POROUS CRYSTALLI NE MATERI ALS, THEI R SYNTHESI S AND USE FI ELD [ 0001] Thi s
invention relates to porous crystalline materials, their synthesis and
their usewOBADKGERIWND [ 0002] One known fam |y of porous e@ecyaisadloiosesso
materials are the zeolitic materials, which are based on the 3-di nensional,
four-connected framework structure defined by corner-sharing [ TO4]
tetrahedra, where T is any tetrahedrally coordi nated cation. Anpong the
known materials in this famly are alum nosilicates that contain a

t hr ee- di nensi onal m croporous crystal frapework structure of {Si O4] and

[ AL04] corner sharing tetrahedral units, alum nophosphates that contain a
t hr ee-di nensi onal m croporous crystal framework structure of [Al104] and

[PO4] cor P@Oﬂ%ﬁ%ﬁ'fﬁﬂﬁ@ MR'ItE‘RI&‘ﬂgg THERLR

(SAPOs), i ; 4] and
[ PA] corner sharing tetrahedral units. Included in the zeolitic famly of
materials are over 180 different porous framework types, nmany of which have
gr eat cor‘rmirIEiL% val ue as catal ysts and adsorbents. [0003] Recently a new
famly of porots materials has been synthesized that is based on [MIM 4]
tetrahedra in which IMis an imdazolate type linking noiety and Mis a

transition | . : i.al.s Y, r . olitic
i m dazol at S0P e bR iR ek Ro S tofis SEEARE MmBRHEIS, Wik JxfelE” | he
when bri dgiapd tligiansd,.tion netals is simlar to the 145 angle of the Si-OSi
bond in zeolite& As a result, despite the infancy of this area of research,
it has already been possible to synthesize ZIF counterparts of a |arge
nunber of known D 2010/141310 PCT/ US2010/ 036350 2 zeolitic structures as
wel | as prmgfpﬂgﬂﬁ_bramsvvork types hitherto unknown to zeolites.

Di scussion of this research can be found in, for exanple, the follow ng

publicatio om Professor Yaghi and his co-workers: !Exceptjonal ,.Chem cal
Pd. Ther 002101 | OS. 570vab JRR of RRIAUS IR SABnE il SrortbE cealigs. of
the Nation zademy.; [ S Of U.-S . p

10186- 1010012 ER5T RhicH, a??nj A6 ol e e Y‘g'&‘fl’_ iﬁ‘?'u?‘%ﬂ%gfeé’_r MfiRwark) g,
2007, pagesirafhird 0d&8Red " bl Otofdbrananiagt [$m£h_ﬁa$fa$1e9fa, Zeftleré | O 1191 Gagol ate
Framewor ks and Application to CO2 Capture", Science, Vol. 319, 2008, "pages
939 to 943tecttdbedodjato@dyeted oatitan| Amang thediarpymneaterisisenshisSandlySekect i ve

Carbon Di oxide, Reservoirs", Nature, Vg|. 453, 2008, pages ZOI to 212, and
"Crystal s Almsosdicptes thisgoniainabisesdimsnsiial nEgHNOr ety sial figmeyyork
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Structures g gﬁ@g | at): SontFRL &Nt (HRRdifehdioRalPURIdr65o88 tal
2007/ 02020%‘8@% erﬁhi?afég ctg%t eﬁ%ns of E%{]\/\/ni c1éﬂgre i r%corporatrgrgl(s hereihﬂlsbi/

reference. fiamgeorki stthaure bH¢A10Z8amp PPOglatomer dharih® setsaledralobmits, and
framework, conprising the general structure; ML-M wherein Mconprises a
T
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in the zeolitic family of materials are over 180 different porous framework types,

many of which have great commercial value as catalysts and adsorbents.

[0003) Recently a new family of porous materials has been synthesized that is
based on [M(IM),] tetrahedra in which IM is an imidazolate type linking moiety
and M is a transition metal. These new materials are generally referred to as
zeolitic imidazolate frameworks or ZIFs since the angle formed by imidazolates
(IMs) when bridging transition metals is similar to the 145° angle of the Si-O-Si
bond in zeolites. As a result, despite the infancy of this area of research, it has

already been possible to synthesize ZIF counterparts of a large number of known
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zeolitic structures as well as produce porous framework types hitherto unknown
to zeolites. Discussion of this research can be found in, for example, the
following publications from Professor Yaghi and his co-workers: “Exceptional
Chemical and Thermal Stability of Zeolitic Imadazolate Frameworks”,
Proceedings of the National Academy of Sciences of U.S.A., Vol. 103, 2006,
pages 10186-10191, “Zeolite A Imidazolate Frameworks”, Nature Materials,
Vol. 6, 2007, pages 501 to 506, “High-Throughput Synthesis of Zeolitic
Imidazolate Frameworks and Application to CO, Capture”, Science, Vol. 319,
2008, pages 939 to 943, “Colossal Cages in Zeolitic Imidazolate Frameworks as
Selective Carbon Dioxide Reservoirs”, Nature, Vol. 453, 2008, pages 207 to
212, and “Crystals as Molecules: Postsynthesis Covalent Functionalization of
Zeolitic Imidazolate Frameworks”, Journal of the American Chemical Society,
Vol. 130, 2008, pages 12626 to 12627.

[0004] Much of this work on ZIF structures is summarized in U.S. Patent
Application Publication No. 2007/0202038, the entire contents of which are
incorporated herein by reference. In particular, the ‘038 application discloses a
zeolitic framework, comprising the general structure: M-L-M, wherein M
comprises a transition metal and L is a linking moiety comprising a structure
selected from the group consisting of L, IL, III, or any combination thereof:

R1

M1\ /k - M2
N N @



1 R11 wherein A, A2, A3, A4, A5, A6, and A7 can be either C or N, wherein
R5-R8 are present when Al and A4 conprise C, wherein RI, R4 or RO conprise
a non- stwoi20al14y31hi nderi ng group that does not interfePETWSROLONB63der ei n
R2, R3, R5, R6, R7, R8, R10, R11l, and R12 are each individually an alkyl,
hal o-, cyano-, nitro-, wherein M, M, M3, M4, M, and Mo each conprise a
transition netal, wherein when the |inking noiety conprises structure |1I
R10, Rl11l, and R 2 are each individually electron wthdraw ng groups. The

' 038 application also discloses that the3zeolitic frameworks are useful as
catal yst supports and as adsorbents for gases, particularly carbon dioxide.
100051In the zeolitic frameworks clainmed in U S. Patent Application
Publ i cati on No. 2007/0202038, the tal species are all transition netals,
typically tetrahedral |l y-coordi nateg divalent transition netals, especially
Zn2+ and WD 2010/ 141310PCT/ US2010/036350 4 Co2+. The only exanpl e

di sclosed in U S. Patent | i cat) Publ ijpation No. 2007/0202038 t hat
cont ai ns m xed-val ence met al S~hg” ZI ~Whi ch has a npor ous franmework
conpri sing octahedrally-coordinated I n3+ in addi ti on(
tetrahedral | y-coordi nated Zn2+. 1 In addition, a nunber of materials
havi ng framework structures co a netal cation and an anion which is
either [B(IM4l or [Al (I MF@L Jlndshe literature. However, nost of
these materials do not have a Q&rahe al framework and/ or appear to be
non- por ous structures. 100071ForA@5g |l e, a cationic |ayered structure
[PObB(IM4] (NOB) and its neutral Aso-Siructure T1B(IM4 were reported by
Ziegler et al. in 2002 and 200|F§h respetjsi vely. See Ziegler et al.
"Construction of a Functional Layered Solid Using
Tetraki s(i m dazol yl ) borate Coordirggti ng Anion", Inorganic Chem stry, Vol.
41, 2002, pages 4984 to 4986 and egler et al. "Lead and Thal | i um

Tetraki s(i m dazol yl )borates: Mdiflying Structure by Varying Metal and

Ani on", Inorganic ChenistrM5 Vol 20046 pages 4272 to 4277. However,

al t hough Pb2+ and Tl + in the aNirene Nroned structukgﬁ assunme a

coordi nati on nunber of four, thgir cqordination geo %ies severely deviate
fromtetrahedral. As a result t ducts reported by Ziegler et al

appear to be generally two-dinmerfsi onal |ayered structures as distinct from
zeolitic or zeolite-like open f7aﬁ%moAgs. 100081 A conpound formul at ed
AgB(1 M4 was reported by Betti dhg gt atw~pion 2000 and a conpound fornul ated
CuB(IM4 was reported by Pike et aA% in 2005. See Pettinari et al.

"Synt hesi s, Characterization and X}ray Structural Studies of Novel

Di nucl ear Silver(l) Conpl exes of Roly(azolyl)borate Ligands", |norganic
Chi m ca Acta, Vol. 308, 2000, Fages 65 to 72 and Pike et al. "Copnvenient
Synt hesi s ofvheamper’, &%) AThiAd) At eA®,ad Réican de ediep o, whateingdnRc athi ni ca
Acta, Vol. 358, 2005,0§89es 1331 to 1336. The SihVﬁf agﬁPCOEBFr conmpounds
WO 2010/ 141peeetTwhier0A 020d645GomkseeC s riterelsi BodRi (Prnit SQHINSS Y BREt er

respectivel y. Al tho t.he af or nt i oned. fordul a..an Is NH3I WL K6

t et r ahedr al &FYlﬁﬁBbag{aﬁngrﬁfopmﬁ?rﬁ r‘ftﬁ)f:? gﬂg%%rg?ret\ﬁletﬁl(lﬁ y{é/?n gfélli??tjt(:{t #r{éh%r‘
crystallinify g8 pieggilt 2 ek Aagh YRS ViARAN 86l -alMAl aldipeyiamit hitro4 he
af orenent i oir}e’dp‘f’off(rrﬁl%g V\e&?%@;sgrbngd to the as- synt%%si zedgprrgt erials based
on el enent alyherah Wi M2 ThE, Ivég:M% hatl Mheathwoommetise natansitiont netal, wherein
as-synthesi zed formdo not contain guest species, §y0,. SOl nol ecu es,

vent
within the whanethor kieking mossty sranpisegereectare (e Rrat Br oA Kei fge €ach
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that the zeolitic frameworks are useful as catalyst supports and as adsorbents for

gases, particularly carbon dioxide.

[0005] In the zeolitic frameworks claimed in U.S. Patent Application
Publication No. 2007/0202038, the metal species are all transition metals,

typically tetrahedrally-coordinated divalent transition metals, especially Zn*" and



Conducting Material and Secondary Lithiumlon Battery Using It" discloses a
series of lithiumsalts fornulated Li IMAzo)4-n(Qni", wherein Mis either
B or Al, wberw/®13An0 is an azol e residue or a substitut @dTABR16/08680 due,
wherein Qis a residue of a conpound except for azoles, and wherein n is O,
1, 2, 3. The preparative nethod for the lithiumsalts with n =0 1is
exenplified in the synthesis of LiAL(IM4, wherein IMis imdazol ate, and

i nvol ves reacting Li AlH4 with im dazole. Elenmental analysis of the
as-synthesi zed material was reported to-bBe consistent with the fornmula
LiIAI(IM4. The fact that this material in the as-synthesized form does not
contai n guest species, e.g. solvent nolecules, within the franmework is a
strong evi e [ ' Of- 0 it ngsent
nventi on. G e i PHLEEHRCBEREEY Sy 1787 Ratinc PRI REYICARORNNG

synt hesi zedoyiEn203%ehat tehtanitesiintd-vilRAByvendtaRoRPZIE 5 evidcly dlaeraahon-
structure, ML-IM M, wherein M conprises a netal having,a first val ency

, g;.a, ..
and parti cycoby faameworkl eomprisingl ostehedrady-doosdinated, Igiit jn addliagn- to
wherein M2 conprjses a ngtal ying a second valency different fromsaid
first val erfetfabasaalbyncoprdinafeddny trival ent el ement sel ected from B3+, Al 3+,
and Ga3+, and wherein 1Mis imdazolate or a substituted i m dazol ate
| i nki ng noi ety. Such materials offer new opportunities for catal ytic

applicatio gﬁgceln f QiSR! BumbdP 80 I4AkAIR1 RGN USRIV OF6 Ih0chiréut

Ag+, Al 3+ a 3+ exhibit different chem cal behaviour than the divalent
transition cehpdising wpmeedl | oationemhdf an adioh whinhhiss¢ither NB(B)dr or b (EviM]oyi ng
| ow atomi ¢ wei ght elenents Li and B, rather th transition. netals, it
shoul d be predinsiven i the dderatiradsdpyeEnes mpsthoTla HESS\)B@C&QES oMok hayf 2

d b psdshy 8 <gas dprakdash
2 por ous. crigERardhERERerk anank PRyt ST RREHou SHAWET\ Conpr i sing 2

general structure, ML-1M M, wherein ML conprises a netal having a first
val ency, wherein M2 conprises a netal having a second val ency different
from said fjopgy) valFerckangle, wheatioinic 184dred istiudarre @B (8v) (N0} and uited
i mdazol ate |inking noiety. [00012] In one enbodi nent, M corrgri a%% 3
monoval ent mettedl ismstragturo kI ([YBs veere repertashby dieglenet al. ppghe3 and 2004,

CO [ t l y IVI].. i | 1 t . t i d .f H d
ngr. parti CHBRFRY- 0RO cryetip s g FitebBRCheb et

ti | B3+ . : . ¥ )
cat ] o ‘sl el 1O B\ AnoBak sl Bhar B 0RO

group consi ¥p|.ng1,00002 bpagdst 498400 8986 aner Zigdier earmd, “Lead abidaThakium gre,
lcs, fri, gis, poz and moz. [00016] In a further aspect, the inventign
resides in Repakisimidazpsybomtes: Madifying Strawtuig by Yarying Mutal and ARor k

conprising a structure sele dfr he gro conslst i of 1V, , or
any conbi nafﬂ%ﬁa’ﬁlﬁeg'@@?”ﬁ”y\/& éofé/ 2%&1@%@%&&@?2@6326‘%‘@’ altMP%‘ig}% 1%
_____ N NN-- gz B3 KR Rforementioned structures assume a coordination number of
four, their coordination geometries severely deviate from tetrahedral. As a result
the products reported by Ziegler et al. appear to be generally two-dimensional

layered structures as distinct from zeolitic or zeolite-like open frameworks.

[0008] A compound formulated AgB(IM), was reported by Pettinari et al. in
2000 and a compound formulated CuB(IM), was reported by Pike et al. in 2005.
See Pettinari et al. “Synthesis, Characterization and X-ray Structural Studies of
Novel Dinuclear Silver(I) Complexes of Poly(azolyl)borate Ligands”, /norganic
Chimica Acta, Vol. 308, 2000, pages 65 to 72 and Pike et al. “Convenient
Synthesis of Copper (I) Thiolates and Related Compounds”, Inorganic Chimica
Acta, Vol. 358, 2005, pages 1331 to 1336. The silver and copper compounds



mi,.. " N..... n ---NN.---- \l /\ R8-A4,.Al-R8 // A3-A2 /\R6
R7 RO m 1IN ----- NN---- 1\ Ak RI2 ---- N...... . A5----- R10 | R11
wher ei n AVOAB10/1AB310A4, A5, A6, and A7 can be either C oPCHRUSM16/0843580 R5- R3S
are present when Al to A4 conprise C, wherein R, R4 or R9 conprise a
nonsterically hindering group that does not interfere with the adjacent M
or M2, wherein R2, R3, R5, R6, R7, and R8 are each individually hydrogen,

al kyl, halo, cyano, or nitro, wherein M conprises a nonoval ent netal
cation, wherein M2 conprises a trival entselenent cation, and wherein RI,

R', and RI2 are each individually electron wthdraw ng groups. 8 [00017]

I n one enbodi nent, Is Li, 1?42 is B3+, IMis IV, each of RlL, R2 and R3

M
i s hydrogen, the_tgtrahgdral rk 4h e ; wor t he
as-synt hesivg%ra r?gpﬁlreis'ﬁggcéﬁt ﬁér;fggig%igsat%dsg‘g%gegs r\%\nﬁ%ﬁiftlﬁéﬁﬁe té%tbgﬁ&lra
framewor k. k908G tiochea Y ebrmiulhUratdeodsnant . witheduahentdl o fran@ivitaRs, moa
nmet hod of adsorbing a gas conprising contacting the gas wth the porous

cryst al | i ndnfortrestioal abdes tre drystahstredtore @REFStaADESGRD PHSNUOP MTHET BIRAVISNGS

[00019] Figure 1 is an Cak Ridge Thermal El]Jipsoid P|lot (ORTEP) of d
o Bxanpliaparicd.0ddat; impeainy the ATGmARIoTER JorPH IS csnbard b ey "

ZI F- 4 havi
avi na%—styrrll R d]c Aler1als If)agé/cf) %n elemental analyses. The fact that the two

materials in their as-synthesized form do not contain guest species, ¢.g. solvent
molecules, within the frameworks is a strong evidence of the materials being

Non-porous.

[0009] JP Patent Application Publication No. 2007087737 “Lithium Ion
Conducting Material and Secondary Lithium Ton Battery Using It” discloses a
series of lithium salts formulated Li" [M(Az0)4{Q)a]’, Wherein M is either B or
Al, wherein Azo is an azole residue or a substituted azole residue, wherein Q is a
residue of a compound except for azoles, and wherein n is 0, 1, 2, 3. The
preparative method for the lithium salts with n = 0 is exemplified in the synthesis
of LiAI(IM),;, wherein IM is imidazolate, and involves reacting LiAlH,; with
imidazole. Elemental analysis of the as-synthesized material was reported to be
consistent with the formula LiAl(IM),. The fact that this material in the as-
synthesized form does not contain guest species, e.g. solvent molecules, within

the framework is a strong evidence of it being non-porous.

[00010] According to the present invention, a new series of porous crystalline
materials has been synthesized which have a tetrahedral framework comprising a
gencral structure, M'-IM-M?, wherein M! comprises a metal having a first
valency and particularly a monovalent metal selected from Li", Cu’, and Ag',
wherein M? comprises a metal having a second valency different from said first
valency and particularly a trivalent element selected from B>, AI*", and Ga™,
and wherein IM is imidazolate or a substituted imidazolate linking moiety. Such

materials offer new opportunities for catalytic applications since, for example,



[00021] Figure 3 is an overlay of the powder X-ray diffraction pattern of

t he needl e-shaped m crocrystal | i ne Conpound 2 of Exanple 2, shown as a
cont i nuousorpax13land the pattern cal cul ated fromthe stPcudaiSee1e/0ad3se he

| arge crystals of Conpound 2 of Exanple 2, shown as a stick pattern.

DETAI LED DESCRI PTI ON OF THE EMBODI MENTS [ 00022] Discl osed herein is a new
famly of porous crystalline materials having a tetrahedral franmework
conprising a general structure, M-IMM, wherein M conprises a netal
having a first val ency, wherein M2 conprgses a netal having a second

val ency different fromsaid first valency, and wherein IMis imdazol ate or
a substituted i mdazolate |inking noiety. Al so disclosed herein WO

Fo e PR AT R BEED bl aifeRER iR Rnib Al beheH A thén B WvaIaRY

famly of usin e materials to adsorb gases,
such as capbaGitidnane@s t %@@alse-ﬂyﬁék At |synthidsis. iSloBecRpOyRLRIployiRg ddwW
cation, such as Lit Iﬁ) Rb+, é%’/ Ag+ and Au+. More particularly,

M is a nommmioewfelgi‘t‘!tahmats bi asldl Betraitief than tiansiton metalngit, sheatd ibeul ar | y
Lit. [00024] T Eelcally, M is a trivalent elenent cation, suc BB+

Al 3+, Ga3+posiBle tomsgducapdsorbeiswithymproxedi 2esantalip Op grayuns 103%19

| ant hani de netal. More particularly, M is a trivalent elenent cation

sel ected from B3+, Al3+, or &3+, particularly B3+. [000251 Generally, the

porous crysf VAR yeterials described herein have a tetrahedral framework

conpri sing re selected fromthe group consisting of 1V, V, VI, or

any conbination thereof: RL Mn2 ----.... N ..------ NN )( RBR2 R4 mlmz

“““ NNNN. (00011 I oht &BBedtife 85\/6%1% ﬁ,@rd‘ég in a porous crystalline material

1 2
having a tetrahedral framework comprising a general structure, M -IM-M?,
wherein M' comprises a metal having a first valency, wherein M? comprises a
metal having a second valency different from said first valency, and wherein IM

is imidazolate or a substituted imidazolate linking moiety.

[00012] In one embodiment, M! comprises a monovalent metal and M*

comprises a trivalent element.

[00013] Conveniently, M!' is a monovalent metal cation selected from Li*, Cu’,
and Ag", particularly Li".
[00014] Conveniently, M? is a trivalent element cation selected from B, A,

and Ga*', particularly B*".

[00015] Typically, the tetrahedral framework has a framework type selected
from the group consisting of erb, dft, cag, sod, mer, rho, ana, Ita, dia, zni,

gme, lcs, frl, gis, poz and moz.

[00016] In a further aspect, the invention resides in a porous crystalline
material having a tetrahedral framework comprising a structure selected from the

group consisting of IV, V, VI, or any combination thereof:



/I\ RTR6 -10- RO M ,/'"M n2 \ -/ [/ e\ .,.. RI2A7---- Nz." ""A5"----- R10
NA6 (VI) R11 wherein Al, A29 A39 A49 A59 6, A and A7 can be either C or
N, wher eiWORBI0R31HPe present when their respective Al t @CAUSC@NP8G3S@ C,
wherein RL, R4 or RO conprise a non-sterically hindering group that does
not interfere with the adjacent M or M2, wherein R2, R3, R5, R6, R7, and
R8 are each individually hydrogen, alkyl, halo, cyano, or nitro, wherein M
conprises a nonoval ent netal cation, wherein M2 conprises a trivalent

el ement cation, and wherein, if present,.7Ral9-119 |Ic and R12 are each
individually el ectron withdrawi ng groups. [00026] In one enbodi nent, each
of RlL, R4 and R9 is independently selected from hydrogen, nethyl, ethyl,
nitro, fornyl, halo, and cyano groyps. 1000271 Suitable el ectron

wi t hdrawi ng groups for each of Ri1, H |, and R12 include nitro, cyano,
fluoro and chloro groups. [00028] nples of famly nenbers of the novel
porous crystalline nmateri al 1desc hergen conprise structures sel ected

from the group consistingo VEN VI N’I/X X0 X Xy XU XUV, XV, XV
XVI1, and XVII1: > ( )
R3 R2
R4

\ / V)

RB —_— A4 A1_ RS
V4
\A3_A2
R7 \RS
R9

\__/ "

wherein AL, A%, A%, A*, A%, A® and A’ can be either C or N, wherein R*-R® are
present when Al to A comprise C, wherein Rl, R* or R’ comprise a non-
sterically hindering group that does not interfere with the adjacent M! or M,
wherein Rz, R? R’, R(’, R’, and R? are cach individually hydrogen, alkyl, halo,
¢yano, or nitro, wherein M! comprises a monovalent metal cation, wherein M?

. . . . 10 pll 12
comprises a trivalent element cation, and wherein R™, R, and R are each

individually electron withdrawing groups.
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[00017] In one embodiment, M! is Li*, M? is B**, IM is IV, each of R', R? and
R’ is hydrogen, the tetrahedral framework has the cag framework type, and the

as-synthesized material contains guest species within the tetrahedral framework.
[00018] In yet a further aspect, the invention resides in a method of adsorbing

a gas comprising contacting the gas with the porous crystalline material

described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[00019] Figure 1 is an Oak Ridge Thermal Ellipsoid Plot (ORTEP) of
Compound 1 of Example 1.

[00020] Figure 2 illustrates the framework structure of ZIF-4 having the cag

framework type.

[00021] Figure 3 is an overlay of the powder X-ray diffraction pattern of the
needle-shaped microcrystalline Compound 2 of Example 2, shown as a
continuous trace, and the pattern calculated from the structure of the large

crystals of Compound 2 of Example 2, shown as a stick pattern.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[00022] Disclosed herein is a new family of porous crystalline materials
having a tetrahedral framework comprising a general structure, M'-IM-M?,
wherein M' comprises a metal having a first valency, wherein M? comprises a
metal having a second valency different from said first valency, and wherein IM

is imidazolate or a substituted imidazolate linking moiety. Also disclosed herein
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noi et i es Wawvel0al4sx10been successful ly used in the synt he®€3/usko1BioBes50 as
reported by Professor Yaghi and his co-workers in the foll ow ng
publications: "Exceptional Chem cal and Thermal Stability of Zeolitic

| madazol at e Franewor ks", Proceedi ngs of the National Acadeny of Sciences of
US. A, Vol. 103, 2006, pages 10186-10191, "Zeolite A I m dazol ate

Framewor ks, Nature Materials, Vol. 6, 2007, pages 501 to 506,

"Hi gh- Throughput Synthesis of Zeolitic |Imdazol ate Framewor ks and
Application to CO2 Capture", Science, Vol. 319, 2008, pages 939 to 943,
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Vol . 130, 2008, pages 12626 to 12627. 1000301 The new fam |y of porous
crystalline materials, djsclgsed herein can have tetrahedral fra k
struct ures [890%}y Typisally H’SMF’K&FE}’&)@%%? Cétl%r%’l‘ig a8 Ly st ﬁ'\é\% eri al
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O Keeffe and|efadifromAnd, egqpérﬂdA%ﬂ paRecul@gaith on ZIFs. Ceneral

i nformati on about the synbol system can be found, for exanple, in the
publication by O Keeffe and Yaghi et al. "Reticular Chem stry: COcurrence

and Taxonony of Nets and G amar for the Design of Framewogrks", sAccaunts of
Cheni cal Rd80624]h, TypicallggsM™2p08 triyalgat elementration, suely aatBt hélRetF ul ar

Chemi stry St suct br €, Respur cga{ ) awebsite httpi//r . . agihome. W
not e that ﬁﬁe’?@negﬁ ssé)cf r’;ﬁemgpcﬁﬁt@pé”,em% BIlo gy lglithagwgtlﬁg%}'emg%d
essential Iy apgeabl v %%Eﬂ | A&l Wdin BG4t C
codes shoulpc?lr{r}l%@‘gﬁg’ ggn%ués)e%%olfﬁggﬁate (%lﬁtbﬂ éa?ct ual materials.” - 14 -

[ 00031] Typﬂ&ﬁéﬁmp]yqfﬁor ous crystalline material of the present invention
is isostructural to a known ZI P, and assunes a tetrahedral framework type

selected fromthe group consisting of crb, dft, cag, sod, ner, rho, ana,
lta, dia, zni me, lcs, fr], Qgis, poz d noz | of these fra r k
types have [HQQ%glr e LicngEadly; ﬁh? r;g)rgghc%sbtglilmgfm%e,&gs Fﬁ%gf]% ﬁ?‘f'eghg’%%) 4
enbodi nent , n I ‘el i | rg.Nal etif, 1S
3, 11 s R idR iRt EBltisi o sisicighe sHRBLE 1R AP e GyF TR
t et r ahedr al of \ANEWT lorha§ dofgbifador fib@yeor k type. The as-synt hesi zed
mat eri al contains guest Species within the franmework. 1000331 Synt hesis of
the present porous crystalline matéefial is based on a reaction of
[M(L)r] Xx and Aa[ M(I1 M 4], wherein|M, M and IMare the sanme as descri bed
above, L is a neutral ligand, typichally anmmpnia, an am ne, phosphi ne,
nitrite, or ether; nis a nb [ intMier ranging fromoO to 12; Xis
an anion, typically a halide, ni ,f perchl orate, a@®¥pate,
trifluoronethanesul fonate, or acatyl agetonate; Ais a cation, typically
Na+, K+, tetraal kyl anmoni um [ NR4 t etraal kyl phosponi um [ PR4] +; and X
i Q0034] The reaction takes place in
a polar aprotic solvent and, iR sone cafes, in the presence of a tenplate.
The pol ar aprotic organic solvent iRétypically an am de (e.qg.
N, N- di met hyl f or mam de, N, N-di net hyl acet am de, 1, 3- di net hyl propyl eneurea),
a sul foxide (e.g. dinethylsulfoxide)], or a phosphoram de (e.qg.

> he/tra?rpl ate is typically a neutral

Qﬁ ne, ester, am'(ﬂﬁ;, nitrite, nitro

hexanmet hyl phosphoram de). | fmpres
organi ¢ conpound, such as an et héfr

conpound, phosphi ne, hydrocarbon,\or hdl i de. WO

2010/ 141310PCT/ US2010/ 036350 - 15 0351 Typically the synthesis
procedure involves mxing a solutdion of\|M(L)n] Xx and a sol ution of
AAM2(1 M 41, both in a pol ar rBprat4i c or gapl-e—R®l vent, at a tenperature of
about -78 C (dry-ice bath tenper ure)AVo about 153 C (the normal boiling
poi nt of N, N-di net hyl f or ram de), dowing the materials to react at
this tenperature for about 0.5 hodr to‘gbout 72 hours. The nolar ratio of
[M(L),]X to Aa[M2(IM4] is ingrhe ranggé from about 0.1 to about 10. If

t he by-product AX precipitates, the solid and the solution are separated.
Optionally, a tenplate conpound is added to the solution at this point. The
quantity of the tenplate conpound is in such a range that, at the | ower
limt, it is equinolar to one of the two reactants that is smaller in nolar
gquantity, and at the upper limt, it is equinolar to the solvent. The
solution is kept at a tenperature of about -78 Cto about 153 Cto allow

M N T T 1 YAl L1 T I L L . I T 1




100036] Li+, Cu, Ag+ are particularly effective in displacing the cation A
(Nat, +, NR4+, PR 4+) of the reactant Aa[ M K(I M 4] because they all form
si gni fi cawmol2g1gt4eanger bonds with the I MIinking noi etyPCRAS2040/086350 Cut ,
Ag+ are all effective in the crystallization of the present porous
crystalline materials because they all prefer tetrahedral coordination.
1000371 The reactants Aa[ M(IM4] used in the syntheses of the present
porous crystalline materials are prepared beforehand. The preparation is
particularly conveni ent when M2 - B3+, Alg3+, Ga3+. The preparative
procedures for the boron conpound can be found in, for exanple, Moore et
al. "Studies In The Tetraaryl borates, Part VII. The Preparati on and Reagent
Properties of Some New Nitrogen Hetgrocyclic Tetraaryl borates - Especially
Sodi um Tet raki s(I1 m dazol yl )borate,] A Novel G avinetric Reagent for
Hydrogen lon", Analytica - 16 - Chitnica Acta, Vol. 100, 1978, pages 457
to 467, and Ziegler et al. gylead Thal | jsam Tet r aki s(i m dazol yl) bor at es:
Modi fyi ng Structure by Varyi ng-NEét al d Ani on", | nor ic Chemstry, Vol.
43, 2004, pages 4272 to 4277. These prfeparations all (?/ﬁﬂol ve a reaction

bet ween BF14" and HIM wherein S imdazole or a substituted

i mdazole. This chemstry is applicabhe to Al3+ and Ga3+ because Al and Ga
exhi bit chem cal properties si m'A aPto B and because the A1H4A" and Gal 14"
conpounds are readily avai lgte: 008@}\'1’@13 present porous crystalline
materials in the as-synthesized forAh contain guest species, typically

sol vent and/or tenplate nol ecul es, Ivvithi n the tetrahedral franeworks. The
guest species can be renoved eithegitby evacuation at a pressure |ess than
50 naTorr at a ;en})ergt ure pf abqut 70 C to about 300 C, or by gxchange
with an or gereinsdlvhtAefA sihb A nanddl ean ke gisheredC pr Ncowherein Rl are

foll owed by the evacuati.on process ,descr,isbed abov The r.enpyal,sof st
speci es redfIemtWnGTt ?lﬁd'leglfﬁf?’é(evél U6 A hSPMPLISE Helflgﬁadgrﬁr ri ous

T ogen.  GoiTiR" BoRoRRHicfly ERUBARS TBRAK A UL A6RIBRARTe WAROMRD.
pores in thﬂtiaz;reﬁgsm‘t of M5t whkiehe RPtRS: iR, RE R, hadcRhtareldaell individalighoi ce

of imdazol ate linking noiety, solvent and 'ter'rpl ate. As a result, the
present porhydsogany stkyll) hale, eymner pmnidros mdwreingvli tompnisepameonavalent sretdlse as

catalysts and in the, s age and separation of gases. [0004Q] Fromthe

vi ewpoi nt SANER WRGLSHR | t?fénpﬂ%rapgrvé’ﬁ?fﬁﬁ?‘ﬁpeﬁf%uoﬂgﬁ{“& Rf%lie,llla Presest wi | |
enabl e uni gue gat ne i AV i i et netal s used
t hus far fgg1 ’Z‘IQFS,%%/)%/{pi %%ﬁ%gh gﬁg(@/lgf&'e%p&tér]gcﬁwgh %@{'@gsg? Oé}%gh as Zn2+,

Co2+. WD 2010/ 141310PCT/ US2010/ 036350 - 17 - highly desirable for

i nprovi ng gas uptake on a gravinetric basj S., For %xarrpl e, a porous materi al
wi t h cheni a0026nphs bhé embddinem, £ack aped ednd R’sisdndgsndeniy eelegigdake in
the unit of mmle/g than the iso-strucgtural %n(l 2 material (the formula
wei ghts of frem hydoogamyvpetirlg cthyl. e, trayldmlaapd gano gIgRBt i vel y; here | M
is imdazolate). [00042] The invention will now be nore particularly
described with reference to the Exanples and the acconpanyi ng draw ngs.
Bxanpl e 1 [ARPAS] 6ok Wik QR iriing BRI & eidhdSe {P.ORY!, GrdSRFmO! )
in 5 nL /V, Ndi net hyl formam de (DW) was added to a solution of 100 ng

sodi um t et ria&liudé hitreyi Wano) fligpdocamt ehloidagoupp4, 0.33 nmole) in 5 b DVF in a
20-nmL gl ass vial. Wen the precipitation of sodiumchloride conpleted
(typically in about 2 hrs), the clear solution was transferred to anot her

crystals apibirtly ERBrRIG el Belbe b AR EPBU AN e,
period of 3}3:9 ib& Hﬁ%m Ibﬁlﬁamé Réfuchiréd!SéledRa ﬁ&ﬁ&héeggwﬁféoﬁmiﬁ@@fwmst al's
wer e washed thoroughly wt 5 nmg of highly

THF and dried in vacua.
crystal |l i neVHEdS)E, X1, BIIMKILIHEET XMCHOPhUXY 11 and@6VHD: ai ned (30% yi el d;
Guest is a mxture of THF and DVMF). 1000441 A col orl ess pol yhedr on-shaped
crystal of Conpound 1 with approxinmate dinensions 0.08 x 0.19 x 0.21 mm
was used for X-ray crystallographic analysis. The X-ray intensity data were
measured at 133(2) K, cool ed by R gaku-MSC X- Stream 2000, on a Bruker SMART
APEX CCD area detector system equi pped with a graphite nonochromator and a
MoKa fine-focus seal ed tube (a = 0.71073A) operated at 1600 watts power (50
kV, 32 mA). The detector was placed at a distance of 5.8 cmfromthe
crystal. WD 2010/ 141310PCT/ US2010/ 036350 - 18 - [00045] A total of 1515
frames were collected wwth a scan wdth of 0.3 in co and an exposure tine
of 20 seconds/franme. The total data collection time was about 11 hours. The
frames were integrated with the Bruker SAINT software package using a
narrowframe integration algorithm The integration of the data using a

~ 1 1_ N R .. Y NN o T L o v o ~



- 19 - 0.289 e-1A3 and the largest hole was -0.267 e7A3. Based on the final
nmodel , the calcul ated density of the crystal is 0.998 g/cnB8 and F(000)
anount s twOR2eBM4e31ect rons. 1000471 The validity of thisPETASCA10/086356
supported by the R factors, goodnessof-fit and residual electron densities
descri bed above and by very reasonabl e di spl acenent paraneters of the
framework atons listed in Table 1. In addition, the treatnment of the guest
portion of the structure is validated by the results of PLATOV SQUEEZE
shown in Table 2. The routine has identifliied eight cavities per unit cell.
Each has a volume of 146 to 148 A3 and contains 38 electrons. Both the

vol ume and the el ectron count support the assignnment of one guest nol ecul e
per cavity (both THF and, DM have 5 non:hydrogen atons and 40 el ectrons per
nmol ecul e), and thereforeMFhshr6¥§Sbﬂ~dfMthe crystal Li%éh 4. Guest. WO
2010/ 141310PCT/ US2010/ 036350 20 -/ Table 1 Atom c coordifrates and

equi val ent isotropic atomc dh@g&gdénent paraneters (A2) for Conpound 1
Uleg) is defined as one third of .the trace of the orthogonalized U

t ensor. x Yz Ueq) Ni 0.91688(12) 0.16097(12) 0.62417(9) 0.0176(4) N4
1.14471(13) -0.01735(13) 0.64484(11)

TN N (VIID)
CoHs
M1\N \N’,,...M2 (IX)
NO,
ML..___N \N'/M2 (X)
CHO
M1\N/KN/M2 (XD)
M1"‘-..N/\N/M2
(XII)
Cl Cl
M1\__N/\ N/M’-

(XIII)



0.0277(5) N7 0.95613(12) 0.19942(12) 0.75802(9) 0.0182(4) N5 1.05049(11)
0.26554(12) 0.64962(9) 0.0172(4) N2 0.84096(13) 0.13435(14) 0.51725(10)
0. 0256( 4)Wh2010/06854( 12) 0. 10166(12) 0.68310(9) 0.0173( 2 TNG2M00IBIS( 13)
0.35073(13) 0.61547(11)

-12 -
LN N
— (XIV)
A/
M1‘--..N/\N/M2
— XV)
\_/
M1\N/\N/M2
——— (XVD)
\_/
N
M1\N/\N/M2
(XVII)
Cl
LN N
(XVIIT)

HsC CHg



0.0239(4) N3 0.88028(13) 0.26633(14) 0.85190(10) 0.0259(4) C9 1.14427(14)
0.27288(15) 0.64364(12) 0.0208(5) C6 1.07483(15) 0.03737(15) 0.63057(12)
0. 0218( 5)WG2B100489037( 15) 0. 27681(15) 0.78558(12) 0. 022BCHUSBL003GS664( 16)
0.18318(16) 0.67886(13)

-13 -

[00029] These imidazolate linking moieties have also been successfully used
in the syntheses of ZIFs, as reported by Professor Yaghi and his co-workers in
the following publications: “Exceptional Chemical and Thermal Stability of
Zeolitic Imadazolate Frameworks”, Proceedings of the National Academy of
Sciences of U.S.A., Vol. 103, 2006, pages 10186-10191, “Zeolite A Imidazolate
Frameworks™, Nature Materials, Vol. 6, 2007, pages 501 to 506, “High-
Throughput Synthesis of Zeolitic Imidazolate Frameworks and Application to
CO, Capture”, Science, Vol. 319, 2008, pages 939 to 943, “Colossal Cages in
Zeolitic Imidazolate Frameworks as Selective Carbon Dioxide Reservoirs”,
Nature, Vol. 453, 2008, pages 207 to 212, and “Crystals as Molecules:
Postsynthesis Covalent Functionalization of Zeolitic Imidazolate Frameworks”,
Journal of the American Chemical Society, Vol. 130, 2008, pages 12626 to
12627.

[00030] The new family of porous crystalline materials disclosed herein can
have tetrahedral framework structures of any type. The framework type of a
porous crystalline material is denoted herein by a mnemonic code consisting of
three bold-face lower-case letters. This system of symbols was introduced by
Professors O’Keeffe and Yaghi, and adopted in the research on ZIFs. General
information about the symbol system can be found, for example, in the
publication by O’Keeffe and Yaghi et al. “Reticular Chemistry: Ocurrence and
Taxonomy of Nets and Grammar for the Design of Frameworks”, Accounts of
Chemical Research, Vol. 38, 2005, pages 176 to 182, and at the Reticular
Chemistry Structure Resource (RCSR) website http:/rcsr.anu.edu.au/home. We
note that the concepts “framework type”, “topology” and “net” are used
essentially interchangeably in the chemical literature. These mnemonic codes

should not be confused or equated with actual materials.



0.0173(5) C7 1.01622(16) 0.34659(15) 0.62324(13) 0.0234(5) C3 0.91335(15)
0.17280(15) 0.54931(12) 0.0217(5) C O 0.93655(17) 0.13448(16) 0.81107(13)
0. 0282( 5)WGR01W/ReABO( 16) 0.39694(16) 0.60277(13) 0. 0256PEI/US21003B3086( 17)
0.10941(18) 0. 64045(14)

-14 -

[00031] Typically, a porous crystalline material of the present invention is iso-
structural to a known ZIF, and assumes a tetrahedral framework type selected
from the group consisting of crb, dft, cag, sod, mer, rho, ana, lta, dia, zni,
gme, les, frl, gis, poz and moz. All of these framework types have been realized

in the syntheses of ZIFs.

[00032] In one embodiment, the monovalent metal, M!, is Li*, the trivalent
element, Mz, is B3+, IM is imidazolate linking moiety, i.e. structure VII, and the
tetrahedral framework has the cag framework type. The as-synthesized material

contains guest species within the framework.

[00033] Synthesis of the present porous crystalline material is based on a
reaction of [M'(L),]Xx and A,[M*(IM),],

wherein M', M” and IM are the same as described above,

L is a neutral ligand, typically ammonia, an amine, phosphine, nitrile, or ether;

n is a non-negative integer ranging from 0 to 12;

X is an anion, typically a halide, nitrate, perchlorate, acetate,
trifltuoromethanesulfonate, or acetylacetonate;

A is a cation, typically Na®, XK', tetraalkylammonium [NR,]", or
tetraalkylphosponium [PR4]"; and

x and a are each a non-negative integer.

[00034] The reaction takes place in a polar aprotic solvent and, in some cases,
in the presence of a template. The polar aprotic organic solvent is typically an
amide (e.g. N N-dimethylformamide, N N-dimethylacetamide, 1,3-
dimethylpropyleneurea), a sulfoxide (e.g. dimethylsulfoxide), or a
phosphoramide (e.g. hexamethylphosphoramide). If present, the template is
typically a neutral organic compound, such as an ether, ketone, ester, amine,

nitrile, nitro compound, phosphine, hydrocarbon, or halide.



0.0335(6) C2 0.79516(18) 0.0938(2) 0.57474(14) 0.0368(6) C5 1.18061(16)
0.01327(16) 0.71150(14) 0.0287(5) Cl1 0.89095(17) 0.17620(16) 0.86780(13)
0. 0299( 6)WG201/18WB2( 16) 0.08573(15) 0.73551(13) 0. 0247 @EN/US2010/08538107( 3)
0.1311(2) 0.4063(2)

-15-

[00035] Typically the synthesis procedure involves mixing a solution of
M'(L),]X, and a solution of A JM*(IM),], both in a polar aprotic organic
solvent, at a temperature of about -78 °C (dry-ice bath temperature) to about 153
°C (the normal boiling point of N,N-dimethylformamide), and allowing the
materials to react at this temperature for about 0.5 hour to about 72 hours. The
molar ratio of [MI(L),]]Xx to Aa[Mz(IM)4] is in the range from about 0.1 to about
10. If the by-product AX precipitates, the solid and the solution are separated.
Optionally, a template compound is added to the solution at this point. The
quantity of the template compound is in such a range that, at the lower limit, it is
equimolar to one of the two reactants that is smaller in molar quantity, and at the
upper limit, it is equimolar to the solvent. The solution is kept at a temperature
of about -78 °C to about 153 °C to allow the product to crystallize. When the
crystallization step is completed, normally in about 0.5 hour to about 168 hours,

the resultant porous crystalline material is recovered.

[00036] Li', Cu’, Ag' are particularly effective in displacing the cation A (Na’,
K*, NR,, PR4+) of the reactant Aa[Mz(IM)4] because they all form significantly
stronger bonds with the IM linking moiety than A. Li%, Cu’, Ag’ are all
effective in the crystallization of the present porous crystalline materials because

they all prefer tetrahedral coordination.

[00037} The reactants A,[M*(IM),] used in the syntheses of the present porous
crystalline materials are prepared beforehand. The preparation is particularly
convenient when M2 = B>", A1**, Ga®™. The preparative procedures for the boron
compound can be found in, for example, Moore et al. “Studies In The
Tetraarylborates, Part VIL. The Preparation and Reagent Properties of Some New
Nitrogen Heterocyclic Tetraarylborates - Especially Sodium Tetrakis(l-

Imidazolyl)borate, A Novel Gravimetric Reagent for Hydrogen lon”, Analytica



0.0207(8) WD 2010/141310PCT/ US2010/ 036350 - 21 - Table 2 Location and
vol unme of and nunber of electrons within the cavities in the unit cell of
Conmpound WO 2Cavi41310 Coor di nat es of Centroid XYz Vol une (RCY/USR@O08EGR0 (e) 1
0.341 0.305 0.401 147 38 2 0.841 0.305 0.099 147

-16 -

Chimica Acta, Vol. 100, 1978, pages 457 to 467, and Ziegler et al. “Lead and
Thallium Tetrakis(imidazolyl)borates: Modifying Structure by Varying Metal
and Anion”, Inorganic Chemistry, Vol. 43, 2004, pages 4272 to 4277. These
preparations all involve a reaction between BH, and H-IM, wherein H-IM is
imidazole or a substituted imidazole. This chemistry is applicable to Al** and
Ga’" because Al and Ga exhibit chemical properties similar to B and because the

AlH4 and GaH,” compounds are readily available.

[00038] The present porous crystalline materials in the as-synthesized form
contain guest species, typically solvent and/or template molecules, within the
tetrahedral frameworks. The guest species can be removed either by evacuation
at a pressure less than 50 mTorr at a temperature of about 70 °C to about 300 °C,
or by exchange with an organic solvent of small molecular size, e.g. acetonitrile,
followed by the evacuation process described above. The removal of guest
species results in internal pore volume that can be used to adsorb various gases,
such as carbon dioxide, carbon monoxide, hydrocarbons, hydrogen, nitrogen,

oxygen, noble gasesand amines.

[00039] The size and shape of the pores in the present crystalline materials can
be controlled by the choice of imidazolate linking moiety, solvent and template.
As a result, the present porous crystalline materials show significant potential for
use as catalysts and in the storage and separation of gases.

[00040] From the viewpoint of catalysis, the incorporation of Cu”, Ag*, AI*',
and Ga®™ will enable unique catalytic chemistry that is unavailable to the metals

used thus far for ZIFs, typically divalent transition metals, such as Zn**, Co™.

[00041] In the area of gas storage and separation, which is currently the most

important application of ZIFs, the use of very light metals, such as Li and B, is



38 3 0.341 0.194 0.901 148 38 4 0.841 0.194 0.599 148 38 5 0.159 0. 805
0.401 146 38 6 0.659 0.805 0.099 146 38 '

WO 2010/141310 PCT/US2010/036350
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highly desirable for improving gas uptake on a gravimetric basis. For example,
a porous material with chemical composition LiB(IM), is expected to show 39%
higher uptake in the unit of mmole/g than the iso-structural Zn(IM), material
(the formula weights of LigsBos(IM), and Zn(IM), are 143 and 199,

respectively; here IM is imidazolate).

[00042] The invention will now be more particularly described with reference

to the Examples and the accompanying drawings.

Example 1

[00043] A solution of 14 mg lithium chloride (LiCl, 0.33 mmole) in 5 mL N, N-
dimethylformamide (DMF) was added to a solution of 100 mg sodium
tetrakis(1-imidazolyl)borate (NaB(IM),, 0.33 mmole) in 5 mL DMF in a 20-mL
glass vial. When the precipitation of sodium chloride completed (typically in
about 2 hrs), the clear solution was transferred to another 20-mL glass vial, and
mixed with 5 mL tetrahydrofuran (THF). Polyhedral crystals appeared shortly
on the glass wall and were allowed to grow over a period of about 8 hrs. The
mother liquor was then removed and the crystals were washed thoroughly with
THF and dried in vacuo. 35 mg of highly crystalline product LiB{IM)4 Guest
(Compound 1) was obtained (30% yield; Guest is a mixture of THF and DMF).

[00044] A colorless polyhedron-shaped crystal of Compound 1 with
approximate dimensions 0.08 x 0.19 x 021 mm, was used for X-ray
crystallographic analysis. The X-ray intensity data were measured at 133(2) K,
cooled by Rigaku-MSC X-Stream 2000, on a Bruker SMART APEX CCD area
detector system equipped with a graphite monochromator and a MoKa fine-
focus sealed tube (o = 0.71073A) operated at 1600 watts power (50 kV, 32 mA).

The detector was placed at a distance of 5.8 cm from the crystal.



7 0.159 0.694 0.901 146 38 8 0.659 0.694 0.599 146 38 [000481 Conpound 1
has a tetrahedral franework of m xed-val ence netal im dazolate, MIM2(IM 4,
wher ei n Nyoant/ivesiar e nonoval ent and trival ent el ement CaTUS2EL0/036350
respectively. This is clearly depicted in an OGak Ridge Thermal Ellipsoid
Pl ot (ORTEP) of Conpound 1, showi ng two adjacent netal cations, Li+ and
B3+, both tetrahedrally coordinated by four im dazolate |inkers (Figure 1).
The lengths of Li-N and B-N bonds all fall in the ranges well established
inthe literature (Table 3), confirnmingi8he correct assignment of the
identity of the metals. The tetrahedral coordination geonetry of each netal
cation is near perfect, evidenced by N-Li-Nand N-B-N bond angles, all of
which are very close to the ideal tetrahedral angle of 109.5 (Table 3). For
conparison, Table 3 also lists N-T1-N and N-B-N bond angl es observed in the

si ngl e- cr yqo@043t r Actotk]l & fOf 5 5hRrainee-wiireredicordl withyesen width@frid3°TikBe! M 4
di scl osed by Ziegler et al. in "Lead and Thal lium
Tet r aki s(i rmndaaoexposbor titres of RBdictyndaiframeucTe sotbl datargallegting ttine avas
Ani on", Inorgani¢c Chem %yﬁ_ Vol . 43,, 2004,
5

2010/ 14131 @Pes UEIPISS-0 ameézf‘/@fez!?%eg?at?ﬂg%ﬁ‘gﬁhé @f‘&%@ﬁﬁiﬁ%%‘%ﬁf‘ﬁ?‘ﬁm i on

of TI+ disc . ' N Lta-llk
f ramewor ks ,P%%%Z'g%ﬁg %erfa?lreot%%agrgﬂ? g{teé gﬁlr’f& fa!é:{rlﬁfawz g?hﬁtﬁiéljfa gl?flﬁ)??g% (ei 2slms uch.
Tabl e 3 Bongidgendidigh@Renid! @it iyohidlaed Ld tbtadr oBR70TS e¢fletions foha

crystal structure of Conmpound 1 and bond angl es involving Tl1+ or B3+
observed i maximum y8t ahglet ofic 28r@°010.08e A aesolutioohmedumdiatL BN gvere

Bondl engt hsof Bondangl es Conpound _1 ( A) Co i - NB- i -
Bondanglges dndm@g% %ogypleteggss = 98.3%, I)(im g%?%, hsi(g)= b.|06lil? a'ylgl-ﬂBNwN-er% N of

greater than 26 (I). The final cell constants: a = 14.382(5) A, b=14.809(5 A, ¢
= 17.869(6) A, a. = 90°, p=90°, y = 90°, volume = 3806(2) A’ were based upon
the refinement of the XYZ-centroids of 2336 reflections above 200 (I} with
2.278° <@ <23.570°. Analysis of the data showed negligible decay during data
collection. Data were corrected for absorption effects using the multi-scan
technique (SADABS). The ratio of minimum to maximum apparent

transmission was 0.5697.

[00046] The structure was solved and refined using the Bruker SHELXTL
(Version 6.1) Software Package, using the space group Pbca with Z = 8 for the
formula unit Li B C16 H20 N8 O, i.e., LiB(IM); THF. The five non-hydrogen
atoms of the THF molecule were clearly revealed in difference Fourier maps.
However, refinement of these atoms was unsuccessful due to a slight disorder of
the THF molecule that was not easy to model accurately. The disorder was
caused by the superimposition of THF and DMF, which were respectively the
major and minor components of the guest mixture. In order to improve the
refinement of the light atoms on the framework, PLATON/SQUEEZE routine
was used to remove the electron density of the disordered guest molecules. Final
anisotropic full-matrix least-squares refinement on F? with 199 variables
converged at R1 = 7.24% for the observed data and wR2 = 17.77% for all data.

The goodness-of-fit was 1.041. The largest peak on the final difference map was



N-TlI - NN-B-N 2. 021 1.536104.289 108.000 77.093 107.774 2.030 1.537106. 639
108. 808 78. 757 107.824 2.053 1.542109.412 109.191 78.899 109. 180 2. 062
1. 549109.8W0200081340 89. 721 110. 183 112.985 109. 393 92 PLPNS2010/036350
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0.289 e/A’ and the largest hole was -0.267 ¢/A*. Based on the final model, the
calculated density of the crystal is 0.998 g/em’ and F(000) amounts to 1184

electrons.

[00047] The validity of this structure is supported by the R factors, goodness-
of-fit and residual electron densities described above and by very reasonable
displacement parameters of the framework atoms listed in Table 1. In addition,
the treatment of the guest portion of the structure is validated by the results of
PLATON/SQUEEZE shown in Table 2. The routine has identified eight cavities
per unit cell. Each has a volume of 146 to 148 A® and contains 38 electrons.
Both the volume and the electron count support the assignment of one guest
molecule per cavity (both THF and DMF have 5 non-hydrogen atoms and 40

electrons per molecule), and therefore the formula of the crystal LiB(IM),-Guest.



110. 381 113.159 112.148 155.030 111.501 [00049] The framework type of
Compound 1 is the sanme as ZIF-4, which in turn is the sanme as that of

m neral Gabehwm4Gb| ate (denoted cag hereafter). Al t hou@hTiuseo10ag63k¢ amewor k
type is not a zeolitic franmework type, it is a three-dinensional

tetrahedral franmework, and when adopted by a ZIF, it inparts the materi al
internal cavities and 6-ring channels that can be accessible (Figure 2).
Tabl e 4 conpares the unit cell paranmeters of Conpound 1 with those of ZIF-4
reported by Yaghi et al. in "Exceptional20Ghem cal and Thermal Stability of
Zeolitic I madazol ate Franmeworks", Proceedings of the National Acadeny of
Sciences of U S. A, Vol. 103, 2006, pages 10186-10191. They are identi cal
except the slight contraction of Conpound 1 in cell edges, which is
expected WO 2010/ 141310PCT/ US2010/ 03.?359 23 - based on typical bond

| engths of Li-N, B-N and Zn-N. Theref 1he nt hesis of Conpound 1
denonst r at AfofHe ordiagicsoand EHYHYAST | ﬁ@frap\?aﬁté’mlc n&tsﬁ acgment paramelprs

t et rahedraI(Aﬂgq@fe@@ﬁ{pogﬁdZ{I Fwith alternating nonoval ent and trival ent

el enents while preserving the framework type. Table 4 Conparison of the
conpositio el F

Fr amewor k meﬂy@e(rq%ﬁgraér%eptﬁg%%&]g ec@qnggg%ﬂ%é“%%gg@@}t%ﬁB% (Ab (Ac
(A ZIF-4Zn(1 M2 Conpound LiB(1m4 1 Phca, orthorhonbic Phca aorthorhonbic

15.395(2) 15.307(2) 18.426(2) 14.382(5) 14.809(5 17.869(6)U(eq)

N1 0.91688(12) 0.16097(12) 0.62417(9)  0.0176(4)
N4 1.14471(13) -0.01735(13) 0.64484(11)  0.0277(5)
N7 0.95613(12) 0.19942(12) 0.75802(9)  0.0182(4)
NS 1.05049(11) 0.26554(12) 0.64962(9)  0.0172(4)
N2 0.84096(13) 0.13435(14) 0.51725(10)  0.0256(4)
N3 1.06254(12) 0.10166(12) 0.68310(9)  0.0173(4)
N6 1.17178(13) 0.35073(13) 0.61547(11)  0.0239(4)
N§ 0.88028(13) 0.26633(14) 0.85190(10)  0.0259(4)
C9 1.14427(14) 0.27288(15) 0.64364(12)  0.0208(5)
Cé 1.07483(15) 0.03737(15) 0.63057(12)  0.0218(5)
Cl12  0.92037(15) 0.27681(15) 0.78558(12)  0.0223(5)
Bl 0.99664(16) 0.18318(16) 0.67886(13)  0.0173(5)
C7 1.01622(16) 0.34659(15) 0.62324(13)  0.0234(5)
C3 0.91335(15) 0.17280(15) 0.54931(12)  0.0217(5)
Cl0  0.93655(17) 0.13448(16) 0.81107(13)  0.0282(5)
C8 1.09050(16) 0.39694(16) 0.60277(13)  0.0256(5)
Cl 0.83986(17) 0.10941(18) 0.64045(14)  0.0335(6)
C2 0.79516(18) 0.0938(2) 0.57474(14)  0.0368(6)
Cs 1.18061(16) 0.01327(16) 0.71150(14)  0.0287(5)
Cll  0.89095(17) 0.17620(16) 0.86780(13)  0.0299(6)
C4 1.13132(16) 0.08573(15) 0.73551(13)  0.0247(5)
Lil 0.8107(3) 0.1311(2) 0.4063(2) 0.0207(8)




Exanple 2 [00050] To denonstrate the tenp lating effect of THF in the

synt hesi s of Conpound 1, Exanple 1 was repeated w thout the addition of THF
and prodwwedow/mendl e- shaped m crocrystalline product LipBEiusperoo&sspound
2). Large crystals of Compound 2 suitable for single-crystal X-ray
diffraction were obtained froman alternative route, which is a very sl ow
transformati on from Conpound 1 to Conpound 2 in THF under anbi ent
conditions. The crystal transformation process |ikely involves trace anount
of water present in THF, and typically-®curs to an appreciable extent in
about one nonth. The needl e-shaped m crocrystalline product and the |arge
crystals are the sane crystalline phase, evidenced by the excellent
agreenent of the powder X-ray diffracyjpp pattern of the forner and the
pattern cal culated fromthe crystal structure of the latter (Figure 3). -
24 - 100051 bcatien ahd stodimetdfuaidfiembér 60ehetiods 2vivida thecaeikt ihltie snitved
and refineQEQIEQhﬁggﬁmﬁpp 6). The LiB(IM4 tetrahedral framework of

Compound 2 I's non-porous, and consequently does not contain guest species.
This is evidenced by the very |low residual electron densities of the final
converged refirnement of @sgrlaidd'dCamARY W t houyoiive JUEBTecrBRCI €S ( Tabl e
5). The obseryugrgybond | engths are consistent with the typical values for
Li-N and B-N bonds, andX he obser¥ed bond ZAngl es coiri?) rm t heet)et r ahedr al
coordinatiaon_geonetry of each T atom (Tahle 7). As far as framework type is

\

concerned, Compgound 2 0.341he mi R8@5val ended®lount er pk of zI#61 with the
zni framework type reported by i et g{..in "H gh--Throughpyt Synthesis
of Zeolitic Im'%azol at gﬁfamawo %’g)lgand Aglp(P? tation ¥d O Ca ure",

Sci ence, Vol. 319, 200 ages to 94 bl e 8) n conpggison to

ZI F- 61, Corrpouﬁd 2 sho%4g sli gﬁ?‘g)é'ontrac%t'?(z;lﬁl1 in ceﬁ8| edges %ue to the
difference in lgond | engghs (Zn- Y oarsus 1g.599 and B-Mg and a 38i ght | owering
in space-group symmetry due to the replacenent of the only unique T site
(Zn2+) with twd al tern@iddfg T siOt8S (Lit Gaédl B3+). 146 25 - TaBle 5 Crystal
data and structure refinenent faqr nmpound Enpi ri formul,aCl2 H12 B Li
NS [i.e., LiB(16W4] FotfPa wei §rﬁ0%ga.05 eratur’g‘%m(z) KBgl

Wavel engt h0. 71073 A Crgﬁkal sysg%_spaci)ggqf()upTetr nal , 1§§cd Unit cell

di mensi onsa= 22.4981(7 a=29 22. 7) Afl =90 c="11.5015(6) A
y= 90 Vol unes58%l.7(4) #gsg, Cal gyt ed dgnsogylo, 11405 g/ cnBgAbsorption
coefficient0.086 mm 1 F(000) 2368 Crystal size0.13 x 0.02 x 0.02 nm Theta
range for data collectionl.81 to 28.28. Limting indices-29 |'z 29, -29 .Kk.

29, -1414 Reflections collected / unique80347 / 3505 [R(inf) = 0.1380
[00048] Compound 1 has a tetrahedral framework of mixed-valence meta

imidazolate, M'M?*(IM),, wherein M! and M? are monovalent and trivalent
element cations, respectively. This is clearly depicted in an Oak Ridge Thermal
Ellipsoid Plot (ORTEP) of Compound 1, showing two adjacent metal cations,
Li* and B*", both tetrahedrally coordinated by four imidazolate linkers (Figure
1). The lengths of Li-N and B-N bonds all fall in the ranges well established in
the literature (Table 3), confirming the correct assignment of the identity of the
metals. The tetrahedral coordination geometry of each metal cation is near
perfect, evidenced by N-Li-N and N-B-N bond angles, all of which are very
close to the ideal tetrahedral angle of 109.5° (Table 3). For comparison, Table 3
also lists N-TI-N and N-B-N bond angles observed in the single-crystal structure
of the two-dimensional layered compound TIB(IM), disclosed by Zicgler et al.
in “Lead and Thallium Tetrakis(imidazolyl)borates: Modifying Structure by
Varying Metal and Anion”, Inorganic Chemistry, Vol. 43, 2004, pages 4272 to



Conpl eteness to theta = 28.2898.3 % Refi nenent net hodFul | - matri x
| east -squares on F2 Data / restraints / parameters3505 / 1/ 199
Goodness-wb-20i140310F20. 969 Final R indices [/>20(1)] Rl 2CO/U33615/036852 =

0.0766 R indices (all data)RlL = 0.0493, wR2 = 0.0827 Largest diff, peak and
hol €0. 204 and -0.200 e-/A3 - 26 - Table 6 Atonic coordinates ( x 104) and
equi val ent isotropic displacement paraneters (A2 x 103) for Conpound 2
Uleq) is defined as one third of the trace of the orthogonalized U |

tensor. xY z Uleq) B(1) 1485(1) 983(2R-3244(1) 12(1) C(1) 2494(1)

4277. The non-tetrahedral coordination of TI" discourages the formation of
zeolitic or zeolite-like open frameworks, whereas the tetrahedral coordination of

Li" facilitates such.

Table 3

Bond lengths and angles involving Li" or B* observed in the crystal structure of
Compound 1 and bond angles involving TI" or B** observed in the crystal
structure of the layered compound TIB(IM)4

Bond lengths of Bond angles of Bond angles of

Compound 1 (A) Compound 1 (°) TIB(IM)4 (°)

Li-N B-N N-Li-N N-B-N N-TI-N N-B-N

2.021 1.536 104.289 108.000 77.093 107.774

2.030 1.537 106.639 108.808 78.757 107.824

2.053 1.542 109.412 109.191 78.899 109.180

2.062 1.549 109.802 109.240 89.721 110.183
112.985 109.393 92.251 110.381

113.159 112,148 155.030 111.501

[00049] The framework type of Compound 1 is the same as ZIF-4, which in
turn is the same as that of mineral Calcium Gallate (denoted cag hereafter).
Although the cag framework type is not a zeolitic framework type, it is a three-
dimensional tetrahedral framework, and when adopted by a ZIF, it imparts the
material internal cavities and 6-ring channels that can be accessible (Figure 2).
Table 4 compares the unit cell parameters of Compound 1 with those of ZIF-4
reported by Yaghi et al. in “Exceptional Chemical and Thermal Stability of
Zeolitic Imadazolate Frameworks”, Proceedings of the National Academy of
Sciences of US.A., Vol. 103, 2006, pages 10186-10191. They are identical

except the slight contraction of Compound 1 in cell edges, which is expected



918(1) 4386(1) 15(1) C(2) 1958(1) 1701(1) 4775(1) 16(1) C(3) 2471(1)
1719(1) 5396(1) 16(1) C(4) 1396(1) 1130(1) 999(1) 15(1) C(5) 1606(1)
1940(1) 1MwO2R)1418(01) C(6) 1510(1) PCT/US2010/036350
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based on typical bond lengths of Li-N, B-N and Zn-N. Therefore, the synthesis
of Compound 1 demonstrates the concept of substituting divalent metal in a
neutral tetrahedral framework of ZIF with alternating monovalent and trivalent

elements while preserving the framework type.

Table 4
Comparison of the compositions and unit cell parameters of Compound 1 and
Z1F-4.

Unit cell parameters

Space group a(A) b (A) c(A)

Framework
Material composition

Pbca,
ZIF-4 Zn(IM), orthorhombic 15.395(2) 15.307(2) 18.426(2)
Compound . Pbca,
) LiB(IM), orthorhombic 14.382(5) 14.809(5) 17.869(6)
Example 2

[00050] To demonstrate the templating effect of THF in the synthesis of
Compound 1, Example 1 was repeated without the addition of THF and
produced a needle-shaped microcrystalline product LiB(IM), (Compound 2).
Large crystals of Compound 2 suitable for single-crystal X-ray diffraction were
obtained from an alternative route, which is a very slow transformation from
Compound 1 to Compound 2 in THF under ambient conditions. The crystal
transformation process likely involves trace amount of water present in THF,
and typically occurs to an appreciable extent in about one month. The needle-
shaped microcrystalline product and the large crystals are the same crystalline
phase, evidenced by the excellent agreement of the powder X-ray diffraction
pattern of the former and the pattern calculated from the crystal structure of the

latter (Figure 3).



2068(1) 817(1) 20(1) C(7) 374(1) 1311(1) 3253(1) 16(1) C(8) 694(1) 973(1)
4918(1) 19(1) C(9) 100(1) 1091(1) 4981(1) 22(1) C(10) 1162(1) -128(1)
3285(1) NMSORy100@1mp 1970(1) PCT/US2010/036350
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[00051] The crystal structure of Compound 2 was successfully solved and
refined (Tables 5 and 6). The LiB(IM), tetrahedral framework of Compound 2
is non-porous, and consequently does not contain guest species. This is
evidenced by the very low residual electron densities of the final converged
refinement of a structural model without any guest species (Table 5). The
observed bond lengths are consistent with the typical values for Li-N and B-N
bonds, and the observed bond angles confirm the tetrahedral coordination
geometry of each T atom (Table 7). As far as framework type is concerned,
Compound 2 is the mixed-valence counterpart of ZIF-61 with the zni framework
type reported by Yaghi et al. in “High-Throughput Synthesis of Zeolitic
Imidazolate Frameworks and Application to CO, Capture”, Science, Vol. 319,
2008, pages 939 to 943 (Table 8). In comparison to ZIF-61, Compound 2 shows
a slight contraction in cell edges due to the difference in bond lengths (Zn-N
versus Li-N and B-N) and a slight lowering in space-group symmetry due to the
replacement of the only unique T site (Zn>") with two alternating T sites (Li" and
B,



37(1) 2293(1) 16(1) C(12) 1826(1) -549(1) 2240(1) 18(1) Li(1l) 3556(1)
1000(1) 6061(2) 16(1) N(1) 1969(1) 1185(1) 4119(1) 13(1) N(2) 2812(1)
1221(1) 54840W)141801) N(3) 1534(1) PCT/US2010/036350
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Table 5

Crystal data and structure refinement for Compound 2

Empirical formula C12 H12 B Li N8 [i.e., LiB(IM),]

Formula weight 286.05
Temperature 100(2) K
Wavelength 0.71073 A

Crystal system, space group

Unit cell dimensions

Volume

Z, Calculated density
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Limiting indices

Reflections collected / unique
Completeness to theta = 28.28
Refinement method

Data / restraints / parameters
Goodness-of-fit on F

Final R indices [[>2a(1)]

R indices (ali data)

Largest diff. peak and hole

Tetragonal, [4,cd
a=224981(T) A a=90°
b=224981(T)A B=90°
c=115015(6) A y=90°
5821.7(4) A°

16, 1.305 g/em’

0.086 mm’'

2368

0.13 x 0.02 x 0.02 mm

1.81° to 28.28°.

29<h<29,-29<k<29,-14</< 14

80347 /3505 [R(int} = 0.1380]
98.3 %

Full-matrix least-squares on F>
3505717199

0.969

R1=0.0345, wR2 =0.0766
R1=10.0493, wR2 = 0.0827

0.204 and -0.200 e-/A’




1331(1) 2087(1) 13(1) N(4) 1375(1) 1555(1) 210(1) 17(1) N(5) 873(1)
1113(1) 3800(1) 13(1) N(6) -104(1) 1308(1) 3929(1) 20(1) N(7) 1540(1)
314(1) 29600 o/ms(1d) N(8) 1315(1) PCT/US2010/036350
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Table 6

Atomic coordinates ( x 10%) and equivalent isotropic displacement parameters
(A% x 10%) for Compound 2

U(eq) is defined as one third of the trace of the orthogonalized Ulij tensor.

X y z U(eq)
B(1) 1485(1) 983(1) 3244(1) 12(1)
C(1)  2494(1) 918(1) 4386(1) 15(1)
C(2) 1958(1) 1701(1) 4775(1) 16(1)
C(3)  2471(1) 1719(1) 5396(1) 16(1)
C(4) 1396(1) 1130(1) 999(1) 15(1)
C(5) 1606(1) 1940(1) 1959(2) 18(1)
C(6) 1510(1) 2068(1) 817(1) 20(1)
C(7) 374(1) 1311(1) 3253(1) 16(1)
C(8) 694(1) 973(1) 4918(1) 19(1)
C(9) 100(1) 1091(1) 4981(1) 22(1)
C(10)  1162(1) -128(1) 3285(1) 15(1)
c(11)y  1970(1) 37(1) 2293(1) 16(1)
C(12)  1826(1) -549(1) 2240(1) 18(1)
Li(1)  3556(1) 1000(1) 6061(2) 16(1)
N(1) 1969(1) 1185(1) 4119(1) 13(1)
NQ)  2812(1) 1221(1) 5154(1) 16(1)
N@3) 1534(1) 1331(1) 2087(1) 13(1)
N(4) 1375(1) 1555(1) 210(1) 17(1)
N(5) 873(1) 1113(1) 3800(1) 13(1)
N@)  -104(1) 1308(1) 3929(1) 20(1)
N(7) 1540(1) 314(1) 2969(1) 13(1)

N@®)  1315(1) -656(1) 2876(1) 18(1)




-656(1) 2876(1) 18(1) - 27 - Table 7 Bond | engths and angl es invol ving Li
+ or B3+ observed in the crystal structure of Conpound 2 Bond | engths of
Conmpound WO@A/Boild angl es of Conpound 2 () Li-N 2. 034P2T052012/08830 2. 091
B-N 1.544 1.547 1.547 1.551 N-Li-N 102.948 105.536 106.496 108. 060 115. 254
117.511 NB-N 107.606 108.089 108.896 109.950 111.123 111.156

-27-

Table 7

Bond lengths and angles involving Li* or B** observed in the crystal structure of

Compound 2

Bond lengths of Compound 2

(A)

Bond angles of Compound 2 (°)

Li-N B-N N-Li-N N-B-N
2.034 1.544 102.948 107.606
2.065 1.547 105.536 108.089
2.083 1.547 106.496 108.896
2.091 1.551 108.060 109.950
115.254 111.123
117.511 111.156
Table 8

Comparison of the compositions and unit cell parameters of Compound 2 and

ZIF-61

Unit cell parameters

Framework
Material composition

Space
group a(A) b (A) c(A)

ZIF-61 Zn(IM),

Compound
2

LiB(IM),

14]/61Cd,
Tetragonal 23:4803(3) 23.4803(3) 12.5545(3)
I4|Cd,
Tetragonal 22.4981(7) 22.4981(7) 11.5015(6)

[00052] While the present invention has been described and illustrated by

reference to particular embodiments, those of ordinary skill in the art will

appreciate that the invention lends itself to variations not necessarily illustrated

herein. For this reason, then, reference should be made solely to the appended

claims for purposes of determining the true scope of the present invention.



Tabl e 8 Conparison of the conpositions and unit cell paraneters of Conpound
2 and ZIF-61 Unit cell paranmeters Material Franework conposition Space
group a (Wgko(oApt(1A) ZI F-61 Conpound 2 Zn(1 M 2 LiB(1 M 4Pgairitsed)/03@se agonal
/41cd, Tetragonal 23.4803(3) 23.4803(3) 12.5545(3) 22.4981(7) 22.4981(7)
11.5015(6) [00052] While the present invention has been described and
illustrated by reference to particul ar enbodi nents, those of ordinary skill
in the art will appreciate that the invention lends itself to variations
not necessarily illustrated herein. For-28his reason, then, reference shoul d
be made solely to the appended clains for purposes of determning the true
scope of the present invention. WD 2010/141310PCT/ US2010/036350 - 28 -
CLAI Ms: CLAIMS: A porous crystalline material having a tetrahedral
framewor k conprising a general structure, M-IMM, wherein M conprises a
metal having a first val ency, wherein M2 conprises a netal having a second
val ency different fromsaid first valency, and wherein IMis imdazol ate or
a substituted i daZolpareus i efystadlimpi material having a tetrahedral framework

comprising a general structure, M'-IM-M?, wherein M' comprises a metal
having a first valency, wherein M? comprises a metal having a second valency
different from said first valency, and wherein IM is imidazolate or a substituted

imidazolate linking moiety.

2. The porous crystalline material of claim 1 wherein M' comprises a

monovalent metal and M? comprises a trivalent element.

3. The porous crystalline material of claim 1 wherein M’ is a monovalent

metal cation selected from Li*, Na*, K*, Cs™, Rb", Cu’, Ag’, or Au".

4. The porous crystalline material of claim 1 wherein M' is a monovalent

metal cation selected from Li*, Cu”, or Ag".
5. The porous crystalline material of claim 1 wherein M'is Li’.

6. The porous crystalline material of claim 1 wherein M? is a trivalent
clement cation selected from B¥, Al*, Ga®*, In*, Fe**, Cr*", S¢**, Y*, or La™”

wherein La is any lanthanide metal.

7. The porous crystalline material of claim 1 wherein M? is a trivalent

element cation selected from B>, AI**, or Ga®".

8. The porous crystalline material of claim 1 wherein M? is B*,

9. The porous crystalline material of claim 1 wherein the tetrahedral
framework has a framework type selected from the group consisting of crb, dft,

cag, sod, mer, rho, ana, Ita, dia, zni, gme, lcs, frl, gis, poz and moz.



2. The porous crystalline material of claiml wherein M conprises a

nonoval ent nmetal and M2 conprises a trivalent elenent. 3. The porous
crystal | iwe 20mwBt3lal of claiml wherein M is a nonoval @0T/Usee18/03638e i on
selected fromLi+, Na+, K+, Cs+, Rb+, Cu+, Ag+, or Au+. 4. The
porous crystalline material of claim1l wherein M is a nonoval ent netal
cation selected fromLi, Cu, or Ag+. 5. The porous crystalline
material of claiml wherein M is Li. 6. The porous crystalline

material of claiml wherein M is a tri-vgl-ent el enent cation selected from
B3+, Al 3+, Ga3+, I1n3+, Fe3+, Cr3+, Sc3+, y3+, or La3+ wherein La is any

| ant hani de net al . 7. The porous crystalline material of claim1l
wherein M2 is a trival ent el ement cati on selected from B3+, Al3+, or Ga3
8. The porous cr. |ne mat er | ein, M2

The porous crystl II| © ey £ %f’” F‘?ﬂ?i th‘felﬁ"?h]e ng{:fe%?’@f[ s an

f ramewor k ﬁﬂ%%tl&ﬁ@&?fi‘@&&o‘lé@%r&?.ec" ed fromthe group consisting of crb,
dft, cag, sod, nmer, rho, ana, “Ita, dia, zni, gme, lcs, frl, gis, poz and
noz. WD 2010/ 141310PCT/ US2010/ 036350 - 29 - 10. The porous
crystalline matqnial AO OFbR rengstmﬂeehméﬁﬁu atihgUns Whsdlicdle rantéviako! at e
group. 11. A por us crys line materi al haV| ng a tetrahedral
framewor k comprisfighg strustureceleceeds foac thedgfoupnedrtsestingoop € oNs Nl iongnyf |V,
V, VI, or any conbination thereof: RL ML,/"M2 NN) ...( RBRZ R4 NI
1..._"/':" combination thereof: hA2 ----- N.'" N/ /\ R8-A'4,,6Al-R6

17
: : av)

\ /” V)

RB__A4 A1__ R5
V4
\A3_A2
R7 \RG
RQ

\_/ .
o
A7 A5
\Ae/ \R10
R11
wherein A!, A% A?, A* A® AS and A’ can be either C or N, wherein R>-R® are

R12/

. . pl ot 9 -
present when Al to A comprise C, wherein R', R" or R” comprise a non-



A3-A2 /\ RTRE O M........... e T P n2 NN 11 | \
A7.... R12 ----- \ -t "o." Ab----- RLO A6 R11 Az, A3,4 A As, A6,
wher ei n Apant)/1A1316an be either C or N, wherein R5-R8 afPéTmse(mm%swhen Al
to A4 conprise C, wherein RI, R4 or RO conprise a non- WO

2010/ 141310PCT/ US2010/ 036350 - 30 - sterically hindering group that does
not interfere wth the adjacent M or M2, wherein R2, R3, R5, R6, R7, and
RK are each individually hydrogen, alkyl, halo, cyano, or nitro, wherein M
conpri ses a nonoval ent netal cation, wh&0ein M2 conprises a trival ent

el ement cation, and wherein RlL, R', and R12 are each individually electron
W t hdr awi ng groups. 12. The porous crystalline material of claimll

wher el n M. Al RUENAE erdE] ShacfidsRoFhaRtR RN Lidfacdfiv B MES

porous crystalline terial of cI aim
11 Wnerel nleeréﬁl R R RBIRN R mahd R Catei @chsialipdded]y hpdrogen, alyl, hads, Ag+.
14. The porous crystal l'ine matqu al of claim1ll wherein M is Li+.
15. The porcyaso.coysite, IwhereinaMer ¢ahpusescd monmlmmém@iahcmon, l@pr@m MRl ent
el ement cation selected from B3+, Al.3+, N3+.10 ﬁ r, SC3+, Y3+,
or La3+ whEPBIMFISER 3 Wivpleny elsmmeshicationerad | hercth Ri% Ry anfoR o ard Sach

grelyzzz'?leljl Pﬁ%m @Eﬁl?’ﬂg&r&l %llt@%,%vmgeg&gb& M is a trivalent el errent cation

12.  The porous crystalline material of claim 11 wherein M! is a

monovalent metal cation selected from Li*, Na*, K*, Cs™, Rb", Cu", Ag', or Au".

13. The porous crystalline material of claim 11 wherein M is a

monovalent metal cation selected from Li*, Cu®, or Ag’.
14. The porous crystalline material of claim 11 wherein M!isLi*.

15. The porous crystalline material of claim 11 wherein M? is a trivalent
element cation selected from B, Al*, Ga¥*, In*", Fe*, Cr™*, S¢**, Y, or La*

wherein La is any lanthanide metal.

16. The porous crystalline material of claim 11 wherein M is a trivalent

element cation selected from B>, A", or Ga®".

17. The porous crystalline material of claim 11 wherein M?is B*.

18. The porous crystalline material of claim 11 wherein the tetrahedral
framework has a framework type selected from the group consisting of crb, dft,

cag, sod, mer, rho, ana, Ita, dia, zni, gme, lcs, frl, gis, poz and moz.

19. The porous crystalline material of claim 11 and comprising a
structure selected from the group consisting of VII, VIII, IX, X, XI, X11, XIII,
XIV, XV, XVI, XVII, and XVIII:



17. The porous crystalline material of claim 11 wherein M2 is B3+.

18. The porous crystalline nmaterial of claim 11l wherein the tetrahedral

f ramewor kwbasioa4izianewor k t ype sel ected fromthe group ®CmAIS2E10/086386 crb,
dft, cag, sod, ner, rho, ana, Ita, dia, zni, gne, lcs, frl, gis, poz and

noz. 19. The porous crystalline material of claim 11 and conprising a

structure selected fromthe group consisting of VII, VIII, IX X X, XI,

Xih, XIv, XV, XvI, XVil, and XVill: -31 - M,/'n2 I-__.NZN NN------ 11

CH3 m1l-------- NV;s:. ON------ m CH5-31mnm . ---"--"NN------ NO2
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Mmm NZNNNN--2CGC m----- A T NN,k 1?2 M - 32 - (XI'V)
(XV)  (XVI) (xvi1) d m....... , 1. np H3CCH3 - 33 - 20.
The por omsocryst4adibi ne material of claim19 having stru@Cufus20doio3esier ein M
is Li', M is B3+, the tetrahedral franmework has the cag franmework type,
and the as-synthesized material contains guest species within the
tetrahedral franmework. 21. A method of adsorbing a gas conpri sing
contacting the gas with the porous crystalline nmaterial of claim1l. 22.
The nethod of claim 21 wherein the gas -i3g -hydrogen, nitrogen, oxygen, a
nobl e gas, carbon nonoxi de, carbon di oxide, a hydrocarbon or an am ne.
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23. A nethod of separating a gas froma fluid stream containing the gas
conprising contacting the fluid streamw th the porous crystalline nmateri al
of cl ai mWO 2010/134310The net hod of cl ai m 23 wherei n t he gRETIGS201pABEGFEN,

ni trogen, oxygen, a noble gas, carbon nonoxide, carbon dioxide, a

hydr ocar bon or an am ne. 25. A nethod of adsorbing a gas conprising
contacting the gas with the porous crystalline material of claim11. 26.
The nethod of claim 21 wherein the gas is hydrogen, nitrogen, oxygen, a
nobl e gas, carbon nonoxi de, carbon di ox3de, a hydrocarbon or an am ne.

27. A nethod of separating a gas froma fluid stream containing the gas
conprising contacting the fluid streamw th the porous crystalline mat eri al

of claim1ll.>g &8 oTBﬁ BB RPN O afdrid] B 2daitl) 69 %b@lng IWﬁéreﬂlen

ni t rogen, oxygen, e “gas, carbon nonoxi de, IOXI

hydr ocar bavi' ¢s Lo Minisi’*, the tetrahedral framework has the cag framework type and
the as-synthesized material contains guest species within the tetrahedral

framework.

21. A method of adsorbing a gas comprising contacting the gas with the

porous crystalline material of claim 1.

22. The method of claim 21 wherein the gas is hydrogen, nitrogen, oxygen, a

noble gas, carbon monoxide, carbon dioxide, a hydrocarbon or an amine.

23. A method of separating a gas from a fluid stream containing the gas
comprising contacting the fluid stream with the porous crystalline material of

claim 1.

24. The method of claim 23 wherein the gas is hydrogen, nitrogen, oxygen, a

noble gas, carbon monoxide, carbon dioxide, a hydrocarbon or an amine.

25. A method of adsorbing a gas comprising contacting the gas with the

porous crystalline material of claim 11.

26. The method of claim 21 wherein the gas is hydrogen, nitrogen, oxygen, a

noble gas, carbon monoxide, carbon dioxide, a hydrocarbon or an amine.

27. A method of separating a gas from a fluid stream containing the gas
comprising contacting the fluid stream with the porous crystalline material of

claim 11.

28. The method of claim 24 wherein the gas is hydrogen, nitrogen, oxygen, a

noble gas, carbon monoxide, carbon dioxide, a hydrocarbon or an amine.



