaranatacrtay e vised-donaisorbing or scrubbing one or more
gases ffom a gas FHXige dbIBCRRNEAY S RINEARSORARYENG.P a0 Peautane sige to fit

the gas(es) to be scrubbed but not'other gases in‘the gas mixture. In some instances a mixture o
polyiscifanuritds bh & SBENSsB o EHE8Y racerandprrlyicronsr aly mpmiRtursamplsohpehydride

embodimentgety/o MO eh \idA00 8tk kh 48R4 H SHIRRAIBIOkadnliodifferent Polvisesian uates
having differgnt pore sizes may. be used in conjunctian (e.g. mixed) in order to separate more than one
different gas?ftrlc%cr%iae T, &i%rtﬁgtgg%ig)gé%/’a%%}aeé% g%@ﬁ béeed"%%%réfh 3%%?1%? FRLEL a
molecular levelative wolbrdeitf oy avabidtenrasdoe alsdighencaliad oicssered: bigss ihmonrespondingly

relatively highe Thedpabisesyanuralesnayba-canableAfrieuimtnde Ahpuodh Dymueightofvdrogen,
or up to about 4 or 3%, or about 1 to about 5%, or about 1 to 3.3 to 5,3 to 4 car 4 to 5% by weight, e.g.

about 172, 308581405 518y Bspsrhas GlecTRe RISy &N Hsywa doien o br bivserpraataie Hid
reduced temperdtacsatiuraayTier exaripierheystereshatabd i 2hdsatabautdaaEr onabgis:b0 te 100,

2010 50 or 453 tg 0Raly 93P 2D 135 917903938910 10 20 or 15 10 25°C., e.c. about 0, 5, 10,
15, 20, 25 or 30°C. It mxay be conducted for at leasst about 30 minutes, or at least about 1,

1.5 or 2 hours, or for about 0.5 to about 5 hours, erabout 0.5t0 2,05t 1, 1 t0 3. 21t0 5

20 orlto 3 hours, eg. about 0.5, 1, 1.5,2, 2.5.3,3.3_ 4. 4.5 or 5 hours. It may be conducted

under the same range of atmospheres as described above for the conversion of the
bisisocyanate to the polyisocyanurate. It may be conducted under anhydrous conditions.

The solvent may be drieed before use in the preparation of the NHC. The imidazolium salt

may correspond to the INHC. It may be an imidazo 1y salt. It may be a 2-imida=olyl salt. It

o)
th

may be a 1,3-disubstituted 2-imidazoly! sait. It maw be a dihydroimidazolyl salt. It may be.
a 4,5-dihydroimidazoly1 salt. It may be a 4,5—dihydroimidazol—2-j1 salt. It maxy be a 13-
disubstituted 4,3-dinydroimidazol-2-yl salt. The 1 and 3 substituents (of ekther the 2-
imidazolyl salt or the 4,35-dihydroimidazol-2-y] salt) may be the same. Thaey may be
different. They may be bulky substituents. The imidazolium salt may be sterically
30  stabilised. The substitients may be branched chaim alkyl substituents. They may be C3 1o
C12 branched chamn alkyl substituents, e.g. C3 to C6, C6 to C12 or C4 to (8. Suitable
substituents  inciude  isopropyl, tert-buryl, 1.1-dimethvipropyl and 1.1,2.2-
tetramethylipropyl. They substituents ‘may be aromatic. They may be 2,6-Aisubstiruted

aromatic. They may be for example 2.6-dimethviphenyi or ﬁ,4,6-tr'1methylphenyl.



70, 80, 90 or 100bar. Pt may be stored at below about OC, or below about IC, 20, 30, 40, 50, 60, 70,
80,90 or 100C. or about 0 to -100C, or about 0 to -50, -50 to. - 100, -50 to -80, -80 to -100 or-70 to
-80C, e.g. about O. -10, -20, -30, -40, -50, -60, -70, - 80, -90 or -100C. Suitable conditions may be for
example 50 W&r2462T8E4The gas stored in the polyisocyanurate may be REIE&ERACAOMWIBAThis may be
achieved by heating the Is polyisocyanurate having the gas in the pores thereof to a suitable
temperature. The rate of release of the gas may be adjusted by adjusting the temperature to which the
polyisocyanurate having the gas in the pores thereof is heated. Release of the gas may be achieved

by replacing the gaghy aseqendgaswhish.has g;s%ﬁro%,ﬁ;ﬂﬁya{ r E@s Pe%bé%%yr%ﬂ&@%%ffggsure)

released. It may be achieved bgélpplylng a vacuum or reduced 20 (relative to the storage

pressure to B8E45Ey R0ty TERNr &% REREH e HaBaivths posesonmyeativi rate Bf mIsake 8MHE gas
may be adjustestddy anjusiineitie retluced presIoeniavdicihe PalMsAEY sisia AR iEe gas in
the pores thggggfdﬁlg_%ose%fg-ht%&%s may be released by both raising the temperaturg and reducing
the pressure under Which the ggls IS stored in the polyisocyanurate For example, a polyisocyanurate
having 25 hydrogen S$forgpivisesyrorasiethdreobarB0inr tissig@emay feteasd Gubstantially alisof the

hydrogen by,iBgfieash) ¢ the-te Feeratdfe £ AU LRI IPIMRARIUE AN FRILGNL I RessHre o

about | Bar. : . i . . . .
the reaction mixture following completiony of the reaction. This may faciiitate subsequent

manipulation of the reaction mixmre amd may facilitate precipitation of the product

polyisocyanurate. The precipitated product may be separated from the reaction mixture,

10 e.g. by setting and decanting, by filration, by centrifugation or by some other suitable

-method. & may then be washed with a wash solvent. Suitable wask: solvents are non-

solvents or poor solvents for the product. They may for example be any of the suitable

solvents described above as being suitab>le for the reaciion itself, or they may be some

other suitable Organic solvent such as methylene chloride, chloroform. diethy! ether, ethyl

15 acetate, ethanol, methanol or a combination of any two or more of thesse. The product may

be washed more than once, e.g. 2, 3. 4 or 5 times, and each washing rmay, independently,

use a washing solvent as described above. For example the prodizct may be washed

successively wwith dimethyl formamide:, dichloromethane and etiner. Following the

washing the product may be dried. This znay be at elevated temperatiare (e.g. in an oveﬁ)

20 at a temperatiere of about 30 to about 1 530°C, or about 50 to 100, 100 to 150 or 80 wo

120°C. I may be conducied at reduced pressure, e.g. less than aborxt 100mBar, or less

thar about 30. 20, 10 or 1 mBar. It may be conducted in a stream of gas, e.g. air or
nitrogen or carbon dioxide or a mixture of any two or more suitable geses.

The procedure described above rmay provide a quantitative ©r near quantitative

12
Lh

vield of the polyisocyanurate based on bisisocvanate. The vield maxy be at least about
80%, or at least about 83, 90, 95 or 99%.

The polssisocyanurate of the preserat invention may be used for storage of a gas, for
example hydrogen. As the pores of the polyisocyanurate may be tallored at will, specific
products may be designed for storage of specific gases by adjustimg the nature of the
30 bisisocyanate used to make the polyisocwvanurate. The polvisocvanurate mayv be used for
absorbing or scrubbing one or more gase's from a gas mixture. In this case the pores of the
polyisocyanurate should be suitable size to fit the gas(es) to be scrubbed but not other
gases in the gas mixture. In some instances a mixture of polyiscvanurates may be used 10

absorb more than one gas from 2 gas mixture. In some embodiimnents T™wo or more



The polyisocyanurate may therefore be used in a gas storage device or aL., as scrubbing device.
30The polyisocyanurate may also be used as a catalyst. It may therefore be a catalytic
polyisocyanurate. In this application the polyisocyanurate should have catalytic groups in the pores
thereof They@a{h@3attached or immobilised CO the walls of the pores. THEGFREYBEIA4the form of a
catalytically active substance such as a metal species, c.a. metal, metal oxide or other metal salt,
disposed in the pores. In this event the metal specie %ay WO 2009/131546PCT/SG2009/000134 be
in the form of nanopatrticles. The substance may be restricted to the pores by the shape of the pores.

The metal ”@%&éﬁ?b&%@é@@i&ﬁé&%@iw&gp@&@%%&8'&1&&%0’6@%@3&1%&0%&?@&&.
catalytic polyl_sc%c%/anurate may be made bg/arggggﬁg inglylsocyanurate, as 5 described above, and

introducing BN BEFTSRFRRER B eifrepE gas sy BEYEHIEd in the pores of the
polyisocyanurate by giegipiiadisuyaiureaciisiedaxaniplb anpadtdiv oloasad Dalylsoaaukale may
be prepared by loading a soluble palladium salt (e.g. palladium, acetate) into the pores of the
alisacyant I I R A e B e A P BT o e R Bty SIS e
with a seélublegblatifrpshiitsequagupsietingtn slcigebihay gerdratera pathowh A'metamoisiiedt
po:yils?cyarlrnpaifs Q&’n[(%ﬁtlﬁi}%ﬁb%m a §géif%plgrislg&gﬂ'qgt@gsa¢%mhf@s %ﬁq%@?@m{?!iﬁ% 4 %)i?‘»uth ﬁ
catalytic polyisogyanurate may be used for_catalysing a reactign of a starting material to a product. The
conditions of &4 eSS e Bt SeTepetid: 5 s P A G Pl P B ERER YR on
Which may @mia@sek&@jed gnb;?quyadurm&‘ﬁhmﬂpgrp@taq i mgrfemexeglghel’M)ﬁs;edSazuki
coupling reagfign bafyeat,an apldhalieand ap anddermni 354: Ripigahsyicientaghisoqyanurate

will be used to have palladium presént at about 1% of the reagent present, or about 0.5 to 2% or 1 to

2% or 05 o9 GH all: 8- h6udL8rEolisery s rared i BriprrabontRed ottt fatalfim on
the polyisocyansgatao THe enctioremay achieveaiah sdelduobcaopthay progdet, ®19.-30,g50ater than
about 80VU. gr areater than 85, 80..95 or. 98%. The, time taken to achieye this may be less than about
2 days, or Ieé@éth'a%{’jlfoo'r ‘:5@&%’,?889%135%%?& 1(9,:’1‘??'0?1 ‘c‘i%?is’. fﬁg\réTé%Bdfm:@‘gfggtﬁé?%o”upIing
reactions, wobic® Oiilisé XAl yBisahatconeit benimmayitided ¢namufor OrpahetpdRes.ofthgas stored

polyisocyanuytate-may,alsehs candncieddn similanfashion. rallowing sormpletion ehthgdsaction the

catalyst may be separated, e.g.. by filtration, settling/decanting, ce rifuga(ation etc. It may be washed in

order to femBRIS RRSHERHTATE RAIARE dhE Ba8 43 SRAPRTBT SRRIERIUA SR R IRy e ri PR aPfent
etc. It may theisdee reifsest inpassubse optenidipasidnbCommeanty there withhathe-a sigrificantiass of

catalytic activity on a subsequent reuse of the catalyst (e.d. less.than t 10% doss, or lessdhan
ahour 5. 2 o T e R R B B
of microporo¥&igitgdn ESopeeEH I ey ahtir &t CPAS sEapoWRifdrs hfssBeaivoliBnIRiclp biesity
and mesopoggRity:sanstitated iimaoreus orgamchastisvaey haysiberndemenstiateciassatalyst

supports for 1) complexes, as well as for Pd CWT Pt metal nanopanicl es . . .
P 20 ge%tzve 10 pLLe storage pressure) pressure to the pglyxsocv%nurate gavzng the gas in the

pores thereof. The rate of reiease of the gas may be adjusted by adjusting the reduc.ed
pressure to which the polyisocyvaraurate having the gas in the pores thereof 1s exposed. Tthe
gas rmay be released by both raising the temperature and reducing the pressure uncier
which the gas is stored in the polyisocyanurate. For exampole, a polyisocyanurate having

25 hydrogen stored in the pores thereof at 50 bar at -78°C may release substantially all of €he
hydrogen by increasing the terppperature to about room texmperature and/or reducing €he
préssure to about 1 Bar.

The polyisocyanurate may therefore be used mm a gas storage device or a @as
scrubbing device.

30 The polyisocyvanurate may also be used as a catalyst. It may therefore be a catalyvtic
polyisocvanurate. In this application the polyisocyanuraie sshould have catalyvtic groups in
the pores thereof. They may be attached or immeobilised to the walls of the pores. They
may be in the form of a catalvtically active substance suchy as a metal species, e.¢. metal,

metal oxide or other metal salt, isposed in the pores. In this event the metal species nmay



WO 2009/131546PCT/S62009/000134 13  This is the first time that polyisocyanurates have been
synthesized with rigid porous network.  These novel polymeric materials are of interest for
absorbent, gas storage, heterogeneous catalysis and energy applications. In particular, they nay be of
interest for B3RO EH Etorage, and as catalyst supports for organometallREEGHHEREE 12ind metal or
oxide nanoparticles.  The present invention was deyeloped in the context of work aimed at design
and synthesis of novel covalent organic fram_eworks with functional groups so that the porous
polymer product can be designed for the desired applications. The present specification so therefore

describes e WHeRIRR0¢ ARBIGANANOTARIPLABIANS ANY He PARALAS AN SR Ile S aRIPOSed

with rigid carbon and nitrogen networks. These new materials are derived by cyclotrimerizution of
di-isocyanat&5 WisneseyahBtausiadine -ridrosyampiapsiabinaHern) platnmya iy Edéyardeates
have been wigdelpeiged ixrrhancing the physical properties of different materials, increasing the
thermal resistanc?q Ig Jtlﬁ e retardation and chemice}FI]res[is&gn%e chayacteristics. Althou

. h
macroporous polyisocya Urates iR Foam Srultve TadBetn Sulidd R, %Eigg%%%rﬁtgprﬁss.
Hajime; JP 23652haBas 20658 inftiefuiciny theisasihytiT mMaKafipesids FicTeikad, 3P GOS246828y 2003),

robust micropoggHs Qe MeseRar Resyanaies fiayeRaliRitherte heendsdevsiapedyaiad,novel

properties or applications may be expected with these zanovel materials.  NHCs have been widely
used as orsih FABARC RN S GRRA t H RRIRBHS IRBL APRDE f a8 il Be e 6 can
efficiently catelyzeadiadinirnaerizetipimaf &ew&t&ﬁﬂm@o@&a@mﬁwﬁ%h@gd&ﬁe@%c ring
structure (H.,Duond, M. ¢l CIOF3wle ‘r&%@ﬂ%ﬁi%% 9%91%@3@ -Ji%sa“‘s‘éﬁgb?é‘ Wasam2dapted by
the present inventors to synthesize porous polymer nerworks by replacing simple |s%cyanates with
diisocy'dnatets-Schriavaum | ket theaa poroul CINPEHRR fraskiviemicdoni) By eurarersd Wsing
NI-IC oreanqeatrlystswihesfigid epidisRoyanriasarerdsash igibpalvmer frameworks were
achieved. Several dlisocyanates (A, B) were employed in this work, and varion NHCs_were examined
i the synthesis oP I MBI RIS TAAE HthetthaE i HCAuon of & Sartng
1,3-bis-mesty1§ttida]zm-2_-1yﬁdeﬂe (lﬂ‘izleséoa_diiim@-bi%s(@;lﬁ;iiphpcﬁp;_zlphﬁnyfdmidaczdbﬁsy:hiﬂmeﬂ(x@r) did
not work for this, sypesis.Nides af hitaBls-fagsivt-da:dlibudoopnidazolardidens(Silisshand.
1,3-b|s-(2,6-d|-|-propyI{3heny1)-4,5-d|hy-dr0|m|dazol-2-ylldene (SIThr) showed low activities in this
reactiolt espBelARg RIHAGHBRSRSRATOIRTRRIS feSuRts! sticipiiRepeachon between an auryl halide

and an aryl boromic acid. Typically sufficient pokyisocyanurate will be used to have
palladium present at ab>out 1% of the reagent present, or about (.5 t0 2% or 1 to 2% or 0.3
10 1%. The actual amowumnt of polyisocyanurate will depend on the loading of pal ladium on
the polyisocyanurate, The reaction may achieve heigh yields of coupling prosduct, e.g.

20 greater than about 80%@., or greater than 83, 80, 95 ox 98%. The time taken to achieve this
may be less than about 2 days, or less than | or 0.3 days, e.g. about C.5, 1, 1.5 or 2 days.
Other reactions, e.g. other coupling reactions, wvhich ufilise catalysts that may be
immobilised in and/or on the pores of the poiyisoecyanurate may also be cormaducted in
similar fashion. Following completion of the reaction the catalyst may be separated, e.g.

25 by filration, settling/decanting, centrifugation etc. It may be washed in order to remove
residual materials suck as solvent, product, unreacted starting material or reagzent ete. It
may then be reused i a subseguent reaction. Comemonly there will not be a significant
loss of catalytic activity on a subsequent reuse of €£he catalyst (e.g. less than about 10%
loss, or less than about 35, 2 or 1% loss).

30 The present inwention presents a simple pr-otocol for the catalyic syhthesis of
microporous and mesoporous polyisocyanuratess. These polymers possesss robust
MICTOPOTesSity and mesSoporosity constructed from prorous organic sheets. They have been
demonstrated as catal vst supports for Pd(Il) complexes, as well as for Pd o1 Pt metal

nanoparticies.



WO 2009/131546PCT/SG2009/000134 14 Bis-t-buty1-4,5-clihydroimidazol-2-ylidene (SrBu) showed
-very high activities for a variety of monomers. CtNtattY) NICINtACCININO? ,C1o0 ONLO 5

Seheinie | : synthesis of PICU-A and PICU-B
WO 2009/131546 PCT/SG2009/000134
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This 1s the first time that polyisocy anurates have been synthesizecd with rigid porous
network. '

These novel polymeric materials are of interest for absorbvent, gas storage,
heterogeneous catalysis and energy appli cations. In particular, they ma'y be of interest for

5 hydrogen storage, and as catalyst suppoerts for organometallic complexes, and metal or
oxide nanoparticles.

The present invention was developed in the context of work aimed at design and
synthesis of nowvel covalent organic fram eworks with functional groupss so that the porous
polymer product can be designed for the desired applications. The present specification

10 therefore describes the synthesis and application of microporous and mesoperous
polyisocyanurates composed with rigid carbon and nitrogen netwworks. These new
materiais are derived by cyclotrimerizattion of di-tsocyanates (bisisoccyanates) using N-
heterocyche carbene (NHC) as catalyst. Poiyisocyénurates have been wiciely used in
enhancing the physical properties of diff erent materials, increasing the thermal resistance,

15 flame retardation and chemical resistance characteristics. Although macroporous
polyisocyanurates with foam structure has been studied (N. Masalkazu, S. Kapri, S.
Hapme, JP 2005273303, 2005; | Hideki, M. Hisashi, T. Takafiwmi, F. Takao, JP
2003246829, 26403), robust microporotas and mesoporous polvisocssanurates have not
hitherto been developed. and novel properties or applications may be expecied with these

20 novel materials.,

~ NHCs have been widely used as organocatalysts in many important
transformations. Recently, it was found that NHCs can efficiently catalyze
cvclotrimerization of isocyanates to £orm a planar six-membere heterocyclic ting
structure (H. A.. Duong, M. I. Cross, J. L_ouie, Org. Letr. 2004, 6, 4679 ). This reaction was

25 adapted by the present inventors 10 symnthesize porous polymer nersworks by replacing
simple isocyanates with diisocyanates. Scheme 1 illustrates that a porous C/N organic
framework could be generated using NFHC organocatalysts. When rigid ary] diisocyanates
were used, rigad polymer frameworks wwere achieved. Several diisocyranates (A, B) were
employed in this work, and various NHCs were examined im the synthesis of

30 polyisocyamirate networks. It was fovand that the NHCs of 1.3-bis-mestylimidazol-2-
viidene (IMes} and 1,3-bis-(2,6-di--propyiphenyl)imidazol-2-ylidene: (IPr) did not work
for this synthesis. NHCs of 1,3-bis-m estyi-4,5-dihydroimidazol-2-ydidene (SIMes) and
1,3-bis~(2.6-di ~i-propylphenyl)-4,5-dihy droimidazol-2-ylidene  (SIP'r) showed low

activities in this reaction especially for ¥nonomers with ortho-substituents, such as B. 1.3-



Typically, porous polyisocyanurate (PICU) was synthesized by dissolving 1 mmol of monomer (B) in 5
ml of NINF-dimethylforrnamide (DIVE) in a pressure flask, and 0.02 1=01 of SI'Bu NHC was added.
The reaction flask was closed and heated to 80C for 24 li. The reaction could be conducted at 25C to
150C; a longed periddis#time would he io needed for the completion of thRCAEEEHNE/ Sikdwver
temperatures. Due to the low solubilky of A in commqgn solvents, the reaction was performed with a
suspension of A in hot dimethylsuLfoxide (DMSO). The polymer product was collected by filtration and
washing, and subsequently dried in a vacuum oven. In all syntheses, quantitative yields were
obtained. Dissipdig onsalbiity aldhs s ngmARak BRI el URACEANN R
2009/131546PCUSG2009/000134 15 was essentially conducted under a hetérogeneous condition.
Unlike the cERSHiShBOmERFB eneous catalytic system, the NHC catalysts in this case might migrate
onto the polymer network and initiate the next catalytic cycle. Ph@teacoustic Fourier-transform infrared

(PA-FTIR) spectroscopy provid irect methedef@r monitoring;the® progress of isocyanate
conversion to the polymer product. Figure 1 shoWs$ the strong witinelti eak of isocyanate of A at -

2300 cm-l. This peak disappeamed in the PA-FI 1k spectrarn of the polymer product PICU-A, while a
new peak emerged at 1700 chi' due to the presence of the -NC(0)N- group. Figure 2 illustrates the
PA-VHF. spectrum of PICU-B synthesized under differentepnditions. Themicrostructure and

morphology of PICU-A materials are to elucidated by scanfiing electron migrgscopy (SEM-) (Figure 3).
When PICL.1-A was synthesized under static conditio T\% lymer for e‘%@m structure on
the submicron scale. When the reaction Wasmégitin emr ed a more
aggregated and condensed structure. The morphelegy of PICU%‘g&snld vary froeeparticulate-based
structure (Figure 4(a)) tosa-pefousaetwdik (Figurera{e))-orsmore-$ gondensed strigture (Figure 4(d))

using different reaction conditions. Thermal gravimetric analysise( @A) indicated: q;othe network
structure of the polymers derived remained stﬂ%gY \(Lp 0QC frigure-5) ¢ Ko R
. l "Lﬁp‘ i @ o @ NJ\W lt/ D\
Oj\NLD PPN

oTTRT TR

O

5 Schewme 1 : synthesis of PICU-A aand PICU-B
Typically, porous po]yisbcyanurate (PICU) was syntieesized by dissolving 1 mmol
of monomer (B) in 3 ml of N.N'-dimethylformamide (DMF) in a pressure flask, and 0.02
mmol of SI'Bu NHC was added. The reaction flask was closed and heated to 80°C fd:r 24
h. The reaction could be conducted at 25°C to 150°C; a loxager period of time would bre
10 needexd for the completion of the reaction at lower ternperanxres. Due to the low solubilicy
of A in common solvents, the reaction was performed with a suspension of A in hot
dimethylsulfoxide (DMSO). The polymer product was collected by filtration -amed
washing, and subsequently dried in & vacuum oven. In all syntheses, guaniitative vieldds

were obtained. Due to the iow solubility of the starting matesials and product, the reactioen



It is widely held that due to the requirement of microscopic reversibility for crystallization, synthesis of
crystalline crossliniced organic polymers would be difficult if zo not impossible. The inventors did not
attain highly crystalline C/N framework products, but did manage to generate microcrystalline polymer
networks. THEXSIgifiesrtly disordered layered structure of polyisocyanur&E€Exasonitttiated by
transmission electron microscopy (TEM) (Figure 6). If is thought that the two-dimensional rigid organic
sheets might only extend to limited size, and stackedliJ’n layered structures with short-range 25
ordering. The interlayer distance of PICU-B was estimated by IBM to be about 3.57 A. This value was
slightly largerahassgrajohive (3185ckizdamadéachilseEOEeie(@33- AydindrC OREHKE3tHE ponvrdstnight be
due to the tyisti e @Egﬂgl i 551%@ 5q (M lyatr :
Panchanattt;%it\%va aprﬁé%\@N%ow, C.%%i%e-#&fﬁg Csldryst. 20?)%%16{0?%%2%41%)Th p%w%gléxt?r%y
diffraction (RDMseaERriPred) Saiie g arexiahal ey dmd BhodepcanstigifieunclorasiotFigures 7
and 8). It W%ﬁﬂﬁ%@?ﬂﬂ@@ﬁ?&ﬁé@g@&ﬁaﬁi@iﬁ%@@@c@m&ﬁ RiGhEABARE R PiB was baly

reversible. When the polymers were immersed in solvents (e.g. DMSO and DMF), the fID peaks

disappéared SBRIGRA RS t081 PRLBE PTPSBZ0H B0 L3R a8 iR SR PR SARE OB AR ed. It is
thought that grokseessamighkhave became SWollepday ahkapsbingdhe selPepFTiRegsten, andfmay
thereby have lost structyral t. As the solvent was removed, t cking, of the, two-dimensignal
oo Iy T e B R e e e
The stabilitytandpo(OsNy gfRICHikwmnd PliGiiBewtre RAATIFiNR dirctiaradS BSHYHBasadytbissi Flde

as-synthesi 99&{@9&53%%5%@&%%;@%%@9%@ M&%&%ﬂ&sﬂ O&FPIe%PAeﬂgize&%a%@S

were collected at 77 K. PICU-B showed an isotherm typical of a mieroporous material (Figure 9). It has

a Bruntuer-Eragiseted dle sgaEmy su piseBway anistseopn AREMAd Afpgieeyéluniéhen 0F3ER-cr3masvhich
were much highgrdhap 1Qdnaauiayersshinaierias (gl s LRRRligaRthClavnh-A88 WRIGIRthe ramge of

many microporous zeolites and carbons. However, -B was less porous as compared to Yaght's

COF-5 (1596HBYG AR §o8 BT BY° (Feapi Bovas LoF [eBa RIGy STkigighpPTs R RIgwe 2

Matzger, 0. MoYoghirpeied aed200hdsked 5&66)uthi T sotierbe sluetofBIshurBrange wee mavng slipped

organic sheets thgé resulted in some in?gccessi%f ores. 15 PICU-A sh wglg an ev%crélower surface
Ao Al .

area (45 mnga)rt B &fﬁ? }ﬁg’]/;&) ﬁ?gﬁrgc’f&]ﬁér FEGHRE W%sa’ }niﬂétg%? %y
rnesopores ebafedfeA (fomttzplot @ialysisi(With asiray eddfigpore cameter @@ idnffrori idfkal

Ca'cu'a“ons)gravﬁa@?ﬁ@oa‘ﬁ%h rsi%tgﬁ%%fﬁg{éﬁ%ﬁ%ﬁ{weoé&%o @L%&P@B?éﬁ@%&%%%%p@éﬁ%@d

network structures and isocyanurate functional units. They could be targeted towards
remained stable up to 300°C (Figure 5).

It 1s widely held that due to the requirement of microscopic reversibility for

crystallization, synthesis of crystaliine crosslinked organic polymers would be difficult if

20 not impoessibie. The 1xrxventors did not attain highly crystaliine C/N framework products,

but did manage t0 generate microcrystalline polvmer networks. The sigmificantly

disordered layered stracture of poiyisocyanuratés was iliustrated by transmissiory electron

microscopy (TEM) (I igure 6). It is thought that the £wo-dimensional rigid orgaxiic sheets

might only extend to limited size, and stacked in layered swuctures with sbwort-range

38
v

ordering. The interlayer distance of PICU-B was estimated by TEM to be abotat 3.57 A.

ThlS value was slight}y larger than graphite (3.35 A.), and Yaghi's COF-1 (3.33 A) and

COF-5 (3.46 A); this might be due to the twisting byetween phenyl rings and (C3N3 six-
“membered rings (M. B. Marivaira, K. Panchanatheseovaran, J. N. Low, C. Glidewwell, Acta
- Cryst. 2004, C60, 682).
30 The powder X-ray diffraction (XRD) peaks of PICU samples were rather weak and
broad, and difficult to index (Figures 7 and 8). It was interesting to note that the partially
ordered nature of PY€CU-A and PICU-B was fully reversibie. When the polvimners were
mmmersed in soivenis (e.g. DMSO and DMF), the X' RD peaks disappeared. Upon drying,



20 applications in hydrogen storage, adsorbents and heterogeneous catalysis. For example, PICU-B
was developed as a porous support for metal complexes or metal nanoparticles. Palladium acetate
and PICU-B were mixed in DMF and stirred at 80C overnight. A yellow powder. Pd/PICU-B-1, was
obtained aft&¥FiRpatidH SMashing and drying. The TGA curve of Pd/PICU-BCIiReaPEPISAding of about
1 mmolla is shown in Figure 11. 25 When the synthesis was performed in DMSO, a black powder,
Yd/PICU-B-2 was obtained, resulting from the reductith of Pd(Il) to Pd(0) nanopanicles. TEM images
showed that there were no palladium particles in Pd/PICU-B-1, whereas many Pd nanoparticles of 2-3
nm were obsbevER TN Pakiz| €tleBr dddglirés tRpuBiathiRal/ BT Br<] raiptitFdiR| 6 deBri: devobastsated

good activity, ili le 1). Pt/PICU-B 30was also synthesized by.mixing RICW-B and
Pt(Il) chloridg%iggé%%sg%t O(?:g[?o o@veécég%s ré‘gct!ﬁtllloar?’ with S0 il%lﬁr (??o %ﬁ%e }galFeeg‘BﬁS\%lé
2009/131546PCaSEZOBYIEDEL3thel Fafible ¢f Sy ki eslipimgicaakticB(Old2eP ai@YChEBING | %

Pd ir- R1basgR1 been regained, reconstituting the original short-range order of PECU.

g The stability and porosity of PICCU-A and PICU-B were - confirmed by N
adsorption analy sis. The as-synthesized polymers were degassed at 120°C for 16 b, and
their nitrogen éclsorption isotherms were collected at 77 K. PICU-B skhowed an isotherm
typical of a milc:roporous material (Figures 9). It has a Brunaver-Emmett-Teller (BET)
surface area of 569 m*/g and a pore volume of 0.355 cm®/g, which were much higher than

10 many lavered rmaterials (e.g. graphite @nd clay), and were i the range of many
microporous zeolites and carbons. Howewer, PICU-B was less porows as compared to
Yaghi’s COF-3 (1590 m*/g and 0.998 cm3/g} (A. P. Cote, A. 1. Benin, N. W, Ockwig, M.
O’Keefe, A. J. Matzger, O. M. Yaghi, Sci ence 2003, 310, 1166); this could be due to its
short-range order and slipped organic sheets that resulted in some inaccessible pores.

15 PICU-A showed an even lowsr surface area (45 m*/g) and pore volum e (0.07 cm’/g) (see
Figure 10 for isotherm). It was dominsated by mesopores of 2040 A (from r-plot
anal;lfsisj, with an average pore diameter 0£ 22 A (from DFT calculations).

Thé novel materials reported herein possessed microporouss and mesoporous

network structures and 1socvanurate funcitional uﬁits. They coulé be targeted towards

20 applications in hydrogen storage, adsorbents and heterogeneous catak ysis. For example,
PICU-B was deeveloped as a porous support for metal complexes or mnetal nanoparticles.
Palladium acetate and PICU-B were mixed in DMF and stirred at 80°C overnight. A
yeliow powder, Pd/PICU-B-1, was obtained afier filtration, washireg and drying. The
TGA curve of Pd/PICU-B-1 with a Pd lo;ading of about | mmol/g is shown in Figure 11.

25 When the synthesis was performed in DMSQ, a black powder, Pd/PICU-B-2 was
obtained, resulting from the reduction of Pd(II) to Pd(0) nanopartzcles. TEM images
showed that thhere were no palladium particles in Pd/PICU-B-1, whereas many Pd
nanoparticles of 2-3 nm were observed in Pd/PICU-B-2 (Figure 12). Both Pd/PICU-B-1

and Pd/PICU-B-2 demonstrated good ackivity and reusability (see Table 1). PYPICU-B

30 was also synthesized by mixing PICU-B and Pt(II) chloride in DMF at 80°C, followed by

reduction with sodium borohydride (Figure 13).



[a] Typical reaction conditions- 0 5 mmol of substrates, 2 equivalents of Cs2CO3, 1.5 equivalents of
C6H5B(OH)2, in DMF/H20. [b] A: Pd/PICIT-B-1: B: PcUPICU-B-2. [c] ioRecycled catalyst.
Experimental Section All solvents and chemicals were used as obtained from commercial
suppliers; unésgtitfiétdise noted. Dry solvents and standArd nitrogen gl&¢eHex@H Lided for the set
up of reactions. PA-FTIR spectra were recorded on Digilab FTS 7000 FTIII 15 spectrometer equipped
with a MI-EC-300 photoacoustic detector. TGA was dﬁrformed on Perkin-Elmer Pyris-1
Thermogravimetric Analyzer. XRD was performed on a Philips X'Pert PRO X-ray diffractometer -with
CuKa radiation. SEdbienadeszule revobliminredcticn #EIPASNETABOR electron microscope (10 kV). [liM
experirnents were conducte a PEI Tecpai G2 F20 ele Lpopdmicroscope V). 20Synthesis of
PICU-A. In a glove box, A 4, % @ B Qﬂwspengeﬂ-inmo (20 _ ssure flask, and
SrBu (0.05 mmol) was added. SI'Bu was generated in situ B&fixing 1.3%s? “butylimidazolinium
Chloride (0 e - : . YT u-» nt .;’:.'..._ r—be g .
reaction flask. The reaction flask was sealed, ano p?aced in the oven at 120€ %o days. BT B-A was
collectedl by figiétdSh] washed with DMF. CH2C12 and ether, and dried in a vacuum oven. Quantitative
yield of PICU-A was obtained. Synthesj&;t%_PICU-Bnl %ﬁve box, B (980 ring, 5 mmol) was
dissolved it DMF (50 nif) in a pPessure flask,afhd SrBu (‘5@5 ol, g@ferated in sid) was@ided. The
reaction flask was sealgd, and n%@ced in tlie%?},@ at SOﬁ@L@ays. PICU-B was collected by filtration,
washed with DMF. CH3C12 a ether, and dried in a vacuum oven&buantitative%ield of P1 88-B was
obtained. 19Received§ Febrlgary 2010 ﬁ@mlyisoo"y@u@e cogyprising isoc%nurate rin%linked
by rigid linker groups coupled to the nitrogen atoms of gaid rings, sald polyisocyanurate being

microporous or mesopgrous oglsbth microﬁ@?kl%r and ous g2.The polyiggcyanuratg of claim |
wherein the linker groups are aromatic or@@ggromaﬁg_@[&gth. |
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fa] Typical reaction conditions: 0.5 mmol of substrates., 2 equivalents of Cs:COs,
1.5 equivalents of C¢HsB(OH),, in DMEF/H>O. [b] A: Pd/PICU -B-1; B: Pd/PICU-B-2. [c]

10 Recycled catalyst.
Experimental Section

All solvents and chemicals were used as obtained from commercial suppliers,
unless otherwise noted. Dry solverits and standard nitrogen ghove box were used for the
set up of reactions. PA-FTIR spectra were recorded on Digilab FTS 7000 FTIR

15 spectrometer equipped with a MTEEC-300 photoacoustic detector. TGA was performed on
Perkirs-Elmer Pyris-1 Thermograv-imetric Analyzer. XRD was performed on a Philips
X'Pert PRO X-ray diffractometer with CuKa radiation. SEM images were obtained on a
JEOL. JSM-7400F elecuon microscope (10 kV). TEM expernirnents were conducted on 2
FEI Tecnai G* F20 electron microscope (200 kV).

20 Synthesis of PICU-A. In a glove box. A (160 mg, ] mmol) was suspended in
DMSCO (20 ml) in a pressure flask, and SI'Bu (0.05 mmol) was added. SI'Bu was

generated in sitw by mixing 1,3-bis-i-burylimidazolinium chloxide (0.05 mmol) with NaH



3.The polyisocyanurate of claim 2 wherein the linker groups are either optionally substituted _
1,4-phenylene groups or optionally substituted 4,4'-biphenyl groups. 4, The polyisocyanurate of any
one of claims 1 to 3 having pores of about 1 to about 5 am in diameter.  5.The polyisocyanate of any
one of claim¥' P &/ havittg pores of about 20 to about 200 nm in mean diBfTESRZSGIPRE
polyisocyanurate of any one of claims 1 to 5 additionally comprising a metal species on the walls of the
pores and/or as nanoparlicles located in the pores. ¥he polyisocyanurate of claim 6 wherein the
metal species is catalytic. 8.The polyisocyanate of claim 7 wherein the metal species is a metal or a
metal oxide.(9.0henpodyjsmc vidt€ of claih Bmwhdreirfve matat fsrpialinumherpaltadi dhask0 The
powisocyanaig ol i Ebelaln e P alLaxids 90N gxide. 1LAPIacess (0L BKIEA, v
polyisocyanurate, said polyisocyanurate being™ Icroporous or mesoporous or oth microporous and
rnesoporouscahersdidprisasotorasisiaguRkdydhgChigid dusisteyamadeited mN-eterocywtin.
earbene (1.1l far syilicient dipq andalsuffigient temperature for conversion of the bisisocyanate

to the polyisocyanurate which is microporous or tnesopomus or both tnicroimrous and mesoporous.

The process of claihiesihef i heBafcrosiotenissr B RS tsomemd apamab 25erodinelied 50088 the

sufficient timgdsdnnah it dsireuniosRbart SHBYS0.1 Aol NE-PRREASS of Gl vds QHelalin 1.
wherein the NHC is ysed in a cat I;%L;ﬂaﬁra;aunt. .14 The process of any gne of claims 11 to 13

wherein the BieiE08y aftite 1R ars PREES: dR B RYERIEE R dn . Spearin 206d]0db e
20Received &hsheddry 2Hdion, washed with DMF, CH»Cl: and ether, and dried in a vacuurm oven.

Quantitative yield of PICT-B was obtained.



15.-The process of claim 14 wherein the bisisocyanate is a 1,4-phenylene diisocyaRrptePf@o/000134
4,4'-biphenyldiisoeyanate, each being optionally substituted in addition to theisQeyanate.groMRS 01
16. The proce(sﬁ%pf any one of claims 11 to 15 comprising the step of generating the NI-IC. 7. The
process of claiff 16 herein the step of generating the NHC comprises treating an imidazolium salt with
abase.  18. Thelptopdsscoianeneofciagnsodhiedy videraikdheNHE isselegagfrom the group
consisting of L 3shis- Yeliefboaall i =2-yli .1.3-his-(2,6-di-iptopylphenyl)-4,5-d
ihydroirni dazol-2¥;-? Iid{gﬁ%a&ﬁd1,S-M&%ﬁ%ﬁr%%ﬁ%%ﬁ%%%%y%&uégn%c&%&sﬁe of the
polyisoeyanurafE°BraR, oRE GF KISRTE S 16 TSP brage of a gas.  20. Use according to claim 19
wherein the gas is hjtiropenisocy2tA géschiorageHevicetonmkising.the pelyisa@anyntte of any one
of claims 1 t0 #Qeroarad2idds€c@f the polyisocyanurate of any one of claims 7 to 10 as a catalyst,  23.
A method for condglclang'a] reaction of a sta‘_rtinﬁ material to a product, said method comprising
exposing said starting TateHAr o A B §istuan it s e rdnter &rey Biecsielanendlivo 10, wherein
said metal spethestietagabiadtcamlysingsaitipadttinted 4, 24didiraymeihad of claim 23 wherein the
starting material is am@pdivelide-aka vinyl halideand.the,reaglinn is.a SHAYY Foupling reaction,

“wherein the ste .Qfd%p?ging the starting material to the polyisocyanurate comprises exposing the

. eter, . . . . . .
starting material to th_e polyisocyarturate in the presence of an arylboronic acid or a vinylboronle acid.
.. 5.The polyisocyanate of any one of claims 1 to 4 having pores of about 20 to zhout 206

nm in mean diameter. 7 '

6.The polyisocyanurate of any one of claims 1 to § additionally comprising & meta!
species on the walls of the pores and/or as nanoparticles focated in the pores. - '

7. The potyisocyanurate of claim 6 wherein the metal species is cﬁiélytib..

§.The pquisecyaha;& of clatin 7 wf;erein the metal spz'.':-it;s-‘ 15 a metal or a metal oxide.

9.’I'he.ﬁolyisocyana-.te of claim 8 whereir the mstal is platinun or palladium.

0. “The potyisocyanate of claim § wherein the métal:— aﬁgia‘ Is iron oxide.

1. A process for making S poiyisocyaﬁurate, sai¢ polyisocyanurate - being
mICTOporous or mesoporeus or both mi'cregﬁorc;us and mesopﬁfous' and said processl-
corﬂprisin & t;xpos-ing a rigid bisisocyanate to an N—hetérocyélic carbene (NHC} for sufficient
ti_n_ze and at sufficient t@mperamre-for' cozive_r-s-ion of- the bisisocyahatefto the péiyisecyanuxaﬁe

~which is microporous or mesoporous or both mictoporous and mesoporous.

7 12. The pr:bc-':css of claim. 11 wherein the sufficient temperature-Is from about 25
to about 150°C andt the sufficient time is from about hour 'to-aboiut 5 days.
13. . The process of claim 11 or olaim 12 wherein the NHC is used in a catalytic.
14, ':he process of any one of .ciaims3 11 to 13 wﬁerein the bisisocyanate is an

. arometic or heteroaromatic bisisocyanate,
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15. The process of claim 14 wherein the bisisocyanate is a 1,4-phenylene

20

diisocyanate or a 4,4’-biphenyidiisocyanate, each being optionally substituted in addition to

the isocyenate groups.

16. The process of any one of clairas 11 to 15 comprising the step of penerating
. the NHC. '
17 The process of claim 16 wherein the step of penerating the NEHC comprises

freating an imidazolium salt with a base.

18. The process ¢f any one of cia:ms 11 to 17 wherein the NHC is selected from

the group consisting of ~ 1.3-bis-mestyl-4,5-dihydroimidazol-2-ylidene, 13-bis(2,6-di-I-

prcpylpheny!)—-’!-,ﬁ-dihydrci%p‘.idazol—z—yiidane and  1,3-bis-z-butyl-4,5-dihydroimidazol.2-
yvhdene. ‘

19 Use of the polyisocyanurate of any one of clam:xs 1o 10 for storage of a gas.
L2680 Use according to claim 19 wherein the geg rs hydrogen.
21. A pas stqrage device comprising the polyisocyamurate of émy ong of claims 1
- to 10, o
22. Use of the polyisecyanusate of any one of claims 7 to 10 as a catalyst.
23, A method for conducting a reaction of & starting maxenal to & product, said

method comprising exposmg said stamng materisl to & palyxsocyanurate aocordmg to any one
: of claims 7 to 10, wherein said metal species is capable of catalysing saxd reactxon _

24, The method of claim 23 wherein the starting material is an aryl halide or &

vinyl halide and thé reaction is a Suzuki coupling resction, wheféin the step of exposing the
startmg matcnal to the polyisocyanurate comprises .exposing the starting material to the -

palytsocyanuratc in the prescncc of an a:ylboromc acid or & vmylbommc acid,
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