- 1 - POROUS CRYSTALLI NE MATERI ALS, THEI R SYNTHESI S AND USE FI ELD

[ 00011This invention relates to porous crystalline materials, their
synthesis and their use. BACKGROUND [ 000210ne known fam

crystal line niPé"até%re the zeolitic materials, whi cﬁci/Pézob‘g@éﬁoon t he
3-di nensi onal , four-connected framework structure defined by corner-sharing
[ TO4] tetrahedra, where T is any tetrahedrally coordinated cation. Anmong
the known naterials in this famly are alumnosilicates that contain a

t hr ee-di mensi onal m croporous crystal frangework structure of [SiO4] and

[ AL041 corner sharing tetrahedral units, alum nophosphates that contain a

t hr ee-di nensi onal rnicroporous crystal framework structure of [Al04] and
[POA] corner SHRIROUY eRVATOHRINGMATERIRY SO THIIRAYRTFARISSNA!

(SAPOs), in whiT WOT K Structure rs conposed of | ; d and

[ PA] corner sharing tetrahedral units. Included in the zeolitic famly of
materials are over 180 different porous framework types, nmany of which have
great comerci RIEEBI ue as catal ysts and adsorbents. [0003] Recently a new
fam |y of porous materials has been synthesized that is based on [KIW]
tetrahedra in V\/mch IMis an irnidazolate type linking noiety and Mis a
transition net H001irhess ieventiar selrigh so aprougerstalling materialsy giwin yynthesiseol i ti ¢
i mdazol ate frauemeiks. or ZIFs since the angle formed by imdazolates (IM)
when bridging transition netals is simlar to the 145 angle of the Si-O S
bond in zeolites. As a result, despite the infancy of this area of
research, it gﬁmeen possi ble to synthesize ZIF counterparts of a
| ar ge nunber 2010/ 141310 PCT/ US2010/ 036350 - 2 - zeolitic
structures as well as produce porous framework types hitherto unknown to
zeol i tes. Discyppppn Ohe khbwn! GEH 60 p6@kls Q%ysftgyﬁ@ naa@enafwareemnwoﬁmt he
foll ow ng publications from ProfeSsor Yaghl and his co-workers:

"Exceptional Ometeriglal whinh Ticebasall 0Bt thisi $-dimerstonzb dfoit-tennectad dravhevark

Fr amewor ks", Proc edi f .the Natl nal f .Sciences f USA Vol .
103, 2006, pag&% %i8§gfsm oY '9255{15 R %ﬁ?)ggméﬁr egralzrértrlg%r S %t ure
Materials, Vol tetrbhedZ0Q cooRtgaed balibnt QAMROHg tﬁ'el‘ﬂlr@hfnTrhﬁt@ﬂﬂBﬁthﬁibﬂid}eﬁbS of

Zeolitic I mdazol ate_Framewor ks and Application to CO2 Capture", Science,
Vol . 319, 2oosaluwa@é%lcgtssathabccg%n a thssmgg%nsmab@scrmrmrﬁtiﬂcfrmqw%zo| ate

Franewor ks as . élvq?ch@.;; @Is cpm @Oﬁesgtgﬁ{gj rgharm?at th%hedgo " 553 2008,

pages 207 to 212, and ecul es: Posts hesi s val enf
Funct i onal i zat alominoph&pbhtes i that mamanml at ﬁlr&-dmmmhsl" ,mitoaponals efystahe

Mich of 1t hi s wisrRes Aveturs QE1ARES and e ERTGeRARE trrtshedRl s, 100°4
Appl i cation Puliliddafinkiadptiepha2Q0 15A20RN3G WARNENK I RarfioRb&NsGuglrenis ch are

i ncorporated herein by reference. In particular, the '038 a pplication

di scl oses a zewmnosed ¢f [Fifdudol M OskanddPOs] WQY%%@H@PC@QIMEE ubnsludgd |- M
wherein M Co”pf. C{%egﬂ 1«% gﬁq&&&fﬁ&eﬁﬁk% QR 180 | hr‘ffe nllt bB.%%hQ?rlaﬁ‘a{w‘ahé’tygé’s”W' sing

a structure se roup consi sting
conbi nati on t he4dreodf whkdh hdve grmcamx&/rdxdll\&m d's’@MthE&]dM&ﬂﬁ&E&ts

[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 mctals 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



-3 - R4 Mmt NRB8- A4// Al -R6 A3- A2 \R6 R7 RO Nnb -- e Rl12-- A7T%i 0 A6
55 \lg/gerei n Al, A2, A3, A4, A5, A6, and A7 can be either C or N, wherein

- are pre , Al and A4 conprise C, wherein R, R4 or R9 conprise
a nonsteri cal@?qﬁﬁoﬁ@g{hi ng group that does not int erfereP\ﬁTfUﬁmlWO:’\S\ﬁgr rean R2,
R3, R5, R6, R7, R8, RI, R', and R12 are each individually an al kyl, hal o-,
cyano-, nitro-, wherein M,1"\43, ts44, -5 and Mo each conprise a
transition nmetal, wherein when the |inking noiety conprises structure |11,
R, R', and R12 are each individually eleciron w thdraw ng groups. The ' 038
application also discloses that the zeolitie frameworks are useful as
catal yst supports and as adsorbents for gases, particularly carbon dioxide.

1000511 n the ze@blidd GrnichRIRNOLEP af bAHERM drbusUraine Wtk @ fes Nikit6 Bhlkrdy
Publ i cati on No. 2607/%1202038, thg ir)nat al srgecsi és %re a?ligestransition rrrlet al s,

typi cal ly tetrabedohies.y - Bisousdionac thisliresghrsht canr by douridoin, nfer gxamples pheci al | y

Zn2+ and VO Z%Hc/)xﬂ]ﬁ%%%%gﬁ%%sz gr%(r)r{ xsogg’s%gr Yaé’hi-and his co-workers: “Exceptional
Chemical and Thermal Stability of Zeolitic Imadazolate Frameworks”,
Proceedings of the National Academy of Sciences of US.4., 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 I, II, III, or any combination thereof:

2
/M

: : ey



Co2+. The only exanple disclosed in U S. Patent Application Publication No.
200710202038 that contains m xed-val ence netals is ZIF-5, which has a
nonpor ous franemork conpri sing octahedrally-coordinated In3+ in addition to
tetrahedral | 268418t ed zn2+. [00061 In addition, a ndhbEF*&YSkEterial s
havi ng franemork structures conprising a netal cation and an anion which is
either [B(IM4f or [AI(IM4f are known in the literature. However, npbst of
these materials do not have a tetrahedral franmework and/ or appear to be
non- porous structures. [0007] For exanple, ;a cationic |ayered structure
[PbB(I1 M 4] (NOGB) and its neutral iso-structure T1B(IM4 were reported by
Ziegler et al. in 2002 and 2004, respectively. See Ziegler et al.
"Construction of a Functional Layereggh Solid Using Tetrakis(im dazol ypborate
Coordi nati ng Anion", Inorganic Chem stry, Vol. 41, 2002, pages 4984 to 4986
and Ziegler et al. "Lead and Thalliu Tetrakis(inidazolyl)borates

Modi fying Structure by Varyi nglvet d_Amfon", Inorganic Chenmstry, Vol.
43, 2004, pages 4272 to 4277. However, %Ithough Pb2+@mnd T1+ in the

af orenentioned structures assunme & cooyfdi nation nunber of four, their

coordi nati on geonetries severely e fromtetrahedral. As a result the
products reported by Zlegler £t a app ar to be generally two-di nensional
| ayered structures as disting TR ATT& or zeolite-like open
framewor ks. 100081 A conpound for at d AgB(IM4 was reported by Pettinari
et al. in 2000 and a conpound forpil at’ad CuB(IM4 was reported by Pike et

al. in 2005. See Pettinari et alg; "Synthgsis, Characterization and X-ray
Structural Studies of Novel Di nuclear Sllver(l) Conpl exes of

Pol y(azol yl ) borate Ligands", Inorgarfc Chitnica Acta, Vol. 308, 2000, pages
65 to 72 and Pike et al. "Convenient| Synthesis of Copper (I) Thiolates and
Rel at ed Conpounds"”, Ilnorganic Chirnigca Acta, Vol. 358, 2005, pages 1331 to
1336. The silver and copper H%ﬁpg nd§\hymr@%10/141310PCT/U82010/036350 - 5
- were synthesized in methanol and water, respectivelll) Al though the

af orementioned formula are consisheat/ith tetrahedral f rameowor ks, no

i nformati on about the crystal struycture or crystallinity of these two
materials was reported. More inpgyté@nthy, the aforenentioned formula were
assigned to the as- syntheS|zgd” ey i.al s~bgeed on el enental anal yses. The
fact that the two materials in thei”as- synt hesi zed form do not contain
guest species, e.g. solvent nnleculés within the frameworks is a strong
evi dence of the mat eri al s bei ng norR'porous. [00091JP Patent Application

Publ cat on No. 200707757 Lt 1 o o0 \RRgLELiNg B! & kA ReGRNGET Y

Li t hi um | on BaF@@ a Serrés o hi um sa

formul ated Li +pMs&aoyHernAQana, Atosnprise O] nhesiin vey RBoergﬁqupmrzenm-Azo is

an azole residue or a substituted azol e residue, ﬂgﬁ L gl# £skdue of

a compound exc ststicalyrhingasinggrowmatgies aphinterfege prith M, wherst -pl% E{a ative

metnod for the gl RhIAIM /A bitg 1t Ardledth Aniiidk fﬁh'aflkﬁdhala- td%n@}’ﬂiuhﬁSI s of
I NVo

LiAl(1M4, mhere1n ’l s im dazol ate, ves reacting Li An Wit h
i m dazol e. El enveteit IvﬂanyM3sl\/ﬁil\/flmldal‘ﬂ syaht dvegirised tmslélpnalllema‘yh?réwor t ed

to be consisten h.the formula Li AI 4. T faect,tth thi rial in
the as-synthesP€8 ¢ F%#Wgﬁgego °86Wp3 Nbﬁgg?ngggleg %ﬁdfb §$€g%%

nol ecul es, Wi t fidivilifglyf fladnowkthdrawengsiio0pg &e dmw;ﬂfcamdin biso Kigscloses

non- por ous. [00010] Accordlng to the present |nventiaon, ‘ﬂ§€§¥13§ ﬁs of

porous cryst al Haheherngplitig 3?@6%@@@@%8%%@ [raEhSLIHPRATES AL t%hedr al
f ramewor k conpy, Alomsdibugture, M-I MM, wherein M conprises a
netal having a ? gg u%ﬁﬁfe‘%ahdlpartlcularly a nnnovalent netal sel ected

fromit, Cu, and Agf, wherein M2 conprises a netal having a second val ency

different f | 0 o . !
sel ectod from ISflAl %"rs‘ih%va offiS ) riEwBR . Pl M@l i B4 PYBLE Koo RIB

substituted i mpgegQtiah CNbI DEOTG20POBEL Yhe Bietd) ﬁﬁbﬁguabaﬂDMhﬂmuaewmaam
opportunities for catalytic appllcatlons since, for exanpl e,

2010/ 141310PCTyipl@dly 1618 é@Ep-coomlinated divaignt trangitien mlwanﬂ%&lmzm tand

di fferent chem cal behaviour than the divalent transition nmetals typically
used for ZIF synthesis. Mrreover, by enploying |ow atom c wei ght el enents
Li and B, rather than transition netals, it should be possible to produce
adsorbents with i nproved gas uptake on a gravinetric basis. SUMVARY [00011]
In one aspect, the invention resides in a porous crystalline materi al
havi ng a tetrahedral franmework conprising a general structure, M-IMM,
wherein M conprises a netal having a first val ency, wherein M2 conprises a
nmetal having a second valency different fromsaid first valency, and
mhereln IM is imdazol ate or a substltuted |n1dazolate | i nki ng nnlety

AN A T o I Y L o o o I T 1 R 1 . o -



[ 000151 Typically, the tetrahedral framework has a framework type sel ected
fromthe group consisting of crb, dft,

zni, gne, Icsw
i nvention resi

V, VI, or any
RL M (IV) m

frl is, poz and noz. [00016] In a furth
Qe |

conbi nati on thereof: WD 2010/141310 PCT/ US2010/ 036350
m2 NN, R5-A'\4if -R5 A3-A2 \R6 R7T RO \ / e\ AY

-4 -

Co**. The only example disclosed in U.S. Patent Application Publication No.
2007/0202038 that contains mixed-valence metals is ZIF-5, which has a non-
porous framework comprising octahedrally-coordinated In*" in addition to

tetrahedrally-coordinated Zn™",

[0006] In addition, a number of materials having framework structures
comprising a metal cation and an anion which is either [B(IM)4] or [AI(IM)4}
are known in the literature. However, most of these materials do not have a

tetrahedral framework and/or appear to be non-porous structures.

[0007] For example, a cationic layered structure [PbB(IM),;]{NO3) and its
neutral iso-structure TIB(IM), were reported by Ziegler et al. in 2002 and 2004,
respectively. See Ziegler et al. “Construction of a Functional Layered Solid
Using Tetrakis(imidazolyl)borate Coordinating Anion”, Jnorganic Chemistry,
Vol. 41, 2002, pages 4984 to 4986 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. However, although
Pb%* and TI" in the aforementioned 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

cag, sod, ner, rho, ana, Ita, dia,
t he

r _aspect .
es’ porous crystalline material havi ﬁgT’é{g%"@f‘Psﬁ%dr al
framework conprising a structure selected fromthe group consisting of

IV,
7



R12- ASR10 11,6 R11 wherein A, A2, A3, A4, A5, A6, and A7 can be either C
or N, wherein R5-R8 are present when Al to A4 conprise C, wherein RlL, R4 or

RO conpri se erjcally hindering group that does not _interfere with
t he adj acent W‘Zg@h‘ﬁé{’o wherein R2, R3, R5, R6, R7, and RSTAPEIUYERO

i ndi vidual Iy hydrogen, alkyl, halo, cyano, or nitro, wherein ML conprises a
nonoval ent netal cation, wherein M2 conprises a trivalent elenent cation,
and wherein R1, R', and R12 are each individually electron wthdraw ng
groups. - 8 - [000171 In one enbodinent, M is Li, 1\42 is B3+, BAis |V,
each of RI, R2 and R3 is hydrogen, the tetrahedral framework has the cag
framework type, and the as-synthesized material contains guest species

within the tetrahed r 0 yel.aeoftiiriher 1@1@%{%},, thehe

i nvention resi agés?gi %&ghe%?ﬂg}é\polfetg%ggr %ﬁ%gkgtedase%grrprei)gi ng contfacting the
gas with the pafouscaionsd afdrimni rme¢ ecdnaistedeswith betialiedrali franBRWEFKks, no
DESCRI PTI ON OF . THE DRAW NGS, 1000191 Fiqure | js§.an k Ridge Ther sl

11 psol d Pl ot IHeRHEN BPIcHREB T svpllinl 4 assnio Feltry B
illustrates theeforREEWAbK Bigowahtl, h®hiofdientionad ifstenuld) oveteagssighadeovetiec type.
[ 00021] Figure is an overlay of the powder X-ray diffraction &Ettern of

t he needl e- shapedynthesizsdr pateeipls i basedcanmsbumental aalysssandibe foct HabIS B a
continuous tra nd: t he. -cal f t e
arge orystal o TgperBfin s S RARIAR fh Johy Lo ARSCHELES LE Bhveh

DETAI LED DESCRnfTéduds OvithiiEtHeMBOREWEKNT T a[ 0002 2videhex bh dedmhteriels rbeing a new
famly of porous crystalline materials having a tetrahedral franmework
conprising a g&ABPAUSt ructure, M-I MM, 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 |Mis inidazolate or
a substituted i[080%hzolRitRat¢rtnRpplication dRuplicaiono N¢i s20039847 3 erleitHum\\pgn

2010/ 141310 PCH Us$2Q.10/ c - ] | S}z t.he new
famly of mater Ogg‘é&'élﬁaﬁggﬁgl??ﬁnoddS%ﬁonﬂésr?nl‘giﬂﬁ‘%rgclgrgt% eafrttgél EIXI{']' qutshgéf‘l Séases,
such as car bon sglig@xifdRhiuAOQM2 Fdrnfy @ed &k IV Akb),.(QD,]a whendy M éntithee Badr

T RN T O DR MY T T
05 et btk SR DO Yyt egsiimient ket o
i s any | ant haniptmamtivemetivdrfer thardithioml salts withwi= 9 & exempiifigd enthe synthesis
cation selected from @St fkdn s FadinzolRE! hid WAl Bidting 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
general 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 Bs", AP, and Ga’",
and wherein IM is imidazolate or a substituted imidazolate linking moiety. Such

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



[ 00025i Cenerally, the porous crystalline materials described herein
tetrahedral ;ranemnrk conprising a structure sel ected fronlthe group
consisting o or any conbi nation thereof: RL " n2 R3R2
(V) Rs-A\4AlY \5(‘“‘”\{“&%" A2 RTR6 - 10 - RO M, " %R NN (V|P)CT’U82%‘1’%€||”-%20

-6-

Cu’, Ag", AP and Ga®" exhibit different chemical behaviour than the divalent
transition metals typically used for ZIF synthesis. Moreover, by employing low
atomic weight elements Li and B, rather than transition metals, it should be

possible to produce adsorbents with improved gas uptake on a gravimetric basis.

SUMMARY

[00011] In one aspect, the invention resides in a porous crystalline 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.

[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 clement cation selected from B¥, Al¥,

and Ga*', particularly B*".

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

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

[00016] Tn 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:

have a

R4 M
A6 R11



A2 A3, A4, As, , As wherein Al,and A7 can be either C or N, wherein R5-R8
are present when their respective AL to A4 conprise C, wherein RL, R4 or RO
conprise a nop- ically hindering group that does not interfere with the
adj acent M 8&O%E@h%%§rein R2, R3, R5, R6, R7, and R8 angéggﬂwgﬁﬁ?vidually
hydr ogen, al kyl, halo, cyano, or nitro, wherein ML conprises a nonoval ent
nmetal cation, wherein M2 conprises a trivalent el enent cation, and wherein,
if present, R', and R12 are each individually electron w thdraw ng groups.
[00026] I n one enbodi nent, each of Rl, RA-and RO is independently sel ected
from hydrogen, nethyl, ethyl, nitro, fornyl, halo, and cyano groups.
1000271 Suitable el ectron wthdrawi ng groups for each of Rl, R', and R12

i nclude nitro, cyano, fluor and chl oro groups. [00028] Exanples of famly

menbers of the novel porous crystallijne materials described herein conprise
structures selected fromthe group c nsistiag of Vil, Vill, IX X X, XI,
XITH, X1V, XV, XVI, XVII, andNXMLk . dﬂi’ n2(1X) N2 m2(X) CHO - 12-
(XIV)  (XV)  (XV) j i av)
R3 R2
R4
M )\ M2
N
N\ / V)
RB.._A4 A1_R5
N4
A3__A2
/
R’ R®
Rg
M1\ )\ /MZ
\_/ o
e
A7 A5
R12—-" \As/ \Rw
R|11

wherein A, A%, A3, A* A, AS, and A7 can be either C or N, wherein R’-R® arc
present when A' to A* comprise C, wherein R!, R* or R? comprise a non-
sterically hindering group that does not interfere with the adjacent M! or M?,
wherein Rz, R3, R®, R%, R, and R® are each individually hydrogen, alkyl, halo,
cyano, or nitro, wherein M' comprises a monovalent metal cation, wherein M?
comprises a trivalent element cation, and wherein R R", and R' are each

individually electron withdrawing groups.



(XVIT) (XVIll) H3CCH3 - 13 - 1000291 These i m dazol ate |inking noieties
have al so been successfully used in the syntheses of ZIFs, as reported by
Pr of essor Yaghj hjs co-workers in the follow ng publ] i L

"Excepti onal éﬁﬁgﬂfband Thermal Stability of ZeoliticPFﬁg%gggﬁng
Framewor ks", Proceedi ngs of the National Acadeny of Sciences of US. A, Vol.
103, 2006, pages 10186-10191, "Zeolite A Im dazol ate Frameworks", Nature
Materials, Vol. 6, 2007, pages 501 to 506, "Hi gh-Throughput Synthesis of
Zeolitic I mdazol ate Frameworks and Appli.gation to CO2 Capture", Science,
Vol . 319, 2008, pages 939 to 943, "Col ossal Cages in Zeolitic |Imdazol ate
Framewor ks as Sel ective Carbon D oxi de Reservoirs", Nature, Vol. 453, 2008,
pages 207 to 2}gho19pdIn SAeyshRldmas, Miecit! R8s BOS MO INescR oERY at’eid
Functionalizatign of Zeolitic I m dazol ate Frameworks", Journal of the

Amer i can Chemi Ralis Balrpgany thevigirahetgd frapgod@rk paythe cagdrmeavorlt 2627 and 4030]

The new fam |y of rous crystalli.ne material s.di scl I have
Cotranedral f) Sreubieel plisHa Bunane ol fp@s Sadlnfe MEHeR! FUa5aR 2
porous crystalline material is denoted herein by a mmenoni c code consisting
of three bold-face |ower-case letters. This system of %rq)olswgas i

i ntroduced by BH98kshY xet@ Irebsrraspeghdhs dmgentiony rgidsy gt atsthod qfiadserBgar ch on
ZI Fs. Ceneral infar j : I S , :
exanple, in thg %%b% I?%}%%q%waéﬁ{‘ge@?e@ gngﬁ}\ﬁa{é}%ﬂg‘?ﬂzﬁ?@%ﬁ?‘?ﬂc‘ﬂi&g{‘al

Chemi stry: Ccudesrnbel mmeinTaxonony of Nets and Granmar for the Design of

Framewor ks", Accounts of Chem cal Research, Vol. 38, 2005, pages 176 to
182, and at the Reticular Chem stry Structure Resource (RCSR) website

http://resr. angragy BESORIPTION OPTHE DHAWIRG®NCcepts "franmework type",
"t opol ogy" and "net" are used essentially interchangeably in the chenical

literature. These mmenoni ¢ codes shoul d not be confused or Zﬁuat ed with
actual material®019} Higure 106032107 pRidae | Thermabdilbpsoid Riak 4PRTER) raft eri al
of the present d pventipn-+S, i tructural to a known ZI P, and assunes a

t et rahedr al frgr(%rep\go‘rlid f%%iasfnelﬁgzt ed fromthe group consisting of crb, dft,
cag, sod, ner, rho, ana, Ita, dia, zni, gne, les, frl, gis, poz and noz.
Al'l of these framework types have been realized in tfi]ezgﬁynt heses of ZIFs.
1000321 In onelt09B8li Fignte 2 distrats diealramewar: siructyp of 4k having,theigag, 5| oy
el ement, M2, | ‘ ds imdazolate linking noiety, i.e. structure VII,
and the tetrahgalrﬁgﬁo?ért%émrk has the cag franework type. The

as-synt hesi zed material contains guest species within the framework.

[ 000331 Synt hesj f the present ro crystalline terial i d on a
reaction of {M%Pﬁ ><1E ‘gﬁlﬁdi h?a*tffvaﬁ%)"ﬂq,sth%ﬁé%‘frnkw d@ agthoél R ﬁeﬁ}g e same
as described ah@df-shapéd michuistalind | Gafgbuntly Ri 68l Exanggleolli ghovan 8nane,

phosphine, nitrite, or ether; nis a non- ne%gt ive integer rangi ng1 fromO to
12; X is an anf@winueyspiraes |apdathepatigen calrvlaledelropethenitBichire of fRetlates,

trifluoronetha f et < oL ktd tion, typically
Nat, K, tetraaﬁg%iaanr?}g%l mu%%fﬁk%ﬁr]ﬁ‘l?% %‘ﬁﬁﬁﬂ%‘g o%%m [ FR41+; and x and
a are each a non-negative integer. 1000341 The reaction takes place in a
pol ar aprotic V. ,S' R 68 i 3 ce of a tenplate.
The pol ar apr ' E F—arranroae (e.g. N, N-d

i methyl formam de, N, N-di nethylacetamd e, 1,3 - dinethyl propyl eneurea), a
sul f oxi de (e. gppodi2fEt DibRYWd AXicti)is aOhew RRABPBOIFRdEE chyStaline materials
hexamet hyl phosphoram de). If present, the tenplate is typically a neutral

or gani ¢ conpoubgying acistrabedsyl Eemevork spwRESingsa generahistigctuss; Mi-[M-Mpj ¢ r o

(2:8 Tg;) l]J_ 2(]1_3 18 E?F%ngﬁlw g—g{é@@g&?g %g:ta? rhabi?& | Ofrst vMQqcy, 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



1000351 Typically the synthesis procedure involves m xing a solution of
[M(L)"] Xx and a solution of AAM2(IM4], both in a polar aprotic organic
solvent, at a tenperature of about -78 C (dry-ice bath te erature% to
about 153 C (YREWSHHEI boiling point of NN-di methyl for ﬁﬁﬂ@é@}“f“&*ﬂ

allowing the materials to react at this tenperature for about 0.5 hour to
about 72 hours. The nolar ratio of [M(L)"]Xx to Aa[M2(IM41 is in the
range fromabout 0.1 to about 10. If the by-product AX precipitates, the
solid and the solution are separated. Optiqenally, a tenplate conpound is
added to the solution at this point. The quantity of the tenplate conpound
is in such arange that, at the lower limt, it is equinolar to one of the
two reactants {ha rob%sW#n%e zﬂlgrm{‘: AEwIHANY iof Ynat@RE #Hd 4 RRtBRFTuslngm t, it
is equinolar to the solvent. % e solution 1S kept at a tenperature oOf about
-78 C to about thtGBat&idintoeddsonly gabes, prebascerbvodoxydst al | i ze. When t he
crystallization step is conpleted, normally in about 0.5 hour to about 168
hours, the resultant porous crystalline material is recovered. [000361 Li +,
Cu, Ag+ are payggoes| aryyicaly, 881 isvembiovdienpmael Baidnhsuchab Loh NA*, (R Cs' K+,
NR4, PR 4+) of the reactant Aa[NQ I M 4] becauseg they all formsignificantly
stronger bonds R t&u's e’ 1and] Anki Mpraoiegioplarhia M Als 3 monoyglent mgjal ggtiong) |
effective int l{1.4 zag+i + porous crystalline

material s becagggﬁgﬁgyﬁgﬂP%%{b eﬁgéékggﬁ@ggg ?Eoordination. [ 000371 The
reactants AlM2(1M4] used in the syntheses of the present porous

crystalline material s_are pr red beforehand. The prepar ajsl opnsd S 3+
particularly chﬁ\%%} eﬁi’l"ﬁﬂg’n%‘sﬁ Bfé‘ﬂr&‘,lenl\fg@}e“é&?“%éugfféﬁ at&/e t acedur es
for the boron gemmoamgLar -beyPouRd [t wh@eineXARRS- ladagiige aletal Mordt udi es
In The Tetraarylborates,‘Pari VII. The Preparation and RQQQGFE Properties
of Sonme New Ni patigdarlyeMerinoytoialentTeementroafipo seleeted frams oo Al | yor $3i-um
Tetrakis(1- Imd quéygpwate, A Novel Gravinetric Reagent for Hydrogen
lon", AnalyticB"%8% > chitnica Acta, Vol. 100, 1978, pages 457 to 467,
and Ziegler et al. "Lead and Thallium Tetraki s(i m dazol yObor ates: Modi fying

Structure by Varying Metal and Anion", |Inorganic.Chemstry, Vol. 43, 2004,
pages 4272 to ﬂ!%??lTﬁégﬁmbﬁé %d%f@ﬁn@yggﬁ“gﬁWﬁF S§°$§%f¥ﬂﬁﬁﬂ%é?ﬁ%§n BH4"

and H 1M whergj IrSevi o iing): 4o Thel gfap @onsHi
chem stry is a%%@?%ggp%hﬁgh%}%gﬁghgn agﬁugggiﬁge Al and Ggﬁgghibitnghenical
properties sinof B, {,0VIBonany dogdenmientheseod} ai * and GaH4" conpounds are
readily available. [00038] The presepi porous crystalline materials in the
as-synt hesi zed form contai n guest species, typically solvent and/or

tenpl ate nol ecules, within the tetrahedral franmewrks. The guest species
can be renoved either by evacMaLLo

tenperature of about 70 C to aboubt 300
solvent of snall nolecul ar size, e\g.
evacuati on process descri bed above
internal pore volune that can be jfsed tovadsorb various gases, such as
carbon di oxi de, carbon nDnoxide,Rhydrocaﬁbons, hydr ogen, nitrogen, oxygen,
nobl e gasesand amines. 1000391 The sf%e and shape of the pores in the
present crystalline materials can be fontrolled by the choice of

i m dazol ate |inking noiety, solvent d tenpl,ate. As a result, the present
porous crystalline materials Mow f gnijeant potentiagl for use as
catalysts and in the storage and sgparatfi on of gases.(YbOO40] From t he

vi ewpoi nt of catalysis, the incorpo £on of Cu', Ag+, Al 3+, and Ga3+ will
enabl e uni que catalytic chemstry unavailable to the netal s used
thus far for ZIFs, typically ginvahent tragisitgson nmetal s, such as Zn2+,

Co2+. - 17 - highly desirable for\{ nprofiing gas uptake on a gravimetric
basis. For exanple, a porous naterial—w2h chem cal conposition LiB(IM4 is
expected to show 39% hi gher uptake/in tﬁe unit of mmole/g than the

i so-structural zZn(1M2 material (R’he formfla wei ghts of Li0.5B05(IM2 and
Zn(IM2 are 143 and 199, respectively; here IMis imdazolate). [00042] The
invention will now be nore particularly described with reference to the
Exanpl es and the acconpanyi ng drawi ngs. Exanple 1 [00043] A solution of 14
ng lithiumchloride (LiCl, 0.33 mmole) in 5 nL N, Ndi et hyl f orrnam de ( DVF)
was added to a solution of 100 ng sodiumtetrakis(1l-im dazolyl)borate
(NaB(1M4, 0.33 nmole) in5 nm DVF in a 20-nL glass vial. Wen the
precipitation of sodiumchloride conpleted (typically in about 2 hrs), the
clear solution was transferred to another 20-nlL glass vial, and m xed with
5 nL tetrahydrofuran (THF). Pol yhedral crystals appeared shortly on the
glass wall and were allowed to grow over a period of about 8 hrs. The

T o I N 1 I T T 1 I T Y T T

a _pressure | ess than 50 niforr at a
or by excha@gf wi th an organic

etonitrile, followed by the

removal of guest species results in




WO 2010/ 141310PCT/ US2010/ 036350 - 19 - 0.289 e7A3 and the | argest hole was
-0.267 e7A3. Based on the final nodel, the cal culated density of the
crystal is O. ‘ and F(000) anounts to 1184 el ectrons. 1000471 The
validity of tﬁlggmg{l%g%ture is supported by the R factor é’,%T’S’B%%%“e"g%f-fit
and residual electron densities described above and by very reasonable

di spl acenent paraneters of the framework atons listed in Table 1. In
addition, the treatnent of the guest portion of the structure is validated
by the results of PLATON SQUEEZE shown injglable 2. The routine has
identified eight cavities per unit cell. Each has a volunme of 146 to 148 A3
and contains 38 electrons. Both the volune and the el ectron count support

t he assi gnnent of one guest nol ecul egper cavity (both THF and DVF have 5
non- hydrogen atons and 40 el ectrons per nol ecule), and therefore the
formula of the crystal LiB(IM4.Guest. - 20 - Table 1 Atom c coordi nates
and equi val ent isotropic atonmvidi neAw? par anet ers (A2) for Compound 1
Uleq) is defined as one third of fhe trace of the orthvagonal i zed Uji

tensor. U(eq) Ni 0.91688(12) bhiﬁ_ 7(12) 0.62417(9) 0.0176(4) M

7, © 5

\AG/A TR0

R12/A

Rt
wherein Al A% A3, A% A3, A8, and A7 can be either C or N, wherein R’-R® are
present when their respective A' to A* comprise C, wherein R', R* or R’
comprise a non-sterically hindering group that does not interfere with the
adjacent M' or M?, wherein R? R’, R’, R®, R, and R® are each individuaily
hydrogen, alkyl, halo, cyano, or nitro, wherein M comprises a monovalent metal
cation, wherein M? comprises a trivalent element cation, and wherein, if present,

R'®, R", and R' are each individually electron withdrawing groups.

[00026] In one embodiment, each of R, R* and R’ is independently selected

from hydrogen, methyl, ethyl, nitro, formyl, halo, and cyano groups.

[00027] Suitable electron withdrawing groups for each of R, R'!, and R"

include nitro, cyano, fluoro and chloro groups.

[00028] Examples of family members of the novel porous crystalline materials
described herein comprise structures selected from the group consisting of VII,

VIII, IX, X, X1, XII, XIII, XIV, XV, XVI, XVII, and XVIII:



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) N5 1.05049(11) 0.26554(12) 0.64962(9) 0.0172(4) N2

0.84096(13) 0, 13438(14) 0.51725(10) 0.0256(4) N3 1.06254(12) 0 10166(12)

-11-

M1\N/\ /MZ

N (VI
CH;

oW (VIID)

Y

M1
\N
CoHs

N %)

NO,
M1\N Ny N/M2 (X)
CHO

M N N/M2 (XD)

(XID)

(XTI



0.68310(9) 0.0173(4) N6 1.17178(13) 0.35073(13) 0.61547(11) 0.0239(4) N8
0.88028(13) 0.26633(14) 0.85190(10) 0.0259(4) C9 1.14427(14) 0.27288(15)

0.64364(12) 0,8208(5) 06 1.07483(15) 0.03737(15) 0.63057(12) 0. 0218(5)

-12 -

M1\N/\N’/M2
_ (XIV)
\_/
M1\N/\N/M2
— (XV)
\_/
M N
— (XVD
\_7
N
M1\N/\N/ M?
(XVID)
Cl
M’\N/\N/Mz
(XVIIT)



C12 0.92037(15) 0.27681(15) 0.78558(12) 0.0223(5) BLl 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(A5) 0.17280(15) 0.54931(12) 0.0217(5) 10 0 93655(17)
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[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 US.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”,
Jowrnal 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”, dccounts 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.



0.13448(16) 0.81107(13) 0.0282(5) C8 1.09050(16) 0.39694(16) 0.60277(13)
0.0256(5) O 0.83986(17) 0.10941(18) 0.64045(14) 0.0335(6) C2 0.79516(18)

0.0938(2) oO. s\zgg‘ﬁg&ﬁgmo. 0368(6) C5 1.18061(16) 0.01327( %@%/ngozolf&%% 14)
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[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 erb, dft, cag, sod, mer, rho, ana, lta, dia, zni,
gme, lcs, 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 BH, 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),]X, 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,
trifluoromethanesulfonate, or acetylacetonate;

A is a cation, typically Na’, K, 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.



0.0287(5) Cl1 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) - e 2 Location and volune of and nu f el ectrons
wi thin the ca\g}f'k2013/-3[?1?J the unit cell of Conpound 1 Cavit WUS%&%?;‘&} ates of

Centroid
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[00035] Typically the synthesis procedure involves mixing a solution of
MI(L),]Xy and a solution of A,[M’(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)H]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 rcactants that is smaller in molar quantity, and at the
upper limit, it is equimolar to the solvent. The solution is kept at a ternperaturc
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*, NR4", PRy") 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)4] used in the syntheses of the present porous
crystalline materials are prepared beforehand. The preparation is particularly
convenient when M? = B¥, AI’*, Ga*". The preparative procedures for the boron
compound can be found in, for example, Moore et al. “Studies In The
Tetraarylborates, Part VII, 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



XYZ Vol unme (A3) Electron (e.) 1 0.341 0.305 0.401 147 38 2 0.841 0.305
0.099 147 38 3 0.341 0.194 0.901 148

WO 2010/141310 PCT/US2010/036350
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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 A" and
Ga’* because Al and Ga exhibit chemical properties similar to B and because the

AlH, and GaHy” 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", A%,
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 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 7 0.159 0.694

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 § mL tetrahydrofuran (THF). Polyhedral crystals appeared shortly
on the glass wall and were allowed to grow over a period of about & 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), 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 MoKo. 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.



0.901 146 38 8 0.659 0.694 0.599 146 38 [000481 Conmpound 1 has a
tetrahedral framework of m xed-val ence netal im dazolate. MM(IM 4,

wherein M awq%lg;ﬂgwnonoval ent and trival ent el enent %%E{U%?OAEHSP 0soi d

respectively 'S clearly depicted in an Cak Ri dge

Plot (OR LP) of Conpound 1, showi ng two adj acent 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), confirmng tpg. correct assignment of the
identity of the netals. 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-TI-N and N-B-N bond angl es observed in the
3@ ng: e- c(rj y;t al [6M046Et Aretadfof t1AES framesweenedllsated wigyesea wisitpelifd° M B(1 M 4

i scl ose y Ziegler et al. in:.l.ea al 44 P
Tetraki s(i m da?Bf i BEPAfeETe f&""ﬁﬁ?%ﬂg‘@@&a}%a@’eéé 2l data sollectiqn Hime Wasy
Ani on", | nor gaBb&ut Gnelivuss. r The Y@imes 4dre 210t atep agies thie BRke0SAIN software

2010/ 141310PCT/ US2010/,036350 - 22 -, 4277, The non-tetrahedral ordj nati on
of Tr di scour agakagnsingp RagrPErraspe wéf‘cgrfrttqﬂcalsﬂﬂ%ofﬁ??é@%fﬂa%ﬁfgﬁe data :

f ramewor ks, Wﬂﬁgiﬁgsa tcheh E&rﬁ?‘i@eﬁlﬁ@'ceﬁoﬁéfﬂea%it@ﬁl QO 2707t fARkliddsates such.
Tabl e 3 Bond | engths and angles involving Li + or B3+ observed in the

crystal struct ursiredmChnpagindofl 28r@° bORY dhgtesalutionol afi Mgichi 46P2 paare
Bondl engt heof  BSCETG eSO RBEOR 150k Btmeaia 1ty POk AReE T KRie.
Bondangl esof Ofyeater than 26 (I). The final cell constants: a = 14.382(5) A, b=14.809(5) A, ¢
=17.869(6) A, a = 90°, B =90°, y = 90°, volume = 3806(2) A3, were based upon
the refinement of the XYZ-centroids of 2336 reflections above 200 (I} with
2.278° <0 <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 1120 N8 O, i.e., LiB(IM)yTHF. 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



T1B(IM4 () N-Ti-NNB-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. 06%&236/?4]191% 802 109. 240 89.721 110. 183 PCT/US2010/036350
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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/cm’® 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

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



112.985 109. 393 92. 251 110.381 113 .159 112.148 155.030 111.501 [ 000491
The framework type of Conpound 1 is the sanme as ZIF-4, which in turnis
the same as t jneral Calcium Gall ate (denoted ca reafter).
Al t hough the ‘(Qgtémﬁjrlg?}é'\/\ork type is not a zeolitic frane%ﬁ?@s%%%oé’f“?'t is a
t hree-di nensi onal tetrahedral framework, and when adopted by a ZIF, it
inparts the material internal cavities and 6-ring channels that can be
accessible (Figure 2). Table 4 conpares the unit cell paraneters of
Conpound 1 with those of ZIF-4 reported byj.Yaghi et al. in "Exceptional
Chem cal and Thernmal Stability of Zeolitic |nmadazol ate Franeworks",
Proceedi ngs of the National Acadeny of Sciences of LISA , Vol. 103, 2006,
pages 10186-10191. They are identical except the slight contraction of
Compound 1 in cell edges, which is equg%tfqgl WO

2010/ 141310PCT/ 1 - - tynieals Li - N,
B-N and Zn-N. l&ﬁ%f g“roge,%g%%g ag?/ﬁ%ﬁgsa%?g tr%gﬁp%gﬁgeflsg%%ﬂéﬁp%%ga%e
concept of subé ?)cfi?fpﬁglpﬂi‘%¥ent metal in a neutral tetrahedral franework
of ZIF with alternating nonoval ent and trival ent el enents while preserving
the framework Ugp®.is d@fgleé ag o@pthirdrdf the trage efithe ehgeosplized i5; APTUNi t cel |
paraneters of Conpound 1 and ZI F-4. Franework

X y z Uleq)
N1 0.91688(12) 0.16097(12) 0.6241709)  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)
N8 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)
Cs8 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)




Mat eri al conposition Unit cell paraneters Space groupa (Ab (Ac (A
Exanple 2 [00050] To denonstrate the tenplating effect of THF in the
synt hesi s of 1, Exanple 1 was repeated without the addition of THF
and produced @2@@3‘{} 1-Oshaped m crocrystal line product LiP§(/PM0ﬁ°/?3@3?rpound
2). Large crystals of Conmpound 2 suitable for single-crystal X-ray
diffraction were obtained froman alternative route, which is a very slow
transformation from Conpound 1 to Conpound 2 in THF under anbi ent
conditions. The crystal transformation precess likely involves trace anmount
of water present in THF, and typically occurs to an appreciable extent in
about one nonth. The needl e-shaped m crocrystalline product and the |arge
crystals are the sanme crystalline phasep,pgyz denced by the excell ent
agreement of the powder X-ray diffraction pattern of the fornmer and the
pattern cal cul hpediohranthvohane pf gndahunsber ndtelacrons within theoeeficy i Gangits) . -
24 - [00051] Thdl ef@etpdundtlr uct ure of Conmpound 2 was successfully sol ved
and refined (Tables 5 and 6). The LiB(IM4 tetrahedral franework of
Conpound 2 i s Ren-po , onsegyenty Q a—gHest speci es.
This is evi dencega‘laﬁ/ the velgondpies oL 8t the final
of a gtructurat nodel without ﬁ{iy gues{eppeci es (Table
e

converged refi neffen

5). The observed bond | engths are consi st ith t typical val ues for

Li -N and B-N bondsl, and taxtlobser 08@5bond G#HYl es cotdl rm t héét et r ahedr al
coordi nation geonejry of each T ahg%(Tabloe%). As as frgmework type is
concer ned, Conpou 2 1s m xed=val ence"count erpart of ZI'F-61 with the

zni framework types reporteeghiby Yaghbset alp9gin "Hi gi4g8Thr ougtygut Synt hesi s
of Zeolitic Imdazol ate Framewor ks and Application to CO2 Cnlggture",

Sci ence, Vol. 319,4 2008, Ofdes 936194 943 4-5%bl e 8) 148 n conpirison to

ZI F-61, Conpound 2 shows | i ght tractg in celjg edges sgue to the
difference in bontzjS | engt k@s Zn- N \Ol'grggus Li -'ﬁnand B-N) and a slight |owering
in space-group symivetry duesot o t he.80epl acén@d® of th only Wfique T site
(Zn2') with two aljernating T sit Lit B3+) . - 25 -, ,Table 5
Crystal data and s ruct uPelPef i neﬁgﬂ% for ound §46Errpi ri C3§I formul aCl2
H12 B Li N8 [i.e.,gLiB(1gklo Fornglsaswei ghg.286. 05 Teqgoer at ur@l00(2) K
Wavel engt h0. 71073 A Crystal system space graupTetragonal . Med Unit cell
di mensi onsa= 22.4981(7) A a = 90 b= 22.4981(7) A /1=90 e= 11.5015(6) A y=

90 [00048] Compound 1 has a tetrahedral framework of mixed-valence metal

imidazolate, MIMZ(IM)q, 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 ncar
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 Ziegler et al.
in “Lead and Thallium Tetrakis(imidazolyl)borates: Modifying Structure by
Varying Metal and Anion”, Inorganic Chemistry, Vol. 43, 2004, pages 4272 to



Vol uneb5821. 7(4) A3 Z, Calcul ated densityl6, 1.305 g/cnma Absorption
coeffi?ienB0.0SG rtnl F(000) 2368 Crystal size0.13 x 0.02 x 0.02 nm Thet a
range for dat ionl.81 to 28.28. Limting indices-29 h 29, -2929,

- 1414 Reflect‘l%g(rilgwé%ﬁoect ed / uni que80347 / 3505 [R(it) PET%.S?L“%%?}P”

Conmpl eteness to theta = 28.2898.3 % Refi nenent net hodFul | - matri x

| east-squares on F2 Data / restraints / parameters3505 / 1 / 199
Goodness-of -fit on F20.969 Final Rindices [f>20(1)]R 0.0345, wR2 = 0.0766
Rindices (all data)Rl = 0.0493, wkR2 = 0.8§827 Largest cliff. peak and

hol e0. 204 and -0.200 e-/A3 - 26 - Table 6 Atomi c coordinates ( x 104) and
equi val ent isotropic displacenent paraneters (A2 x 103) for Conpound 2

tU(e ﬁgéri s defi ngshasTingot-bitfafle@hl EHdinaB&E o2 TIt hBsc@UiRepanaltbrapdon df

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),

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



Weq) B(1) 1485(1) 983(1) 3244(1) 12(1) C(1) 2494(1) 918(1) 4386(1) 1
G(2) 1958(1) 1701(1) 4775(1) 16(1) CE?:; C(24)71(1) (17)19(1)( ) (1) 150

WO 2010/141310 PCT/US2010/036330

-23 .

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

ZIF-4.

Unit cell parameters

Framework
Material composition Space group a(A) b(A) c(A)
Pbca,
ZIF-4 Zn(IM), orthothombic 15.395(2) 15.307(2) 18.426(2)
Compound _ . Pbcea,
) LiB(IM), orthathombic 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 repcated 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).



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(D)yg 2910141310 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 sitc (Zn*") with two alternating T sites (Li" and

B*).



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) 1970(1) 37(1) 2293(1) 16(1) C(12)

1826(1) WO 2010/141310 PCT/US2010/036350
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Table 5

Crystal data and structure refinement for Compound 2

Empirical formula Ci12HI12 B LiN8 [i.e, LiB(OIM),]
Formula weight 286.05

Temperature 100(2) K

Wavelength 0.71073 A

Crystal system, space group Tetragonal, /4cd

Unit cell dimensions a=224981(HA a=90°

b=224981() A B=90°
c=11.5015(6) A y=90°

Volume 5821.7(4) A®

Z, Calculated density 16, 1.305 g/cm®

Absorption coefficient 0.086 mm"'

F(000) 2368

Crystal size 0.13 x 0.02 x 0.02 mm

Theta range for data collection 1.81°t0 28.28°.

Limiting indices 29<h<29,-295kx29,-14<[< 14
Reflections collected / unique 80347 /3505 [R(int} = 0.1380]
Completeness to theta = 28.28 98.3%

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 3505717199

Goodncss-of-fit on F? 0.969

Final R indices [/>2a(])] R1=0.0345, wR2 = 0.0766

R indices (ali data) R1 =10.0493, wR2 = 0.0827

Largest diff. peak and hole 0.204 and -0.200 e-/A’




-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) N(2)
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Table 6

2812(1) 1221(1) 5154(1) 16(1) N(3) 1534(1)

PCT/US2010/036350

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 Uij tensor.

z Uleq)
B(1) 1485(1) 983(1) 3244(1) 12(1)
() 2494(1) 918(1) 4386(1) 15(1)
CQ) 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(11y  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(6) -104(1) 1308(1) 3929(1) 20(1)
N(7) 1540(1) 314(1) 2969(1) 13(1)
N(8) 1315(1) -656(1) 2876(1) 18(1)
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Table 7

Bond lengths and angles involving Li"

Compound 2

or B> observed in the crystal structure of

Bond lengths of Compound 2

Bond angles of Compound 2 (°)

(A)
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
Space
Framework
Material composition group a(A) b(A) c(A)
I4y/acd,
ZIF-61 Zn(IM), Tetragonal 23.4803(3) 23.4803(3) 12.5545(3)
Compound . . I4ed,
5 LiB(IM), Tetragonal 22.4981(7) 22.4981(7) 11.5015(6)
[00052] While the present invention has been dcscribed 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.



1315(1) -656(1) 2876(1) 18(1) - 27 - Table 7 Bond | engths and angl es

I nvolving Li + or B3+ observed in the crystal structure of Conpound 2 Bond
| engt hs of Conpound 2 (A) Bond angles N-Li-N 102. 948 105.536 106. 496

108. 060 115.254 117.511 of Conpound 2 () N-B-N 107.606 108.089 108. 896
109. 950 111.123 111.156 Table 8 Conparison of the conpositions and unit
cell paraneters of Conpound 2 and ZI F-64-.[ 00052] Wi le the present

i nvention has been described and illustrated by reference to particular
embodi ment SLAIMSse of ordinary skill in the art will appreciate that the
I nvention lends itself to variations not necessarily illustrated herein.

For this reason, then, reference should be made solely to the appended
clainms for purpbsdspabudalenlingintgerididatinga tsitapedrad fratieeopt esapdisingi¥ent i on.

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,
and wherein one or more of the following is satisfied: M' comprises a monovalent

metal and M? comprises a trivalent element; M'is Li"; and M?is B>,

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 element

. + + + + + + + . .
cation selected from B>, A", Ga**, n*", 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*Y, 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, Ics, frl, gis, poz and moz.



-28 - CLAI ME: 1. A porous crystalline material having a tetrahedral
framewor k conprising a general structure, M-IMM, wherein M conprises a
met al havi ng first valency, wherein M2 conprises a netgal gavi ng..a second
val ency di ffe‘?grzlwﬂ?}r%% said first val ency, and wherein }P U8R ol ate or
a substituted imdazolate |linking noiety, and wherein one or nore of the
followng is satisfied: ML conprises a nonoval ent netal and M2 conprises a

trivalent element; M is Lit; and M2 is B3+. 2. The porous
crystalline material of claim1l wherein Mgconprises a nonoval ent netal and
M2 conprises a trivalent el enent. 3. The porous crystalline materi al
of claim1l wherein M is a nonovalent netal cation selected fromLit, Nat,
K+, Cs, Rb+, Cut, Ag+, or Au. 4. The porous crystalline material of
claiml wherein ML jgs aryiRowal citsulBihd! meBilionr SBLRACH ChkRMIM by o, Of
Ag+. 5. The porous crystalline material of claim1l wherein M is Lit.

6. The porous uaspbstithicd midaacletcigadupef claim 1 wherein M2 is a trivalent

el ement cation selected fromB3+, Al 3+, G3+, In3+, Fe3+, Cr3+, SC3+, Y3+,
or La3+ wherein La js any | anthani nmet al ., . 7. .Th orous crystalline
Tt 6r il of ol i m 1l ahehaPHOR SRS et hayinkehheREh EinedBat r om
B3+, Al 3+, or E#Aprising a stru@ureffcRAr PoA 15 ¥edupl dohfistin@éerv,av, vi, ¢laym 1
wherein M2 is B3+. 9. The porous crystalline material of claiml
wherei n the teterabigafian thereatiewor k has a franmework type selected fromthe
group consisting of crb, dft, cag, sgd, ner, rho, ana, lta, dia, zni, gne,
lcs, frl, gis, poz and noz. WO 20104141310PCT/ US2010/036350 - 29 -

10. The porous crystalline materi al/gﬂ‘\cl aiml wherein IMis an
unsubstituted itnidazol ate grmaup, 1]1.M%A porous crystalline materi al

having a tetrahedral framework co rih g a structurgreel ected fromthe
group consisting of IV, V, VI, or any donbi nati on thereof: R4 , ANN,
R3 R2
R4

\_—/ V)

RB__A4 A1—R5
N\ 7
A3_A2
R?’ \RG
RQ
M /K M2
N N

\__/ "

Al AS

—

R12 \Aﬁ 7 R0
RI‘H

wherein A, A% A%, A%, A%, A%, and A7 can be cither C or N, wherein R*-R® are

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



R8- AhAl-R3 A3-A2 \R76 RO m ,N12 e R12 A5R10 NAG R11 wherein A, A2, A3,
A4, A5, A6, and A7 can be either C or N, wherein R5-R8 are present when Ai
to A4 conprise wherein RI, R4 or RO conprise a non-

C
2010/ 141310PCY? 4¥8518 036350 - 30 - sterical Iy hi nderi nﬁx\%é{)?%%ﬂbmﬁ}ﬁa? does
not interfere with the adjacent ML 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 Rl, Rl % and Rjg are each individually electron
wi t hdrawi ng groups. 12. The porous crystalline material of claim1l
wherein ML is a nonoval ent netal cation selected fromLi, Nat, K+, Cs-,

Ro+, CQu, AQ', QErifMity: hindering grbdp tHA} Q10RO hol ftdifers bathl iheaudimrEeRr Malor it cl ai m
11 wherein M is a nDFov3aI n% netal cation selected fromlLit, Cut, or Ag+.
14. The por ouswbengit BALIRn& nRE i and Bf ard edon indivighalle hydmegen, gligyil, halo,

15. The porous _crystal.line, matetrhal of. claim er.el i iaal ent
el ement cat i on“E8P et ¥ %‘Fﬁegﬁﬁ y ff?ﬂ,ses(%g}ro,n%’]fﬂ Iég%gc%n?ﬁh%g%gw Y3+,
or La3+ wher ei Borhides adfivaledntharhcieation ahd wherein R'$L6R " Thed Bt ateseach
crystalline material of claim11l wherein M2 is a trivalent elenment cation
sel ect ed from Eeiidygllyelechpn withdrawing groups 7 The porous crystal line
material of claim1l wherein M2 is B3t.

12,  The porous crystalline material of claim 11 wherein M' is a

monovalent metal cation selected from Li*, Na*, K7, 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'is Li",

15. The porous crystalline material of claim 11 wherein M? is a trivalent
element cation selected from B3, A%, 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

clement 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 I1 wherein the tetrahedral
framework has a framework type selected from the group consisting of erb, dft,

cag, sod, mer, rho, ana, Ita, dia, zni, gme, les, 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, XII, XIII,
X1V, XV, XVI, XVII, and XVIII:



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

dft cag, so rho, ana, Da, dia, zni, gnme, lcs, fr] oz and
d‘gogﬁﬂ@“wr ous crystalline material of clai ﬁ\cf/ig%?mﬁ“ Bhpri si ng
a structure selected fromthe group consisting of VII, VIII, IX X X,
XIl, X, XV, XV, XVI, XVIl, and XVIll: -31 - Mn2 CH3 C2H5 NO2
(X) CHO
-31-
M1 2
\N/\N/M )
)\N/MZ (VIID)
Csz
M1\N \\N/MZ Ix)
NO,
1 M2 (X)
M\N \N/
CHO
M1\N \N/Mz (XD
M M2
> < (X1I)
o] ci
M1\N/\N/M2
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A 117- NN( XI) ng - 32 - Ccl H3CC H3 - 33 - 20. The porous
crystalline material of claim19 having structure VI| wherein M is Li, M

is B3+, the tetrahedral franmework has the cag franmework type, and the
as-synthesizéﬁb%ﬁWégfgl cont ai ns guest species within tﬁ?¥$§??%%@ﬁPal

f ramewor k. 21. A nethod of adsorbing a gas conprising contacting the gas
with the porous crystalline material of claim1. 22. The net hod of
claim 21 wherein the gas is hydrogen, nitrogen, oxygen, a noble gas, carbon
nonoxi de, carbon di oxi de, a hydrocarbon of3 an am ne. 23. A nethod of

separating a gas froma fluid streamcontai ning the gas conpri sing
contacting the fluid streamw th the porous crystalline material of claim

1. 24. The nethod of cfaim2 ereige the gas is hydrogen, nitrogen,
oxygen, a noble gas, carbon TOROXi ~€ar bon di oxi de, a hydrocarbon or an
am ne.

— (XIV)

N\ /
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— (XVI)
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25. A nethod of adsorbing a gas conprising contacting the gas with the
porous crystalline material of claim111l. 26. The nethod of claim?2l

wherein the ' rogen, nitrogen, oxygen, a noble s, .carhbon
A ER Y s il hod of

nonoxi de, ca

a hydrocarbon or an am ne.

separating a gas froma fluid streamcontai ning the gas conpri sing

contacting the fluid streamw th the porous crystalline materi al

11.
oxygen,
ani ne.

28. The nmethod of claim 24 wherein the gas is hydrogen,

of claim
ni t rogen,

a nobl e gas, carbon nonoxi de, carbon di oxi de, a hydrocarbon or an

20. The porous crystalline material of claim 19 having structure VII wherein

M'is Li*, M? is B3+, 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 contacling 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.



