
Polyisocyanurates Technical Field The present
invention relates to polyisocyanurates and to metho>ds
for making them. Background of the Invention
Micro>porous 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
microporou-s materials may provide new opportunities
in hydrogen storage and heterogeneous catalysis, since
organic materials have certain advantages over other
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 o>f porous materials, a
bottom-up approach allows for the synthesis of porous
materials with tailored porous structure and surface
chemistry. However, robust microporous and nesoporous
polymers synthesized from molecular building blocks
are still rather limited- Recently, polymers with
intrinsic microporosity (PIMs) have been prepared
entirely of frused-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 cla-ss of predominantly microporous polymers.
Similar to PIMs. the porosity of hypercrosslinked
material is a result of extensive crosslinking that
make polymer chains pack inefficiently and prevent the
formation of dense and non-poroixs systems. Generally,
the porositry of these two types of materials is
created by incorporating rigid units in the polymer
network. Yaghf s group developed covalent organic
frameworks (COFs) that are composed illy of rigid
network without any soft" knots (A. P. Cote, A. I .
Benin, N. W. Ockwig, Iv4. O'Keefe, A. J . Matzger, O .
M. Yaghi, Science 2005: 310, 1166; H. M. El- Kaderi, J
. H . Hunt, J . L. Mendoza-Cortes, A. P. Cote, R. E.
Taylor, M. O'Keefe, O. M. Yaghi, Science 2007, 316,
268). These novel materials are constructed bj'
dehydration condensation reaction of boronic acids.
Due to the kinetic reversibility and quasiinorganic
nature of the reaction, highly crystalline products
are attained. 



There is a need for a polymer rxaving intrinsic
microporosity 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 o f the Invention It is the
object of the present invention to at least partially
satisfy the above need- Summary of the Invention In a
first aspect of the invention there is provided a_
polyisocyanurate comprising isocyanurate rings linked
by linker groups coupled to the nitrogen atoms of said
rings. 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 eittier optionally
substituted l,4-p>henylene groups or optionally
substituted 4,4 "-biphenyl groups. The
polyisocyanurate may be microporous or mesoporous or
both microporous aod mesoporous. It may have pores of
about 1 to about 5 nr-n in diameter. These may b e
defined by the isocyanurate rings and the linker
groups. T ie polyisocyanurate may ha v e pores of
about 20 to about 200 nm in mean diameter. The
polyisocyanurate may comprise a metal species on the
walls of the pores an_d/ or a s nanoparticles located
in the pores. The metal species- may be catalytic. It
may be a metal or a metal oxide. The metal may for
example be plaxinum or palladium. The metal oxide may
be iron oxide. hi an embodiment there is provided a
polyisocyanupate having pores of about 1 to about 5 nm
in diameter said polyisocyanurate comprising
isocyanurate rings linked b y rigid linker groups
coupled to the nitrogen atoms of said ririgs. hi
another embodiment there is provided a
polyisocyanurate having pores of about 1 to about 5 nm
in diameter, said polyisocyanurate comprising
isocyanurate rings linked b y optionally substituted
1,4-phenylene groups or optionally substituted
4.4'-biphenyl groups coupled to the nitrogen atoms of
said rings. hi 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-phenylene groups or
optionally substituted 4.4'-biphe p yl groups coupled
to the nitrogen atoms of said rings, said
^polyisocyanurate comprising a catalytic metal or
metal oxide on the walls of the pores an"i/or as
nanoparticles located in the pores. hi a second aspect
of the invention there is provided a process for
making a polyisocyanurate. said process comprising
exposing a bisL socyanate to an N-heterocycliccarbene
(NHC) for sufficient time and at sufficient
temperature for conversion of the bisisocyanate to the
polyisocyanurate. The following options may be used in
conjunction with the second aspect either individually
or in any suitable combination. The polyisocyanurate
may be microporous o r mesoporous or both mic xoporous
and mesoporous The sufficient temperature may be from
ab>out 25 to about 15O0C. 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 NHC. It may comprise generating
the NHC in situ. The step of generatLng the NHC may
comprise treating an imidazolium salt with a base. The
bisisocyanate may be a rigid bisisocyanate. It may be
an aromatic or heteroaromatic bisisocyanate. It may be
for example a 1,4-phenylene diisocyanate or a
4,4'-biphenyldiisocyanate, each being optionally
substituted in addition to the isocyanate groups. The
NHC may be selected from the giroup consisting of
L3-bis-mestyl-4.5- dihydroimidazol-2-ylidene,
1.3-bis-(2,6-di- -propylphenyl)-4,5-dihyd
toimidazol-2- ylidene and
1.3-bis-?-b>utyl-4,5-dihydroimidazol-I2-ylidene. The
NHC ma3' be a stable NHC. It may be a polymeric NHC.
It may b a non-polymeric (e.g. a ionomeric or dimeric)
NHC. In an embodiment there is provided a process for
making a polyisocyanurate. said process comprising
exposing a 1.4-phexiylene diisocyanate o r a 4.4 -
biphenyldiisocyanate, each being optionally
substituted in addition to the isocyanate 



groups, to an N-heterocyclic carbene (NHC) at about 25
to about 1500C for sufficient time for conversion of
the bisisocyanate to the poLyisocyanurate. In another
embodiment there is provided a process for making a
polyisocyanurate comprising:  treating an imicLazolium
salt with a base to generate an NHC; and  exposing a
1.4-phenylene diisocyanate or a 4.4
"-biphenyldiisocyana.te, each being optionally
substituted in addition to the isocyanate groups to
the NHC at about 25 to about 15O0C for sufficient time
for conversion of the bisisocyanate to the
polyisocyanurate .In a tfciird aspect of the invention
th e is provided use of the polyisocyanurate of the
first aspect for storage of a gas. The gas may be
hydrogen. There is also provided a method of storing a
gas comprising exposing a polyisocyanurate according
to the invention 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 gas comprising
said gaseous substance, said process comprising
exposing a polyisocyanurate according t o the
invention to said gas, wtierein the polyisocyanurate
has a pore size such that it can store said gaseous
substance. The polyisocyanurate may tiave a pore size
such that it can not store other components of the
gas. hi a fourth aspect of the invention tfciere is
provided a gas storage device comprising the
isocyarrurate of the first aspect. hi a fifth aspect
of the invention there is provided use of the
polyisocyanurate of the first aspect as a catalyst
wherein the polyisocyanurate comprises a catalytic
metal species on the walls of the pores and/or as
nanoparticles located in the pores. hi a sixth aspect
of the inventio there is provided a meth_od for
conducting a reaction of a starting material to a
product, said method comprising exposing said starting
material to a polyisocyanurate according to the first
aspect, wherein the polyisocyanurate comprises a
catalytic metal species on the walls of the pores
and/or as nanoparticles located in the pores and
wherein said catalytic metal species is capable of
catalysing said reaction. In an example, the starting
material is an aryl halide or a vinyl halide and the
reaction is a Suzuki coupling reaction. Ln this
example the step of exposing the starting 



material t o the polyisocyanurate conxprises 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
described, by way of an example only, with reference
to the accompanying drawings wherein: Figure 1 stiows
PA-FTIR spectra of (a) A and (b) PICU-A; Figure 2
stiows PA-FTIR spectra of PICU-B synthesized in DMF at
(a) 800C and (b) 25C, (c) Ln DMF/tetrahydrofuran (THF)
at 800C, and (d) hi DMF/toluene at 800C; Figure 3
skiows SEM images of PICU-A synthesized under (a) stat
ic conditions and (b) stirring: Figure 4 stiows SEM
images of PICU-B synthesized (a) in DMF/toluene at
800C, and in DMF at (b) 800C, (c) 1500C and (d) 25C:
Fi ure 5 is a TGA curve of PICU-B:Figure 6 is a TEM
image of PICXJ-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 PICUB : Figure 10 is a Nitrogen
adsorption-desorption isotherm of PECU-A; Figure 11 is
a TGA curve of Pd/PICU-B-1 with a Pd loading of 1
mmol/g; Figure 12 shows TEM images of (a) Pd/PICU-B-1
and (b) P<i/PICU-B-2; and Figure 13 is a TEM image of
Pt/PICU-B; Detailed Description of the Preferred
Embodiments The present invention provides a
polyisocyanurate. The polyisocyanurate may be porous.
It may be microporous or it may be mesoporous or: it
may be both micropore u s and mesoporous. It may be
macroporous. It may be nanoporous. It may have pores
of about 1 to about 5 nm in diameter or about 1 to 3,
2 to 5 or 2 to 4nm in diameter, e .g. 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 polyisocyanurate may be
substantiaJily monodispersed (i.e. all of the pores
may be the same diameter). It may have a bimodal 



pore size distribution or a pol3onodal pore size
distri but io n hi such a distribution, t he pores of
about 1 to about 5nm in diameter may be the smaller
(or smallest) of the rsvo modes. The smaller
(smallest) mode may be substantially monodispersed.
The polyisocyanate may additionally or alternatively
comprise pores having a mean diameter between about 20
and about 00nm. These pores may represent the larger
of the trwo modes of a bimodal distribution. These
pores may be aboiit 20 to 150nm, or about 2O to 100, 2
0 to 50, 50 to 200, IOO t o 200, 50 to 100 or 100 to
150nm in mean diameter, e.g. about 20, 30, 40, 50, 60,
70, 8O, 90, 100, 110, 120, 130, 1 0, 150, 160, 170,
180, 19O or 200nm. They may have a broad pore size
distribution. The p>ores hi the range of about L to
about 5nm may be a direct consequence of the
chemisrtry 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 process used for making the
polyisocyanurate. The polyisocyanurate may be
particulate. The particles of the polyisocyanurate may
be approximately spherical, or they ma3' be irregular,
polyhedral or some other shape. They may have a
diameter (or mean diameter) of about 0 2 to about 2
micron, or ab>out 0.2 t o L 0.2 to 0.5. 0.5 to 1 1 t o
2 or 0.5 to 1micron e.g. a .bout 0.2. 0.3. 0.4. 0.5.
0.6. .7.0.8, 0.9, 1, 1.1, 1.2, 1.3, 1.4, 1.5, 1.6,
1.7, 1.8, 1.9 o r 2 microns. They may be substantially
monodispersed. They nxay be polydispersed. The
polyisocyanurate may be a condensed mass. It may be a
porous mass. The porous mass inay have pores of about
20 t o about 200 nm in diameter, or abcnrt 20 to 100,
20 to 50, 50 to 200, 100 to 200 or 50 to lOOnm, e.g.
about 20, 30, 40, 50, 6O, 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 isocyarrurate rings linked by linker groups.
An isocyanurate ring is a 6-membered ring in whichi
nitrogen atoms alternate vith carbon atoms of carbonyl
groups. The nitrogen atoms may be coupled to various
species, in the present instance the linker groups.
Isocyanurates 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 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 aliphautic linker. It may be a
rigid alicyclid linker. Suitable linker groups include
linear fused aromatic rings (optionally substituted i
n addition to the isocyanurate rings), commonly having
the two linkages to the isocyanurate rings diagonally
opposite one another (e.g. naphithalene-2,6- diyl,
anthracene-2,6-diyl etc.). Other suitable lirJt<er
groups include L4-link:ed chains of aromatic rings
(e.g. 1, 1 , 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 positioxis, and
each terminal aromatic ring is linked to an
isocyanuxate ring by the carbon atom in the 4
position. Examples o f such a linker are a
biphenyl-4,4'-yl group and a 1.4-
diphenylbenzene-4\4"-yl group (i.e. a p-terphenyl with
bonds in the 4 positions of both terminal rings). The
li iker groups may be either optionally substituted
1_4-phenylene groups or optionally substituted
4,4'-biphenyl groups. The linker groups of the
polyisocyanurate may b e 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 of the pores in the
polyisocyanurate may be controllable. It maj' be
controllable by means of the linker group. Tlrus in
general, a longer lintcer group (i.e. a larger
distance between the two isocyanate groups of the
bisisocyanarte) will result in larger pores in the
polyisocyanurate. This may be modulated by side groups
on the linker group, which ma}'protrude into the
pores, thereby either reducing their size or
mociifying their surface chemistry or both. The
polyisocyanurate may comprise a metal species, e.g. a
metal or a metal oxide or some other metal salt on the
walls of thve pores. It may comprise nanoparticles of
the 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.
F e3O4. The polyisocyanurates of the present invention
may be made by exposing a bisisocyanate to a
N-heterocyclic carbene (NHC) for sufficient tone and
at sufficient 



temperature for conversion of the bisisocyanate to the
polyisocyanurate. The reaction may be conducted at
about 25 to about 15O0C, ox about 25 to 100. 25 to 50,
50 to 1 50, 100 to 150 or 50 to 1000C , or about 25,
30, 35, 40, 5, 50, 60, 70, 80, 90, 100, 110, 120, 130,
140 or 15O0C. It may take from about 1 hour to about 5
days, depending on the temperature and the nature of
the bisisocyanate and NHC, or about 1 hour to about 1
day, 1 to 12 hours, 1to 3 fciours, 6 hours to 5 days,
1t o 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 1. 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 anhydrous conditions. The
reaction may be conducted in a sealevd vessel. Thus,
after combining tfcie reagents, the vessel in wfcu' ch
they are combined may be sealed (or they may be
transferred to a separate vessel wfciich 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 capabl e of dissolving one or more,
optionally all, of the reagents used. It may be a
solvent in which the polyisocyanurate is substantially
insoluble, or from which the polyisocyanurate can
precipitate. I t 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 triamide, propylene carbonate,
ethylene carbonate or a mixture of airy two or more of
these. The reaction may be conducted under
substantially anhydrous conditions. The bisisocyanate
may be a rigid isocyanate. It may ha v e 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 thebisisocyanate have a
fixed orientation relative to each other. It may be an
aromatic, fused aromatic or heteroaromatic
bisisocyanate, e.g. a pyridine diisocyanate, a fmran
diisocyanate, a phenylene diisocyanate, a naphtrialene
diisocyanate or a biphenyldiisocyanate, each being
optionally substituted Ln addition to the isocyanate
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-napfathalene diisocyanate
or a 2,5-pyridinediisocyanat e. TThe pore size of the
polyisocyanate may be at least in part controlled by
the nature of the bisisocyanate, for example by tihe
distance between the two isocyanate groups thereof.
The bisisocyanate may optionally be substituted
additionally to the isocyanate groups. The
substituent(s) may for example be halides (e.g. F, Cl
, Br) or alkoxy (e.g. metho^xy, ethoxy) groups or some
other groups. The bisisocyanate may have more than one
of th e se as substituents. Other monome rs 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 lirt_ker group may be as described earlier
for the polyisocyanurate, or may be derived therefrom.
The NHC may be an imidazolylidene. It may be a
2-imidazolylidene. It may b>e a 1.3-disubstituted
2-imidazolylidene. It may be a dihydroimidazolylidene.
It may be a 4 .5- dihydroimidazolylidene. It may be a
4.5-dihydroirnidazol-2-yliden e. It may be a 1,3-
disub>stituted 4.5-dihydroimidaz;ol-2-yliden e. The 1
and substituents (of either the 2- imidazolylidene or
the 4,5-dihydroimidazol-2-yIidene) may be the same.
The} ma be different. They may be bulky substituents.
The NHC may be sterically stabilised. The substituents
may be branched ctiain alkyl substituents. They may be
C3 to Cl2 branched chain alkyl substituents, e.g. C 3
to C6, C6 to Cl 2 or A to C8. Suitable substituents
include isopropyl, tert-butyl, 1.1-dimethylpropyl and
l_L2.2-tetramethylpropyl. TTie} substituents may be
aromatic. They may be 2,6-disubstitutted 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 KTHC may be
recycled for subsequent reactions. It may be a soluble
NHC. It may be an NIHC that is separable from the
polyisocyanurate. It may be a monomeric NHC. It may b
e a dimeric NHC. The NHC may be used Ln a catalytic
amount. It iptay be used in a molar amount relative to
the bisisocyanate of about 1 to about 10%. or aTbout 1
to 5, 1 to 2. 2 to 10. 5 to 10 o r 2 to 5%, e.g. about
L 2, 3 4, 5, 6. 7, 8. 9 or 10%.The reaction may
comprise the step of generating the NHC. The NHC 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 NHC has
limited stability, or is unstable, under the reaction
conditions used for making the; polyisocyanurate. The
NKC 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 JHC. Thus the NHC may be
generated and the bisisocyanate added directly to the
reaction mixture in order to convert the bisisocyanate
to the polyisocyanurate. The NHC may be generated by
exposure of a i imidazolium salt to a base. The base o
may be a strong base. It may be a non-nucleophilic
base. It may for example b e hydride (e.g. sodium
hydride), lithium diisopropylamide, tert-butoxide
(e.g. potassium tertbutoxide) or some other suitable
base. The base m_ay 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 1, 5. 10, 15 or 20%
molar excess. The reaction may be conducted in a
solvent. The same range s of solvents may be used as
described above for the conversion of the
bisisocyanate to the polyisocyanurate. The reaction
may be conducted t about 0 to about 300C. or about 0
to 25, 0 to 20, 0 to 15, 0 to 10, 10 to 30, 20 to 30 ,
10 t o 20 or 15 to 250C, e.g. about 0, 5, 10, 15, 20,
25 or 3O0C. It rrtay 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. o>t about 0.5 to 2.
0.5 to 1, 1 t o 5, 2 to 5 O or 1 to 3 hours, e.g.
abo>ut 0.5, 1, 1.5, 2. 2.5. 3, 3.5- 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 dried before use in the preparation of the NHC. The
imidazolium salt may correspond to the NHC. It may be
an imidazolyl salt. It may be a 2-imidazolyl salt. It
5 may be a 1,3-disubstituted 2-imidazolyl salt. It ma
be a dihydroimidazolyl saLt. It may be a
4,5-dihydroimidazolyl salt. It may be a 4,5-dihy
rdroimidazol-2-yl salt. It may be a 1,3- disubstituted
4,5-dihyd-toimidazol-2-yl salt. The 1 and 3
substituents (of either the 2- imidazolyl salt or the
4.5-dihydroimidazol-2-yl salt) may be the same. Trxey
may be different. They may fc"e bulky substituents.
The imidazolium salt may b e sterically o stabilised.
The substituents may be branched chain alkyl
substituents. They n a y be C3 to C12 branched chain
aLkyl substituents, e.g. C3 to C6, C6 to C12 or CA 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-ciisubstituted aromatic. They may be for example
2,6-dimethylr>henyl or 2,4,6-trimethylphenyl.During
tine 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 a.gitation, if used, may comprise
stirring, shaking, sonicating, mixing or some other
form of agitating. As the polyisocyanurate is commonly
insoluble in the solvent used in its production, it
may precipitate from the reaction mixture. It may be
advantageous to cool the reaction mixture following
completion of the reaction. This may facilitate
subsequent manipulation o f the reaction mixture and
may facilitate precipitation of the product
polyisocyanurate. The precipitated product may be
separated from tfcte reaction mixture, 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 wasti
solvents are nonsolvents 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 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 may, independently, use a
washing solvent as described above. For example the
prodi ct may be washed successively with dimethyl
formamide, dichloromethane and etfcier. Following the
washing the product ma} be dried. This may be at
elevated temperature (e.g. in an oven) at a
temperature of about 50 to about 1 5O0C, or about 50
to 100. L OO to 150 or 80 to 12O0C. It ma} be
conducted at reduced pressure, e.g. less than about
lOOmBar, or less than about 50. 20, 10 or 1 mBar. It
may be conducted in a strean of gas, e.g. air or
nitrogen or carbon dioxide or a mixture o f any two or
more suitable gases. The procedure described above may
provide a quantitative o r near quantitative yield of
the polyisocyanurate based on bisisocyanate. 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 o f specific gases by adjusting
the nature of the bisisocyanate u sed to make the
polyisocyanurate. The polyisocyanurate may be used for
absorbing or scrubbing one or more gases from a gas
mixture hi 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 hi
some instances a mixture of polyiscyanurrates may be
used to absorb more than one eas from a eas mixture.
In some embodiments two or moredifferent
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 o f 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 o r 4 to 5% by weight, e.g.
about 1, 2 , 3, 3.5, 4, 4.5 or 5% by weight. The
hydrogen may h>e stored at elevated pressure and
reduced temperature. It irtay for example be stored t
about 20 to about lOObar, or aboixt 50 to 100, 20 to
50 or 4-0 to 70bar, e.g. about 20, 3O, 40, 5O, 60, 70,
80, 90 or lOObar. I t may be stored at below about
O0C, or below about 1C , 20, 3O, 40, 50, 60, 70, 80,
90 or 100 0C or about 0 to -1000 C, or about 0 to -50,
-50 to- - 100, -50 to -80, -80 to -100 or -70 to
-800C, e.g. about 0, -1O, -20, -30, -40, -50, -60, -70
- 80, -S>0 or -1000C. Suitable conditions may be for
example 5 0 bar at -780C. The gas stored in the
polyisocyanurate may be released at will. This ma be
achieved by heating ttie polyisocyanurate having the
gas i the pores thereof to a suitable temperature. The
rate o f release of the gas may be adjusted by
adjusting th temperature to which tfcie
polyisocyanurate having the gas i the pores thereof is
heated. Release of the gas may fce achieved by
replacing the gas by a second gas which has greater
affinity for tJrie polyisocyanurate to be released. It
may be achieved by applying a vacuum or reduced
(relative to the storage pressure) pressure to the
polyisocyanurate having the gas in tlhe pores thereof.
The rate of release of the gas may be adju-sted by
adjusting the reduced pressure to which the
polyisocyanurate having the gas in the pores thereof
is exposed. TTie gas may be released by both raising
the temperature and reducing the pressure uncler 



which the gas is stored in the polyisocyanurate. For
example, a polyisocyanurate havLng 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 temperature and/or reducing
he pressure to about 1 Bar. The polyisocyanurate may
therefore be used in a gas storage device or a gas
scrubbing device. The 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. The) may be attached or immobilised t o
the walls of the pores. Tkiey may be in the form of a
catalytically active substance such as a metal
species, e.g. me tal, metal oxide or other metal salt
disposed in the pores. In thiis event the metal
species maybe in the form of nanoparticles. The
substance may b>e restricted to the pores by t he
shape of the pores. The metal may be for example
palladium or platinum or gold. The oxide may be iron
oxide. A catalytic polyisocyanurate may be made by
making a polyisocyarxurate, as described above, and
introducing the catalytic metal species thereto. A
metal species ma be formed in the pores o f the
polyisocyanurate by precipitation or reaction. For
example a palladium-loaded polyisocyanurate may be
prepared by loading a soluble pallatdium salt (e.g.
palladium acetate) into the pores of the
polyisocyanurate and heating to a . suitable
temperature for a suita-ble time. A polyisocyanurate
loaded with a soluble platinum salt o (e.g. platinum
chloride) may generate a platinum metal-loaded
polyisocyanurate by reduction with a suitable reducing
agent such as sodixim borohydride. Such a catalytic
polyisocyanurate may be used for catalysing a reaction
of a starting material to a product. The conditions of
such a redaction will of course depend on the nature
of the reaction. A suitable reaction which may be
catalysed by a polyisocyanurate s having palladium in
the pores thereof is a Suzuki coupling reaction
between an aryl halide and an aryl boronic acid.
Typically sufficient poiyisocyanurate 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 actual amoxmt of polyisocyanurate will depend on
the loading of paLladium on the polyisocyanurate. The
reaction may achieve high yields of coupling product,
e.g. 



o greater than about 801 . or greater than 85. 80. 95
ot 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, which utilise catalysts th
a.t 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. 5 by filtration,
settling/decanting, centrifugation etc. I t may be
washed in order t o remove residual materials sucfci
as solvent, product, unreacted starting material or
reagent etc. It may then be reused in a subsequent
reaction. Comanonly 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). O The present invention
presents a simple protocol for the catalytic synthesis
of microporous and mesoporous polyisocyanurates. These
polymers possess robust microporosity and mesoporosity
constructed from porous organic sheets. They have been
demonstrated as catalyst supports for Pd(II)
complexes, as well as for Pd o>t Pt metal
nanoparticles.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
ma_y be of interest for hydrogen 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 rkrvel covalent organic franxeworks
with functional groups so that the porous polymer
product can be designed for thte desired applications.
The present specification therefore describes the
synthesis and application of microporous and
mesoporous polyisocyanurates composed with rigid
carbon and nitrogen networks. These new materials are
derived by cyclotrimeriza_-tion of di-isocyanates
(bisisocyanates) using Nheterocyclic carbene (NHC) as
catalyst. Polyisocyanurates have been widely used in
enhancing the physical properties of different materi
als increasing the thermal resistance, flame
retardation and chemical resistance characteristics.
Although macroporous 



polyisocyanurates with foam structure has been studied
(N. Masaikazu. S. Kapri, S. Hajime, JP 2005213303,
2005; I . Hideki, M. Hisashi, T. Takanami, 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 novel materials. NHCs have been
widely used as organocatalysts in many important
transformations. Recently, it was found that NHCs can
erfficiently catalyze cyclotrimerization of
isocyanates to form a planar six-membered heterocyclic
ring structure (H. A.. Duong, M. J . Cross, J. L ouie.
Org. Lett. 2004, 6, 4679 ) . This reaction was adapted
by the present inventors to synthesize porous polymer
networks by replacing simple isocyanates with
diisocyanates. Scheme 1 illustrates that a porous C/N
organic framework could be generated using NHC
organocatalysts. When rigid aryl diisocyanates were
used, rigid polymer frameworks were achieved. Several
diisocyanates (A, B) were employed in this work, and
various NHCs were examined i the synthesis of
polyisocyanurate networks. It was found that the NHCs
of l,3-bis-mestylimidazol-2- ylidene (Mes) and
L3-bis-(2,6-di- -pro pylphenyl)imidazol-2-ylidene
(IPr) did not work for this synthesis. NHCs of
l,3-bis-mestyl-4.5-dihydroimidazol-2-ylidene (SIMes)
and
L3-bis-(2,6-di-z-propylphenyl)-4,5-dihydroimidazol-2-y
lidene (SIPr) showed low activities in this reaction
especially for monomers with ortho-substitaents, such
as B. L3-Bis-r-t>utyl-4,5-dihydroimidazol-2-ylidene
(SI Bu) showed v ery high activities for variety of
monomers. Scheme 1 : synthesis of PICU-A and PICU-B
Typically, porous polyisocyanurate (PICU) was
synthesized by dissolving 1mmol of monomer (B) in 5 ml
of N.N -dimethylformamide (DMF) in a pressure flask
and 0.0 mmol of SI1Bu NHC was added. The reaction
flask was closed and heated to 800C for 2 4 h. Trxe
reaction could be conducted at 25C to 150C: a longer
period of time would b>e needed for the completion of
the reaction at lower temperanxres. Due to the low
solubility 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 aixd washi ng and subsequently
dried i n a vacuum oven hi all syntheses quantitative
yielcls 



were obtained. Due to the low solubility of the
starting matexials and product the reactionwas
essentially conducted under a heterogeneous
c-ondition. Unlike the conventional heterogeneous
catalytic system, the NHC catalysts i 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 t o the polymer product. Figure 1 shows the
strong vibration peak of isocyanate of A at 2300 cm 1.
This peak disappeared in the PA-FTIR spectrum of the
polymer product PICU-A, while a new peak emerged at
1700 cm 1 due to the presence of the -NC(O)N- group.
Figure 2 illustrates the PA-FTTJR spectrum of PICU-B
synthesized under different conditions. The
microstructure and morphology of PICU-A materials are
elucidated by scanning electron microscopy (SEMT)
(Figure 3). When PICLJ-A was synthesized under static
conditions, the polymer formed a branched structure on
the submicron scale. When the reaction was performed
umder stirring, the product showed a more aggregated
and condensed structure. The morph_ology of PICU-B
could vary from a particulate-based structure (Figure
4(a)) to a porosis network (Figure 4(c)) or more
condensed structure (Figure 4(d)) using different
reaction conditions. Thermal gravimetric analysis
(TGA) indicated that the networ-k structure of the
polymers derived remained stable up to 300 0C (Figure
5). It is widely held that due to the requireme it of
microscopic reversifoility for crystallization,
synthesis of crystalline crosslinked organic polymers
would be difficult if not impossible. The inventors
did not attain highly crystalline C/N framework p
roducts 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 sfciort-range ordering. The
interlay er distance of PICU-B was estimated by TEM to
be about 3.57 A. This value was slightly larger than
graphite (3.35 Av). and Yaghf s COF-I (333 A) and
COF-5 (3.46 A); this might be due to the twisting
between phenyl rings and C3N3 sixmembered rings (M. B
. Mariyatra, K. Panchanatheswaran, J . N. Low, C.
Glidew ell. Acta Cryst. 2004, C60 682). 



The powder X- t ay diffraction (XRD) peaks or PICU
samples were rather weak and broad, and difficult to
index (Figures 7 and 8). It wa_s 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 XIRD peaks
disappeared. Upon drying.the XRD peaks te-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 rerrxoved,
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 N
adsorption analysis. The as-synthesized polymers were
degassed at 120 0C for 16 h, and their nitrogen
adsorption isotherms were collected at 77 K. PICU-B
stiowed an isotherm typical of a microporous material
(Figure 9). It has a Brunauer-Erxunett-Teller (BET)
surface area of 569 m2/g and a pore volume of 0.355
cm3/g, which were much higher than many layered
materials (e.g. graphite and clay), and were in th_e
range of many microporous zeolites and carbons.
However, PICU-B was less poroxis as compared to
Yaghi's COF-5 (1590 m2/g and 0.998 cprVg) (A. P. Cote,
A. I . Benin, T\ . W. Ockwig, M. O'Keefe, A. J.
Matzger, O. M. YaghL Science 2005, 310, 1166): this
could be due to its short-range order and slipped
organic shteets that resulted in some inaccessible
pores. PICU-A showed an even lower surface area (45
m2/g) and pore volunxe (0.07 cm7g) (see Figure 10 for
isotherm). It was dominated by mesopores of 20- 4 0 A
(from f-plot analysis), with a n 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 b e targeted towards 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 800C 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 mmol/g is .shown in Figure 11. When
the synthesis was performed in DMSO, a black powder,
IPd/PICU-B-2 was obtained, resulting from the
reduction o f Pd(II) to Pd(O) nanoparticles. TEM
images 



showed that thiere 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 was also
synthesized by mixing PICU-B and Pt(II) chloride in
DMF art 80C, followed by reduction with sodium
borohydride (Figure 13).Table 1: Suzuki coupling
reaction over Pd/PICU-B. [a] Entry Catalyst?1 Reactant
Product Temp [0C] Time [h] Yield [%] [a] Typical
reaction conditions: 0.5 mmol of substrates 2
equivalents of CS2CO3. 1.5 equivalents OfC 6H5B(OH)2.
in OMFfH2O. [b] A: Pd/PIClT-B-1; B: Pd/PICU-B-2. [c]
Recycled 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 FTER spectrometer equipped with a MTEC-300
photoacoustic detector. TGA was performed on
Perkin-Elmer Pyris-1 Thermograv'imetric Analyzer. XRD
was performed on a Philips X'Pert PRO X-ray
diffractometer w ith CuKa radiation. SEM images were
obtained on a JEOL JSM-7400F electron micros-cope (10
kV). TEM experiments were conducted on a FEI Tecnai G2
F20 electron microscope (200 kV). Synthesis of PICU-A.
In a glove box, A (160 mg. 1 mmol) was suspended in
DMSO (20 ml) in a pressure flask, and SI Bu (0.05
mmol) was added. SI1Bu was generated in situ by mixing
1.3-bis-t-butylimidazoliniurn chloxide (0.05 mmol)
with NaH(0.05 mmol) in DMF (0.5 ml) for 2 h before
transferring to the reaction flask. The reaction flask
was sealed, and placed in the oven at: 1200C for 3
days. PICU-A was collected by filtration, washed with
DMF, CH Cl and ether and dried in a vacuum oven.
Quantitative yield of PICXJ-A was obtained. Synthesis
of PICU-B. In a glove box, B (980 img, 5 mmol) was
dissolved i-n DMF (50 ml) in a pressure flask, and
SI1Bu (0.1 mmol, generated in situ) was added. The
reaction flask was sealed., and placed in the oven t
800C for 3 days. PICU-B was collected by filtration,
washed with DMF, CH Cl2 and ether, and dried in a
vacuum oven. 



Quantitative yield of PICXJ-B was obtained.Claims: 1.
A polyisocyanurate comprising isocyanurate rings
linked b"y linker groups coupled to the nitrogen atoms
of said rings. 2. The polyisocyanurate of claim 1
wherein the linker groups are rigid. 3. The
polyisocyanurate of claim 1 or claim 2 wherein the
linker groups are aromatic or heteroaromatic or both.
4. The polyisocyanurate of claim 3 wherein the linker
groups are either optionally substituted 1,4-phenylene
groups or optionally substituted 4,4'-biphenyl groups.
5. The polyisocyanurate of any one of claims 1 to 4
which is microporous or mesoporous or both microporous
and mesoporous. 6. The polyisocyanurate of claim 5
having pores of about 1 t o about 5 nm in diameter. 7.
The polyisocyanate of claim 5 or claim 6 having pores
of a_bout 20 to about 200 nm in mean diameter. 8. The
polyisocyanurate of any one of claims 5 to 7
additionally comprising a metal species on the walls
of the pores and/or a s nanoparticles located in the
pores. 9. The polyisocyanurate of claim 8 wherein the
metal species is catalytic. 10. The polyisocyanate of
claim 9 wlxerein the metal species is a . metal or a
metal oxide. 11. The polyisocyanate of claim 10
wiierein the metal is platinum or palladium. 12. The
polyisocyanate of claim 10 wiierein the metal oxide is
iron oxide. 13. A process for making a
polyisocyanurate, said process comprising exposing a
bisisocyanate to an N-heterocyclic carbene (NHC) for
sufficient time and at sufficient temperature for
conversion of the bisisocyana. t e to the
polyisocyanurate. 14. The process of claim 13 wherein
the sufficient temperature is from about 25 to about
15O0C a id the sufficient time is from about 1 hour to
about 5 da s. 15. The process of claim 13 or clai x 14
wherein the NHC is itsed in a catalytic amount. 



16. The process of any one of claims 13 to 15 wherein
the bisisocyanate is a rigid bisisocyanate. 17. The
process of claim 16 whexein the bisisocyanate is an
aromatic or heteroaromatic b>isisocvanate.18 . The
process of claim 17 wherein the bisisocyanate is a
1,4-phenylene diisocyanate or a
4,4'-biphenyldiisocyanate, each being optionally
substituted in addition to the isocyanate groups. 19 .
The process of any one o f claims 13 to 18 comprising
the step of generating the NHC. 20 . The process of
claim 1 wherein the step of generating the NHC
comprises treating a n imidazolium salt with a b>ase.
2 1 . The process of any one o f claims 13 to 20
wherein tfcie NHC is selected from the group
consisting of
l,3-bis-mestyl-4,5-dihydroimidazol-2-ylidene,
1.3-bis-(2,6-di-/-
propylpkienyl)-4,5-dihydroimidazol-I2-ylidene and
L3-bis-r-butyl-4,5-dihydroimidazol-2- ylidene. 22 .
Use of the polyisocyanurate of any one of claims 1 to
12 for storage of a gas. 23 . Use according to claim 2
2 wherein the gas is hydrogen. 24- . A gas storage
device comprising the polyisocyanurate of any one of
claims 1 t o l l . 25 . Use of the polyisocyanuxate of
any one of claims 9 to 12 as a catalyst. 26 . 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 9 to 12, wherein said metal species is capable
of catalysing said reaction. 27. The method of claim 2
wherein the starting material is an aryl halide or a
vinyl halide and the reaction is a Suzuki coupling
reaction whei-ein 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. 


