
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 (MOFs) are widely used in heterogeneous catalysis, gas storage, adsorption and
separations. It is hoped that recent development of polymer-based microporoas materials may provide
new opportunities in hydrogen storage and heterogeneous 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 chemoselective adsorption, separation and catalysis.
Although hard and soft templates have been widely used in the preparation of porous materials, a
bottom-up approach allows for the synthesis of porous materials with tailored porous structure and
surface chemistry. However, robust microporous and rnesoporous polymers Is synthesized. from
molecular building blocks are still rather limited. Recently, polymers with intrinsic microporosity (PIMs)
have been prepared entirely of fused-ring subunits to provide a rigid nonplanar block or a spiro-center
for the contortion of macromolecular structure with the inefficient space packing model.
Hypercrosslinked polymers represent another class of predominantly microporous polymers. Similar to
MIAs, the porosity of 20 hypercrossiinked material is a result of extensive crosslinkina that make
polymer chains pack inefficiently and prevent the formation of dense and non-poroas systems.
Generally; the porosity of these two types of materials is created by incorporating rigid units in the
polymer network. Yaghi's group developed covalent organic frameworks (C0Fs) that are composed
fully of rigid network without any "soft" knots (A. P. Cote, A. I. Benin, N. W. 25 Ocicwia, M. O'Keefe, A.
J. Matzaer, D. M. Yaghi, Science 2005, 3)0, 1166; H. M. ElKaderi, J. R. Hum, J. L. Mendoza-Cortes,
A. P. Cote, R. E. Taylor, M. O'Keefe, O. M. Yaghi, Science 2007, 316, 268). These novel materials are
constr-ucted by dehydration condensation reaction of boronic acids. Due to the kinetic reversibility and
quasi-inorganic nature of the reaction, highly crystalline products are attained. 30There is a need for a
polymer having intrinsic microporosi-ty which is relatively simple to synthesise and is made from
relatively readily available starting materials. It would be preferred if the microporosity were
controllable.  Object of the invention 



It is the object of the present invention to at least partially satisfy the above need.. Summary        In a
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 mesoporous.       The following options may be used in
conjunction with the first aspect either individually or in any suitable combination_      The linker groups
may be rigid. They may be aromatic or heteroaromatic or both. They may for example be tither
optionally substituted 1,4-phenylene groups or optionally substituted 4A'-biphenyl groups.      The
polyisocyanurate may be microporous or mesoporous or both microporous and mesoporous. it may
have riores of about I to about 5 mu in diameter. These may be defined by the isocyanurate rinds and
the linker groups. The polyisocyanurate may hcve pores of about 20 to about 20(1) pro in mean
diameter.      The polyisocyanurate may comprise a metal species on the walls of the pores arid/ or as
nanopartiches located in the pores. The metal species- may he catalytic. it may be a metal or a metal
oxide. The metal may for example be platinum or palladium. The metal  oxide may be iron oxide.      in
an embodiment there as provided a polyisocyantrate having pores of about I to about 5 urn in
diameter, said polyisocyanurate comprising isocyanurate rings linked by rigid linker groups coupled to
the nitrogen atoms of said rigs.       In another embodiment there is provided a polyisocyanurate having
pores of about 1 to about 5 nm in diameter, said polyisocyanurate comprising isocyanurate rings linked
by optionally substituted 1,4-pheinylene groups or optionally substituted 4,4'-biphenyl groups coupled
to the niiroden atoms of said rings.       In another embodiment there is provided a poiyisocyanurate
having pores of abort 1 to about 5 urn in diameter, said polyisocyanurate comprising isocyanurate
rings linked by optionally substituted 1,4-phenylene groups or optionally substituted 4,41-biphenyl
groups coupled to the nitrogren atoms of said rings, said Tobilsocyanurate comprisinz a catalytic metal
or metal oxide on the walls of the pores and/or as nanoparticles located 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-heterocyclic  carbene (NBC) for sufficient time' and at sufficient
temperature for conversion of the bisisocyanate to the polyisocyanurate which is microporous or
mesoporous or both microporous and mesoporous.      The following options may be used in
conjunction with the second aspect either  individually or in any suitable combination.      The
polyisocyanurate may be microporous r mesoporous or both mtroporous and mesoporous     The
sufficient temperature may be from tout 25 to about 150C. The sufficient time may be from about 1
hour to about 5 days. 



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'nenyldiisoeyanate, each being optionally substituted in addition to the isoryanate groups.
The NBC may be selected from the group consisting of 1,3-bis-mestyl-4,5- ciihydroimidazol-2-yiid ene,
1,3-bis-(2,6-di-i-propylpheny1)-4,5-dihyd_roimidazol-2- ylidene and
1,3-bis-t-butyl-4,5-clihydronnidazol-22-ylidene. The NBC ma37 be a stable NBC. It may be a pnlymeric
NBC. It may be a non-polymeric (e.,.g. monomeric or dimerie) NBC.     In an embodiment there is
provided a process for making a poiyisoc-vanurate, said process comprising exposing a 1,4-phenyl:me
diisocyanate or a 4,4 - biphenyidiisocyanatt, each being optionally substituted in addition to Che
isocyanate groups, to an N-heterncyclie carbene (NBC) at about 2$ to about 150C for sufficient time
for conversion of the bisisocyanate 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, generate an NBC; and  exposing a 1,4-phenylene diisocyanate, or a
4,4'-biplienviciiisocyanatte, each being optionally substituted in addition to the isocyanate groups, to
the NI-IC at about 25 to about 150C for sufficient time for conversion of the bisisocyanate to the
polyisocyanurate.  WO 2009/131546PCT/SG2009/00(,134 4        In a third aspect, there is provided
use of the polyisocyanurate as defined above for storage of a gas. The gas may be hydrogen. There is
also provided a method of storing a gas comprising p,.-posing a polyisocyanumte according to the
disclosure to the gas, wherein the polyisocyanurate has a pore size such that it can store said gas.
There is also provided a method for scrubbing a gaseous substance from a eras comprising said
gaseous substance, said process comprising exposing a poiyisocyanura_te according to the
disclosure to said gas, wherein the polyisocyanurate has a pore size such 



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 the polysocyanurate as defined above.        In a fifth aspect, there is provided use of the
polyisocyanurate as defined above as 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 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 of catalysing said reaction. The polyisocyanurate comprises a catalytic metal
species on the walls of the pores and/or as nanoparticles located 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 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 acid.
Brief Description of the Drawings      Preferred embodiments of the present invention will now be
describe:#:1-, by way of an example only, with reference to the ac companyina drawings wherein:
FiFIUre 1 shows PA-FTIR specza of (r) A._ and (b) PICU-A.; Fimre 2 shows PA-FTIR sp.-cima of
Plcr_343 synthesized in DIVT at (a) 80C and (b) 25C, (c) in DIvff/temahydrofuran (YET) at 80C. and
(d) in DM.F. /toduene at 80C; Finure 3 shows SEM images of PICU-A synthesized under (a) static--
conditions and (b) stirring; Figure 4 shows S'EM images of PICIT-a synthesized (a) in DIvLr-Itc>luetie
at 80C, and in DYE at (o) 80C, (c) 150C and (d) 25C; Figure 5 is a TGA curve of PICU-B;  WO
2009/131546PCT/SG2009/000134 5 Figure 6 is a TEM image of PIC IU-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-A; Figure 11 is a TGA curve of Pd/PICU-B-1 with a Pd loading of 1 mmol/g; Figure 12 shows
lEM 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
mesoporous or it may be both microporous and ronesoporous. It may be macroporous. It may be
nanoporous. It may have pores of about 1 to about 5 run in diameter or about 1 to 3. 2 to 3 or 2 to 4nm
in diameter, e .g. 15 about 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5 or 5nm in diameter. The polyisocyanurate may
have a narrow pore size distribution. The pores of the polyisocy-anurate may be substantially
monodispersed (i.e. all of the pores may be the same diameter). It may have a bimodal pore size
distribution or a polymodal pore size distribution. In such a distribution, the pores of about 1 to about
Stun in diameter may be the smaller (or smallest) of the two 20 modes. The smaller (smallest) mode
may be substantially monodispersed. I. he polyisocyanate may additional!), or alternatively comprise
pores having a mean diameter between about 20 and about 200nm. These pores may represent the
larger of the two modes of a bimodal distribution. These pores may be about 20 to 150nm, or about 2D
to 100, 20 to 50, 50 to 200, 100 to 200, 50 to 100 or 100 to 150nm in mean diameter, e.g. about 20,
30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 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
consequence of the chemistry of the polyisocyanate, in particular the size (length, diameter) of linker
groups between the isocyanurate groups The larger pores may be a consequence of the prcocess
used for making the 30po 1 yi socyannrate       The polyisocyanurate may be particulate. The particles
of the polyisocyanurate may be approximately spherical, or they may be irreaular, polyhedral or some
other shape They may have a diameter (or mean diameter) of about 0 _2 to about 2 micron, or about
0.2 to 1, 0.2 to 0.5, 0.5 to 2, 1 to 2 or 0.5 to 1 micron, e.g. about 0.2, 0.3, 0.4, 0.5. 0.6. 0.7,  WO
2009/131546PCT/SG2009/000134 6 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.
They may be substantially monodispersed. They may be polydispersed. The polyisocyanurate may be
a condensed mass. It may be a porous mass. The porous mass nay have pores of about 20 to about
200 urn in diameter, or abou_t 20 to 100, 20 to 50, 50 to 200, 100 to 200 or 50 to 100tun, e.g. about
20, 30, 40, 50, 60, 708, 90, 100, 110, 120, 130, 140, 150,1 60, 170, 180, 190 or 200nm. They may
have a broad size distribution. 



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.
lsocyanurates may be viewed as cyclic trimers of isocyanates The polyisocyanurate of the 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 atoms of said rings. The linker groups may be rigid.. The linker groups may be aromatic or
heteroaromatic or both. It may be a rigid aliphatic linker. It may be a rigid alicyclie linker. Suitable linker
groups include linear fused aromatic rings (optionally substituted in addition to the isocyanthate rings),
commonly having the two linkages to the isocyantu-ate rings diagonally opposite one another (e.g.
naphthalene-2,6- 20 diyl, anthracene-2,6-diy1 etc.). Other suitable linker groups include 14-linked
chains of aromatic rings (e.g. 1, 2, 3, 4 or 5 aromatic rings) in which each non-terminal aromatic ring is
linked to adjacent rings by the carbon atoms in the 1 and 4 positions, and each terminal aromatic ring
is linked to an isocyantnate ring by the carbon atom in the 4 position. Examples of such a linker are a
biphenyl-4,4'-y1 group and a 1,4- 25 diphenylbenzene-4'.4"-y1 group (i.e. a p-tephenyl with bonds in
the 4 positions of both terminal rings). The linker groups may be either optionally substituted 1
,4-phenylene groups or optionally substituted 4,4'-hiphenyl memos. The linker groups of the
polyisocyanurate may be the same as the group j oining the two isocyanate groups in the
bisisocyanate used to make the polyisocyanurate," or may be derived therefrom. The size 30 of the
pores in the poly-isocyanurate may be controllable. 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 bisisocyanne) will result in larger pores in the polyisocyanurate. This may be modulated by side
groups on the linker group; which may  WO 2009/131546PCT/SG2009/000134 7 protrude into the
pores, thereby either reducing their size or modifying their surface chemistry or both.      The pol
yisocyanurate may comprise a metal species, e.g. a metal or a metal oxide or some other metal salt
on the walls of the pores. It may comprise nanoparticles of the 5 metal species located in the-pores. It
may comprise the metal species both on the walls of the pores and as nanoparticles located in The
pores. The metal species may be catalytic. The metal may for example be platinum or palladium or
gold or iron. The metal oxide may be an oxide of any one of these, e.g.. Fe304.        The
polyisocyanurates of the present invention may be made by exposing a 10 bisisocyanate to a
N-heterocyclic carberie (NBC) for sufficient !Line and at sufficient temperature for conversion of the
bisisocy-anate to the polyisocyanurate.      The reaction may be conducted at about 25 to about 150C,
or about 25 to 100. 25 to 50, 50 to I 50, 100 to 150 or 50 to 100C, or about 25, 30, 35, 40, 45, 50, 60,
70, 80, 90, 100, 110, 120, 130, 140 or 150C. It may take from about 1 hour to about 5 days, depending
on the temperature and the nature of the bisisocyanate and NBC, or about 1 hour to about 1 day, 1 to
12 hours, 1 to 3 hours, 6 hours to 5 days, 1 to 5 days, 3 to 5 days, 12 hours to 2 days or 12 to 24
hours, e.g. about 1, 2, 3, 4, 5, 6, 12 or 18 hours, or about I. 2, 3, 4 or 5 days. It may be conducted
under an inert atmosphere, e.g. nitrogen, helium, neon, argon or a mixture of any two or more thereof.
It may be conducted under 20 anhydrous conditions. The reaction may be conducted in a sealed
vessel. Thus, after combining the reagents, the vessel in which they are combined may be sealed (or
they may be transferred to a separate vessel which is subsequently sealed). 



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 Tolyisocyanurate can precipitate. It may be an aprotic solvent_ It may be a polar 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
substantially anhydrous conditions.       The bisisocyanate may be a rigid isocyanate. It may ha-we a
rigid molecular framework j oining the two isocyanate groups. It may have no flexible moieties between
the isocyanate groups. It may have a structure such that the two isocyanate groups of the  WO
2009/131546PC T/SG2009/000134 8 bisisncyanate have a fixed orientation relative to each other . It
may be an aromatic, fused aromatic or heteroaromatic bisisocyanate, e.g. a pyridine diisocyanate, a
fur-an diisooyanate, a phenylene diisocyanate, a naphthalene diisocyanate or a biphenyldiisocyanate,
each being optionally substituted in addition to the isocyanate 5 groups. It may be a bisisocyanate in
which the two isocyanate groups are disposed along a common axis Thus for example it may be a
1.4-phenylene diisocyanate, a 4,-4'- biphenyldiisocyanate, a 2,6-naphthalene diisocyanate or a
2,5-pyridinediisocyanate.1The pore size of the polyisocyanate may be at least in part controlled by the
nature of the bisisocyanate, for example by the distance between the two isocyanate groups thereof.
to The bisisocyanate may optionally be substituted additionally to the isocyanate groaps. The
substituent(s) may for example be halides (e.g. F, C1, Br) or alkoxy (e.g. methoJicy, ethoxy) groups or
some other groups. The bisisocyanate may have more than one of Mese as substituents. Other
monomers, such as 4.4'-methylenebis(phenyl isocyanate) and tolylene-2,5-diisocyanate were found to
produce non-porous polymer products. The bisisocyanate may comprise two isocyanate groups joined
to a linker group. The linker group may be as described earlier for the polyisocyanurate, or may be
derived therefrorm      The NHC may be an imiclazolylidene. It may be a 2-itnidazolylidene. It may be a
1,3-alisubstituted 2-imida2olylidene. It may be a dihydroiraidazolylidene. It may be a 4,5-
dihyciroimidazolylidene. It may be a 4.5-dihydroimida7o1-2-ylidene. It may be a 1,3- 20 disubstituted
4"5-dihydroimidazo1-2-ylidene. The 1 and 3 substituents (of either the 2- imidazolylidene or the
4,5-dihydroimidazol-2-ylidene) may be the same. They may be different. They may be bulky
substituents. The NHC may be sterically stabilised. -The substituents may be branched chain alkyl
substituents. The..4y may be C3 to 012 branched chain alkyl substituents, e.g. 03 to 06. 06 to 012 or
04 to 08. Suitable substituents include isopropyl, tert-butyl, 1,1-dimethylpropyl and
1,1,2,2-tetramethylpropyl. They substituents may be aromatic. I hey may be 2,6-disubstitmed aromatic
They may be for example 2,6-dimethylphenyl or 2,4,6-trimethylphenyl.      The NHC may be a stable
NHC. It may be a polymeric NHC. In this case the N.THC may be recycled for subsequent reactions. It
may be a soluble NHC. It may be an 1\THC 30 that is separable from the poly-isocyanurate. It may be
a monomeric NHC. It may be a dirneric NHC.      The NBC may be used in a catalytic amount. It nay
be used in a molar amount relative to the bisisocyanate of about 1 to about 10%, or about 1 to 5, 1 to
2,2 to 10, 5 to 10 or 210 5%, e.g. about 1,2, 3 , 4, 5, 6, 7, 8, 9 or 10%. 



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 reaction conditions used for making the polyisocyanurate. The NITC may be 5 made
immediately, or a short time, prior to combining it with the bisisocyanate. The reaction may be
conducted without isolation, or without purification, of the NTHC. Thus the NHC may be generated and
the bisisocyanate added directly to the reaction mixture in order to convert the bisisocyanate to the
polyisocyainurate. The NHC may be generated by exposure of a_n imiciazolium salt to a base. The
base io may be a strong base. It may be a non-nucleophilic base. It may for example be hydride (e.g.
sodium hydride), lithium diisopropylamide, tert-butoxide (e.g. potassium tenbutoxide) or some other
suitable base. The base may be used in about equimolar amount relative to the NHC, or may be used
in a slight molar excess, e.g. less than or about I, 5, 10, 15 or 20% molar excess. The reaction may be
conducted in a solvent. The same range 15 of solvents may be used as described above for the
conversion of the bisisocyanate to the polyisocyanurate. The reaction may be conducted at about 0 to
about 30C, or about 0 to 25, 0 to 20,0 to 15,0 tc> 10, 10 to 30,20 to 30, 10 to 20 or 15 to 25C, es_
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 hours, or for about 0.5 to about 5 hours, or about 0.5 to 2, 0.5 to 1, 1 to 5, 2 to 5 20 or 1 to 3
hours, e.2. about 0.5, 1, 1.5, 2, 15.3. 3.5, 4, 4.5 or 5 hours. It may be conducted under the same ranee
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 dried before use in the
preparation of the NHC. The imidh zolium salt may correspond to the NEC. It may be an imidazolyl salt
It may be a 2-imicisoly1 salt. It may be a 1,3-disubstitu-ted 7-imicla7oly1 salt. lt may be a
dihydroimirls7oly1 salt. It may be a 4,5-dihydroimidn7olyi salt. It may be a 4.5-dihy-droimidazol-2-y1
salt It may be a 1,3- disubstituted 4,5-dihydsoimidazol-2-y1 salt. The I and 3 substituents (of either the
2- imiclazoly1 salt or the 4,5-dihydroimiciazol-2-y1 salt) may be the same. They may be different. They
may be bulky substituents. The imidazolium salt may be sterically 30 stabilised. The substituents may
be branched chain alkyl substituents. They may be C3 to 012 branched chain alkyl substituents, est.
C3 to 06. 06 to 012 or C4 to C8. Suitable substituents include isopropyl, tert-butyl, 1,1-dimethylpropyl
and 1,1,2,2- tetramethylpropyl. They substituents may be aromatic. They may be 2,6-disubstituted
aromatic. They may be for example 2,6-dimethylphenyl or 2,4,6-trimethylphenyl.  WO
20091131546PCT/SG20091000134 10     During the reaction to form the polyisocyanurate, the
reaction mixture may be agitated or it may be unagitated. It may be vigorously agitated or it may be
gently agitated. The agitation, if used, may comprise stirring, shaking, sonicating, mixing or some other
form of agitating.     As the polyisocyarturate is commonly insoluble in the solvent used in its
production, it may precipitate from the reaction mixture. It may be acivantageous to cool the reaction
mixture following completion of the reaction This may facilitate subsequent manipulation of the
reaction mixture and may facilitate precipitation of the product polyisocyanurate. The precipitated
product may be separated from tne reaction mixture, 



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 reaction itself, or they may be some other suitable organic solvent such as methylene 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, e.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 dimethyl formamide, dichloromethane and ether. Following the washing the product
may be dried. This nay be at elevated temperature (e.g. in an oven) 20 at a temperature of about 50 to
about 1 50C, or about 50 to 100. L00 to 150 or 80 to 120C. It may be conducted at reduced pressure,
e.g. less than about 100mBar, or less than about 50,, 20, 10 or 1 mBar It may be conducted in a wean
of gas. e.2. air or nitroeen or carbon dioxide or a mixture of any two or more suitable gases.      The
procedure described above may provide a quantitative or near quantitative yield of the
polyisocyanurate based on bisisocvanate. The yield may be at least about 80%, or at least about 85,
90, 95 or 99%.     The polyisocyanurate of the present invention may be used for storage of a gas, for
example hydrogen. As the pores of the polyisocyanurate may be tailored at will, specific products may
be designed for storage of specific gases by adjusting the nature of the 30 bisisocyanate used to make
the polyisocyanurate. The polyisocyanur-ate may be used for absorbing or scrubbing one or more
gases 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
polyiscyanurates may be used to absorb more than one gas from a gas mixture. In some
embodiments two or more  WO 2009/131546PCT/S02009/000134 11 different polyisocyanurates
having different pore sizes may be used in conjunction (e.g. mixed) in order to separate more than one
different gas from a mixture.     As the polyisocyanurate described herein is inherently porous at a
molecular level, the volume of a gas that may be absorbed and/or stored by it is correspondingly
relatively high. The polyisocyanurate may be capable of storing up to about 5% by weight of hydrogen,
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 1, 2, 3,,3.5, 4, 4.5 or 5% by weight. The hydrogen may be stored at elevated pressure and
reduced temperature. It rraay for example be stored at about 20 to about 100bar, or about 50 to 100,
20 to 50 or 4-0 to 70bar, e.g. about 20, 3C, io 40, 50, 60, 



70, 80, 90 or 100bar. Pt may be stored at below about 0C, 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 bar at -78C. The gas stored in the polyisocyanurate may be released at will. This 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 gas by a second gas which has greater affinity for the polyisocyanurate to be
released. It may be achieved by applying a vacuum or reduced 20  (relative to the storage pressure)
pressure to the polyisocy-anurate having the gas in the pores thereof The rate of release of the gas
may be adjusted by adjusting the reduced pressure to which the polyisocyanurate having the gas in
the pores thereof is exposed. T-he gas may be released by both raising the temperature and reducing
the pressure under which the gas is stored in the polyisocyanurate For example, a polyisocyanurate
having 25  hydrogen stored in the pores thereof at 50 bar at -78C may release substantially all of the
hydrogen by increasing the temperature to about room teimperature and/or reducing the pressure to
about I Bar. 



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 may be attached or immobilised CO the walls of the pores. They may be in the 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 species may  WO 2009/131546PCT/SG2009/000134 be
in the form of nanoparticles. The substance may be restricted to the pores by the shape of the pores.
The metal may be for example palladium or platinum or gold. 1_ he oxide may be iron oxide. A
catalytic polyisocyanurate may be made by making a polyisocyanurate, as 5 described above, and
introducing the catalytic metal species thereto. A metal species may be formed in the pores of the
polyisocyanurate by precipitation or reaction. For example a -palladium-loaded polyisocyanurate may
be prepared by loading a soluble palladium salt (e.g. palladium acetate) into the pores of the
polyisocyanurate and heatina to a suitable temperature for a suitable time. A polyisocyanurate loaded
with a soluble platinum salt to(e.g. platinum chloride) may generate a platinum n metal-loaded
polyisocyarmrate by reduction with a suitable reducing agent such as sodi-um borohydride.      Such a
catalytic polyisocyanurate may be used for catalysing a reaction of a starting material to a product. The
conditions of such a reaction will of course depend on the nature of the reaction. A suitable reaction
which may be catalysed by a polyispcyanurate 15 having palladium in the pores thereof is a Suzuki
coupling reaction between an aryl halide and an aryl boronic acid. Typically sufficient polyisocyanurate
will be used to have palladium present at about 1% of the reagent present, or about 0.5 to 2% or 1 to
2% or 0.5 to 1%. The actt tat amount of polyisocyanurate will depend on the loading of paLladium on
the polyisocyanurate. The reaction may achieve aiah yields of coupling product, e.g. zo greater than
about 80VU. or areater than 85, 80, 95 or 98%. The time taken to achieve this may be less than about
2 days, or less than 1 or 0.5 days, e.g. about 0.5, 1, 1.5 or 2 days. Other reactions, e.g. other coupling
reactions, wvhich utilise catalysts that may be immobilised in and/or on the pores of the
polyisocyanurate may also be conducted in similar fashion. Following completion of the reaction the
catalyst may be separated, e.g.. by filtration, settling/decanting, centrifugation etc. It may be washed in
order to remove residual materials such as solvent, product, unreacted starting material or rearzent
etc. It may then be reused in a subsequent reaction. Commonly there will not be a significant loss of
catalytic activity on a subsequent reuse of the catalyst (e.g. less than about 10% loss, or less than
about 5, 2 or 1% loss). 30The present invention presents a simple protocol for the catalytic synthesis
of microporous and mesoporous polyisocyanurates. These polymers possess robust rnicroporosity
and mesoporosity constructed from porous organic sheets. They have been demonstrated as catalyst
supports for Pd(II) complexes, as well as for Pd CWT Pt metal nanopanicl es . 



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 5hydrogen storage, and as catalyst supports for organometallic complexes, and metal or
oxide nanoparticles.      The present invention was developed 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 the synthesis and application of microporous and mesoporous polyisocyanurates composed
with rigid carbon and nitrogen networks. These new materials are derived by cyclotrimerizution of
di-isocyanates (bisisocyanates) using N-heterocyclic carbene (NHC) as catalyst. Polyisocyanurates
have been widely used in enhancing the physical properties of different materials, increasing the
thermal resistance, Is flame retardation and chemical resistance characteristics. Although
macroporous polyisocyanurates with foam structure has been studied (N. Masalcazu, S. Kapri, S.
Hajime, JP 2005213303, 2005; I. Hieleki, M. Hisashi, T. Takafinumi, F. Takao, JP 2003246829, 2003),
robust microporous and mesoporous polyisocyanurates have not hitherto been developed, and novel
properties or applications may be expected with these zanovel materials.      NHCs have been widely
used as orsmnocatalysts in many important transformations. Recently, it was found that NFICs can
efficiently catalyze cyclotrimerization of isocyanates to Eosin a planar six-membered heterocyclic ring
structure (H. Duong, M. .T. Cross, J. Louie, Org. Lett. 2004, 6, 4679). This reaction was 25 adapted by
the present inventors to synthesize porous polymer nerworks by replacing simple isocyanates with
diisocyanates. Scheme 1 illustrates that a porous CfN organic framework could be generated using
NI-IC oreanocatalysts. When rigid aryl diisocyanates were used rigid polymer frameworks were
achieved. Several dlisocyanates (A, B) were employed in this work, and varion  NHCs were examined
in the synthesis of 30 polyisocyanurate networks. It was found that the NHCs of
1,3-bis-mestylimidazol-2- ylidene (IMes) and 1,3-bis-(2,6-di-i-propylphenyldmidazol-2-ylidene (IPr) did
not work for this synthesis. NHCs of 1,3-bis-rnesty1-4,5-dihydronnidazol-2-ylidene (SIMes) and
1,3-bis-(2,6-di-i-propylpheny1)-4,5-dihy-droimidazol-2-ylidene (SIThr) showed low activities in this
reaction especially for monomers with ortho-substituents, such as B. 1.3-  



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? ,C1 o ONLO     5
Seheinie I : synthesis of PICU-A and PICU-B 



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 Ii. The reaction could be conducted at 25C to
150C; a longer period of time would he io needed for the completion of the reaction at lower
temperatures. Due to the low solubilky 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 and
washing, and subsequently dried in a vacuum oven. In all syntheses, quantitative yields were
obtained. Due to the low solubility of the starting materials and product, the reacticon  WO
2009/131546PCUSG2009/000134 15 was essentially conducted under a heterogeneous condition.
Unlike the conventional heterogeneous catalytic system, the NHC catalysts in this case might migrate
onto the polymer network and initiate the next catalytic cycle. Photoacoustic Fourier-transform infrared
(PA-FTIR) spectroscopy provided a direct method for monitoring the progress of isocyanate
conversion to the polymer product. Figure 1 shows the strong vibration peak of isocyanate of A at -
2300 cm-I. This peak disappeamed in the PA-Fl 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 different conditions. The microstructure and
morphology of PlCU-A materials are to elucidated by scanning electron microscopy (SEM-) (Figure 3).
When PICL.1-A was synthesized under static conditions, the polymer formed a branched structure on
the submicron scale. When the reaction was performed tinder stirring, the product showed a more
aggregated and condensed structure. The morphology of PICU-B could vary from a particulate-based
structure (Figure 4(a)) to a porous network (Figure 4(c)) or more Is condensed structure (Figure 4(d))
using different reaction conditions. Thermal gravimetric analysis (TGA) indicated that the network
structure of the polymers derived remained stable up to 300C (Figure 5). 



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. The significantly disordered layered structure of polyisocyanurates was illustrated by
transmission electron microscopy (TEM) (Figure 6). It is thought that the two-dimensional rigid organic
sheets might only extend to limited size, and stacked in 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 larger than graphite (3.35 k). and Yaohi's COF-1 (3.33 A) and COF-5 (3.46 A); this might be
due to the twisting between phenyl rings and C3N3 six-membered rings (M. B. Mariyatra, K.
Panchanatheswaran, J. N. Low, C. Glide-well. Ada Cryst. 2004, C60, 682). Sc)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 PICU-A and PICU-B was fully
reversible. When the polymers were immersed in solvents (e.g. DMSO and DMF), the flD peaks
disappeared. Upon drying,  WO 2009/131546PCT/S62009/000134 16 the XRD peaks re-emerged. It is
thought that polymers might have became swollen by absorbing the solvent molecules, and may
thereby have lost structural order. As the solvent was removed, the packing of the two-dimensional
network layer may therefore have been regained, reconstituting the original short-range order of PICU.
The stability and porosity of PICU-A and PICU-B were confirmed by N2 adsorption analysis. The
as-synthesized polymers were degassed at I20C for 16 h, and their nitrogen adsorption isotherms
were collected at 77 K. PICU-B showed an isotherm typical of a mieroporous material (Figure 9). It has
a Brunauer-Erarnett-Teller (BET) surface area of 569 m2/g and a pore volume of 0.355 cm3/g, which
were much higher than 10 many layered rnaterials (e.g. graphite and clay), and were in the range of
many microporous zeolites and carbons. However, PICU-B was less porous as compared to Yaght's
COF-5 (1590 m2/g and 0.998 cm3/g) (A. P. Cote. A. I. Benin, N. W. Ockwig, M. O'Keefe, A. J.
Matzger, 0. M. Yaghi, Science 2005, 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 lower surface
area (45 m2/g) and pore volum.e (0.07 cm3/g) (see Figure 10 for isotherm). It was dominated by
rnesopores of 20-40 A (from t-plot analysis), with an average pore diameter of 22 A (from DFT
calculations).      The novel materials reported herein possessed microporous and mesoporous
network structures and isocyanurate functional units. They could be targeted towards 



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 after filtration, washing and drying. The TGA curve of Pd/PICU-B-1 with a Pd loading 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 reduction of Pd(II) 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 observed in Pd/PICU-B-2 (Figure 12). Both Pd/PICU-B-1 and Pd/PICU-B-2 demonstrated
good activity and reusability (see Table 1). Pt/PICU-B 30was also synthesized by mixing PICU-B and
Pt(II) chloride in DMF a_-t 80C, followed by reduction with sodium borohydride (Figure 13).  WO
2009/131546PCT/SG2009/000134  17 Table I: Suzuki coupling reaction B(OH)2 Pd/PICU-B.N 2 , %
Pd ir- R1baseR1    



[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; unless otherwise noted. Dry solvents and standArd nitrogen glove box were used for the set
up of reactions. PA-FTIR spectra were recorded on Digilab FTS 7000 FTIll 15 spectrometer equipped
with a MI-EC-300 photoacoustic detector. TGA was performed on Perkin-Elmer Pyris-1
Thermogravimetric 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 electron microscope (10 kV). IliM
experirnents were conducted on a PEI Tecnai G2 F20 electron microscope (200 kV). 20Synthesis of
PICU-A. In a glove box, A (160 mg,, 1 mmol) was suspended in DM50 (20 ml) in a pressure flask, and
SrBu (0.05 mmol) was added. SI`Bu was generated in situ by mixing 1.3-bis-t-butylimidazolinium
chloride (0.05 mmol) with Nali  18 (0.05 mmol) in DMF (0_5 me for 2 h, before transferring to the
reaction flask. The reaction flask was sealed, and placed in the oven at 120C for 3 days. PICU-A was
collected by filtration, washed with DMF. CH2C12 and ether, and dried in a vacuum oven. Quantitative
yield of PICU-A was obtained.      Synthesis of PICU-B. In a glove box, B (980 ring, 5 mmol) was
dissolved it DMF (50 nil) in a pressure flask, and SrBu (0.) mrnol, generated in situ) was added. The
reaction flask was sealed, and placed in the oven at 80C for 3 days. PICU-B was collected by filtration,
washed with DMF. CH2C12 and ether, and dried in a vacuum  oven. Quantitative yield of PI CU-B was
obtained.  19Received 9 February 2010     1.A polyisooyanurate 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 mesoporous     2.The polyisocyanurate of claim I
wherein the linker groups are aromatic or heteroaromatic or both. 



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 claims I to 4 having pores of about 20 to about 200 nm in mean diameter     6.The
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. 7.The 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.The polyisocyanate of claim 8 wherein the metal is platinum or palladium. 10.The
polyisocyanate of claim. 8 wherein the metal oxide is iron oxide. ILA process for making a
polyisocyanurate, said polyisocyanurate being  Icroporous or mesoporous or both microporous and
rnesoporous and said process comprising exposing a rigid basisocyanate to an N-heterocyclic
earbene (1.11-1C) for sufficient time and at sufficient temperature for conversion of the bisisocyanate
to the polyisocyanurate which is microporous or tnesopomus or both tnicroimrous and mesoporous.
The process of claim 11 wherein the sufficient temperature is from abozit 25 to about 150C and the
sufficient time is from about 1 hour to about 5 days.      13. The process of claim 11 or claim 12
wherein the NHC is used in a catalytic amount.      14. The process of any one of claims 11 to 13
wherein the bisisocyanate is an aromatic or heteroaromatic bisisocyanate.  PCT/n2009/000134
20Received 9 February 2010 



15. The process of claim 14 wherein the bisisocyanate is a 1,4-phenylene diisocyanate or a
4,4'-biphenyldiisoeyanate, each being optionally substituted in addition to the isocyanate groups.
16. The process of any one of claims 11 to 15 comprising the step of generating the NI-IC.      17. The
process of claim 16 herein the step of generating  the NHC comprises treating an imidazolium salt with
a base.      18. The process of any one of claims 11 to 17 wherein the NHC is selected from the group
consisting of 1,3-bis-mesty1-4,5-dihydroimidazol-2-ylidene, 1,3-bis-(2,6-di-ipropylphenyI)-4,5-d
ihydroirni dazol-2-ylidene and1,3-bis-t-buty1-4,5-dihyd_roimidazol-2- ylidene.      19. Use of the
polyisoeyanurate of any one of claims 1 to 10 for storage of a gas.      20. Use according to claim 19
wherein the gas is hydrogen.      21. A gas storage device comprising the polyisocyanuntte of any one
of claims 1 to 10.       22. Use of the polyisocyanurate of any one of claims 7 to 10 as a catalyst,      23.
A method for conducting a reaction of a starting material to a product, said method comprising
exposing said starting material to a polyisocyanurate according to any one of claims 7 to 10, wherein
said metal species is capable of catalysing said reaction.       24. The method of claim 23 wherein the
starting material is an aryl halide or a vinyl halide and the reaction is a Suzuki coupling reaction,
wherein the step of exposing the starting material to the polyisocyanurate comprises exposing the
starting material to the polyisocyarturate in the presence of an arylboronic acid or a vinylboronle acid. 




