BLOCK COORDI NATI ON COPOLYMERS STATEMENT REGARDI NG FEDERALLY SPONSORED
RESEARCH OR DEVELOPNMENT [ 0001] This invention was nmade under the support of
t he Unit edlOS0BN®81480ver nent, United States Departnent eCTRSeorgp2itkdugh t he
Nat i onal Energy technol ogy Laboratory under Award No. DE- FC26-07NT42121 .
The United States Governnent has certain rights in the invention.
BACKGROUND OF THE | NVENTI ON [ 0002] Known substance cl asses of porous solids

are called netal organi cg[mwckﬁg(mﬁbonrcgpmchm@ggon pol yners. The
t heory of coordination bonds devel oped by Alfred Werner [A. Werner, Z

Anorg. Allg. Chem 3 (1893) 267] nmade it possible for the first tine to
understand the experinental results of conplex inorganic chemstry. Stable
coordi nati on polynmers are obtained by addi ng organi c nol ecul es capabl e of
conpl ex formation, STAEBENEMT REGARDINGITEISERAL LY SBOINEQRERDr gani ¢ sal ts.
The di stances between the nBESEAROH QR REVEHORMENM centers can be set in
a w de range through the structure, in particular of the organic
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synt hesi ze coordi nation polyners with E}orom results in a new cl ass of

mat eri al ‘ée(lJWHQ{OQé{rL@W?@MHDdWeAW@erNQl F-ECe0y N T 24t dhedUnitadiBtalies of
any Coor%‘o%ﬁﬁrﬁﬁnﬂ? é’é@r’iaﬁn‘% t&% tﬂSWéﬂn’&ﬂd by x-ray crystallography, the
di nensi ons o ores or anne

can be determned with excellent
certainty. The |nternal surface areas of sone porous coordination polyners
are significantly greater BAGKGROIENDOFOUHEMHVENTION The pore
sizes/shapes are highly tunabl e and | arge pore si zes can be synthesi zed
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developed by Alfred Werner [A. Werner, Z. Anorg. Allg. Chem. 3 (1893) 267] made it
possible for the first time to understand the experimental results of complex inorganic
chemistry. Stable coordination polymers are obtained by adding organic molecules

15 capable of complex formation, like diamines or diacids, to dissolved inorganic salts.
The distances betwéen the metal ions as coordination centers can be set in a wide
range through the structure, in particular of the organic components, and result in
micro- to mesoporous substances. Coordination polymers can thus be varied and
are substantially documented [S. Kitagawa, et al. Angew. Chem. Int. Ed. 43 (2004)

20 2334].
[0003] The ability to synthesize coordination polymers with porosity results in a
new class of materials that are crystalline molecular sieves. The atomic structure of
any coordination polymers can be determined by x-ray crystallography, the
dimensions of the pores or channels can be determined with excellent certainty. The

25 internal surface areas of some porous coordination polymers are significantly greater
than other porous materials. The pore sizes/shapes are highly tunable and large
pore sizes can be synthesized when compared to know zeolites. Functionalization of
the backbones or frameworks in these materials can be achieved by starting the
synthesis with organic linkers with functional groups already installed or by post

30  synthesis modification.



synt hesis nodification.[0004] Recently, the coordination copolynerization
method with two topologically distinct |inkers was reported, and can give
rise to aw@orieerddus coordi nati on polynmer (MCP) with aPPrasR@oorsa45
unat t ai nabl e nmesoporous structure [K. Koh, A G Wng-Foy and A J.

Mat zger, Angew. Chem, Int. Ed., 47, (2008), 677]. The first exanple of
this strategy, UMCM 1 (University of Mchigan Crystalline Materials),
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t echni ques such as the seed growth nethod, and the three di nensi onal
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cat al ysts reacti ons. IS a oor di na
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coordi nation ymer wherein the first and second coordination polyners are

not i denfRBXE. prqaﬁgcqql Py copkaling the mate fRiiQ afePacinardanic WeEsnd coor di nati on

pol ymer may be present in a first and second | ayered confi guration.

Optionally, at least a third pagaByer ‘?HEDIN\)SE‘WTP@Y be layered on the

second | ayer. The third coor natlon pol ynmer e the sane as the first
| ayer. The third coordi najtion_pol ynmer may have a different conposition or a
di f flér enf0CAS]uct Theeprasent tnNantl@ﬂ deberitzas a hewfdlass obmaterials ewoendination
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| ayer ed eich B tisdebéd gmethtrhefr@dc@aadh@mre@rdm@hm@saél pRYabatibhef frNe as the
core. The third coordi nation polynmer may have a different conposition or a

di f f er enfecend,ek higber swqmeraESéhe tyeriaatures. skheomaterials meyie used in
coor di naf, cgz(r%srﬁ)gé ép&f gg[sstQBQFalno%oHSé&%daﬁ 2SRRIkt 8 15 GRLEidIL | on copol ymer

i nvol ves™a
15 [0006] The new material is a coordination copolymer comprising at least a first

coordination polymer and a second coordination polymer wherein the first and
second coordination polymers are not identical. The first coordination polymer and
the second coordination polymer may be present in a first and second layered
configuration. Optionally, at least a third coordination polymer may be layered on the

20  second layer. The third coordination polymer may be the same as the first layer. The
third coordination polymer may have a different composition or a different structure
from that of either the first or the second coordination polymer. The first and second
layered configuration may form a core and shell configuration. At least a third
coordination polymer may be layered on the shell. The third coordination polymer

25 may be the same as the core. The third coordination polymer may have a different
composition or a different structure from that of either the first or the second
coordination polymer.
[0007] One method of making a coordination copolymer involves adding at least
one source of metal cations and at least one organic linking compound to a solvent

30  to form a first solution or colloidal suspension; treating the first solution or colloidal

suspension to form crystals of a first coordination polymer; adding at least one
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one source of netal cations and at |east one organic |linking conpound to a
solvent to forma first solution or colloidal suspension; treating the
first solwoDi20tv/991430!1 | oi dal suspension to form cryst al sPOl/U82610/023145

coordi nati on polyner; adding at | east onesource of nmetal cations and at

| east one organic |inking conmpound to a solvent to forma second sol ution
or colloidal suspension wherein the second solution is not identical to the

first 50|s‘d>hkﬁloprﬁwe€eﬂ|c|aﬂbﬁl§bn§lé$I%Qi%bﬁ@ orgasit Mekipg Xz’ﬂn%cﬁ;rféﬁotd@oﬁléﬁﬁb
coordi nation polynmer to the second solution or coI suspensi on; and

treating fore assecond seition ereddipidedsugpendion W§§é¢1@ﬂ|®¢1 SEQDrfd)Wth@'yﬁ adts of a

st codndiieat iR BRl HaRto Ry Sl MR B ahBR s ind BHRTEE MR Pl 1« ne
first coeodrdidiiemnppigheres thesecind ssiotion at cblcblaéﬂemp@ﬁadncm theBBhg e
pol yner. The crystals of the first coordination go ymer be of a size
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organic la cmord@auommopnb}'me‘r wheyelnvibptfirsioccdardimadios olyin@ris elot fntieadtal the
suspensi on; treat Iﬁﬁgﬁ‘tt he sol uti n or colloidal suspension to formcrystals

of a firSECRRYFAP 0 PRIVIREr Thesarysials af thedirst cwélr@aemno&ﬂaer may dient
sel ect ed offw}é %@@H@M@%ﬁ&ﬁn@%@ﬁoa a%aﬁdrﬁ&eé&elr%.gg%?onﬁﬁée Sog)(]t a

second organic conmpound, an conbi nati on ther
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d di tals of the first
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[ 0008] The COOI’dI nation copol ymer may be used in a process for separating a
first cospbiientorfaodaidal S@Qﬂﬁlefbi@p‘QﬁBrﬂl’yﬁﬁISanra fitsticeotoynagiontpadyrinay t he

Coor i naf BN oA o Rt oS Rad THarTRARY T B browP ReRub ke 11 ¢

and [$ecordcond cdirvat dfeneaPEAtitHsS aas"e%oﬂ@torgélﬁlﬁthhkﬁab cohfoiRD @idnat i on
copol ymer may al so be used as a cataly In a chem cal reaction. For

exanpl e, CORPIRYINENRERGTOI® t@érﬁ@l“#l%‘rorrﬁi}loﬂtal gysREFien; neliseatinggthatsaldiont one
react ant by, G000 AGhd BPa 3eb55E GOt Ifhet G8TEy P el BRE P More crystals
of the first coordination polymer forming a coordination copolymer wherein the first
coordination polymer is not identical to the second coordination polymer.
20 [0008] The coordination copolymer may be used in a process for separating a
first component from a second component of a mixture by contacting the mixture
with a coordination copolymer comprising at least a first coordination polymer and a
second coordination polymer wherein the first and second coordination polymers are
not identical. The coordination copolymer may also be used as a catalyst in a
25  chemical reaction. For example, the coordination copolymer may be used for
converting at least one reactant by contacting a feed comprising at least one reactant
with a coordination copolymer comprising at least a first coordination polymer and a
second coordination polymer wherein the first and second coordination polymers are
not identical and wherein at least one coordination polymer comprises a catalytic

30  function, to give a converted product.



Wi th a coordination copolyner conprising at |least a first coordination
pol ymer and a second coordi nati on polynmer wherein the first and second
coor di natwonropdloymdrs are not identical and wherein at PERAIS200825145
coordi nati on polynmer conprises a catalytic function, to give a converted
product . BRI EF DESCRI PTI ON OF THE DRAW NGS [0009] FIG 1a and 1b are

m croscope i nages of two-|ayer core-shell coordination copolyners of the

present invention. [O001@RIEF®ESERIPTIGR GF THE DRISYMIES nages of
mul til ayered coordi nati on copol yners of the present invention [001 1] FIG

3 is a plot of the anmount of adsorbed nile red into (1) a coordination
copol ymed04PR) ei RIG na ang 16 sse MigEascene ipRrgee PEtWE-layke Cetoslig heeergmation

copol yrer, < (2) a coordination copol yner wherein
the two ggg?@ﬁn%%%%pg{%ﬁe%vﬁ he coordi nation copolymer is a cycl ohexyl
modi f i ed [OGRNIJF- 3FGhRa\Vikd 2b ,arasniardseopt imaged obmudtiayeretlicverdiikiiod LED

DESCRI PTI ON OF THE_ | NVENTI 0\16\&0013%) The present invention provides a novel
cl as® of CRREWMEIP Of tha PrasgeBt BVRNEYdr di nati on copol yners, which conprise at

| east t wpogh fyf o P, £RY Blopat ir@namehgﬁ@ffédsom@d o<l fnft&g)@gf cGERAEBAL I on

pol ymers "are "spatially contiguous and the coordination c yner exhibits
r egi ons eppblyosksvitdreinhibeftivostoocdiontiom polyorerp of jireecoamithationtdopobeceamate

di | I . wo..diff t di nati | yner.
e por oul LRI A VAT Barghied & GioriiBRuS PGaY s Ferain bR tRBIpRig gaten o
conbi nat pelynidiardt ahe cbORtioRr QRRAREr ﬁ%&dl&%gﬁﬁo‘%ﬁﬂéoﬂﬂ@@ﬂé ah8 NIOE-

formati on of Dbl ock coordination copolyners which conprise at |east two
non-li0den®i gala feioolieh abexpasupetingers. For exanpl e, two coordination pol yners
may each have different pore sizes, and when used to forma single

coordi nati on copol ymrQéPﬂ{Lrﬁwéé(?ﬁ‘ﬁﬂbﬁ}’é@mq%i|PW'§@§)Ndi nation

copol yner may have at Teast one portion e size and at
| east one ot her portion having a second pore size. Mre than two
coor di naf0@t2]pol Tine presary inventise grévidéa movbeclasd b eateis thlddblock
coordi natcggrr(]jination copolymers, which comprise at least two different coordination
polymers. The two different coordination polymers are spatially contiguous and the
15 coordination copolymer exhibits regions or blocks of the first coordination polymer
and of the second coordination polymer. The at least two different coordination
polymers may be porous coordination polymers or non-porous coordination polymers
or a combination thereof.
[0013] Processes described herein demonstrate the formation of block
20  coordination copolymers which comprise at least two non-identical coordination
polymers. For example, two coordination polymers may each have different pore
sizes, and when used to form a single coordination copolymer the resulting multi-
compositional coordination copolymer may have at least one portion having a first
pore size and at least one other portion having a second pore size. More than two
25  coordination polymers may be used to form the multicompositional coordination
copolymer resulting in multiple portions of the composite having differing pore sizes.
Thus, a novel class of materials with new properties can be produced. One benefit of
the process is that the coordination polymers used to make the composite and hence
the pore sizes can be selected depending upon the application within which the

30  composite will be used. Furthermore, depending upon the process of making the
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copolynmer resulting in nultiple portions of the conposite having differing
pore sizes. Thus, a novel class of materials with new properties can be
produced.worrei@neBit of the process is that the coordi RETIUSR01PORSIHEr S used
to make the conposite and hence the pore sizes can be sel ected depending
upon the application within which the conposite will be used. Furthernore,
dependi ng upon the process of nmaking theconposite, control nmay be exercised
during t kenfpysnat ésHirdimdyBe eRERAEE QUi thedBkrRaforP8f teCddmpoR B 18k 1N a
specific region of the conposite. Therefore, if desired, coordination

copol yneBPattigulpepeis: $ieel irf arspspiéiciregion A he camipoaite bhherefose if dgsirers

startin .di.nat | | rs.a th rocess. faor,. maki ng th oordi nati on
copol ynar oSl BA GBI eR S rbes B SR B A BUigBT Py nalpepeg the

synt hesi zedtit@ cbaidnaion ghlymelLahd e proassypdd maﬁing thé @BorAR@fdrt Yy 1N
applications such as size sel ective separations and size and or shape

sel edt i veopalymeysit & endsiened thatrireerditationicoppleneigvay beyindresiestd/ieer s f or

Geser ool ARSI G Sk PUERERRT iy L R E sl i T
coor di natelecticopepammionsiant due ges or shash s¢lRetE cdtagstwor di nati on pol yners

used to form.a coordi nation_copol yner conposite define a nolecul ar
f r anmewor EO 1[Ia']e c%’éﬁ‘HPlﬁétqféH't%%'?ﬁﬁ?@F@némﬂ BPMerp fefr g inysysthemiziag the ons or

metal ¢ EahiSite LOSRARALLARy Y ARl firdt ub¥ole hARM, Grid she | | 9ands.

The Iinking |I1gand coordi nates two or nore ne Clusters.
The 16r gapracdssridi fogmin gyiinedsompysiteecddndinatior copolgnfdreviikbt.deBbebed.gani ¢

i nki ' d b h tral, h organi ¢ |inki ligand is
ot JOORS TR oS e ER b fchsacBl DR FodaRatobimsabiatn S ool £y
the I'i nkiaghpbaeBean®hb Aokl iaftdyiitk CPRE Y BRIinAtH Hgym%ré bgﬁﬁajd Lnki ng

| 'igand having a first backbone, and a second |inking gand having a second
backboneplurality loé majal atoorenermetad elustere lihked togaiblestac a miliratitykifanganiar e

i denti cal., .hayin for. exanpl.e he sanme aromatic rin r, strai ght .chain
Ihydrol:ar h%’ﬂ“@'%@%r .“'ﬁ%@&%ﬁ'}&?‘EO@E‘T%?%@V%RBQ%?SB a %"é?f“%%'%?iar‘st and
secqsd b@l@lé@@ﬁﬁ'lé@l(&?é?ﬁb i gligatds el rxmedene bhgiffdrést TABGrgaseNd

backbones may have different ring or Straight chain structures; the first

and secoltkipadamriemaydie phaigetraitihms aachgraanistingingrigasrds desved dont es
but be syRtii§Lharged multidentate ligand. Characteristically the linking ligands of a

coordination copolymer include a first linking ligand having a first backbone, and a

second linking ligand having a second backbone. In the most common case, the first

20 and second backbones are identical, having, for example, the same aromatic ring or
straight chain hydrocarbon structures. However, it is also understood that the first
and second backbones may be different. For example, the first and second
backbones may have different ring or straight chain structures; the first and second
backbones may have the same ring or straight chain structures but be substituted

25  with different functional groups; or the first and second backbones may be
hydrocarbons, or may have one or more atoms replaced by a heteroatom such as N,
O, or S. The coordination copolymers may be in crystal form such as in crystal
clusters, they may be catalytically active, and the surface of the coordination polymer
may be polar or non-polar.

30 [0016] In one embodiment of the invention, each metal cluster of the coordination
copolymer includes one or more metal ions with the organic linking ligands partially

or fully compensating for the charges of the metal ions. In a specific embodiment,
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with different functional groups; or the first and second backbones may be
hydr ocar bons, or may have one or nore atons replaced by a heteroatom such

as N, O wo:2810/0ph#3coor di nati on copol yners nmay be in cryp€srals2di0/esigiich as

in crystal clusters, they may be catalytically active, and the surface of

t he coordi nation pol yner may be polar or non-polar. [0016] In one

enbodi ment of the invention, each netal cluster of the coordination

copol yneleacAGhAAESIuSRe ifiludey & nﬁ@hﬂbn'd?rﬂﬁet%&la Hdw@a gﬁétbpséléél%tiﬁﬁ)dw Iﬂg@nds
partially or fully conpensating for the charges of the netal ions. In

speci fi c Sepifpapnestingaichrawy hthaughst@ef thwuﬁ&@s Periodical ableof the Earadamtsu

the 1 opAlEAThaRRTEES! e RN el SRR i bh A kPR ans dcs.

and combiugaful eistal ibas @Mludepre iaté RoEXANDY &S thé nwtaf idh serickéd freRsthencl ude,
but are not linited to, the netal ion selected fromthe group consisting of

My2 6, CaPoup cosisting Bldga+, CER8Sraf, Ba2+TB63+, Y3Z| Tid+, e Hié+ Vi +, V3+,
V2 + , Nb3+, Ta3+, Cr3+, M+3, \L/3+, M3+, M2 +, Re3+, Re2 + Fe3+ Fe2
+, Ru3+, Ve, méyﬂa%tzc@ Mo, Wes2MA3+, Rnl+, Res++ Rel3 Fedtr se n 3+,
Ni2 , N+ Pd2 Pd4 + Agt, Au+

cd2 + ++,RUE(*3QS c';a@$2+| ﬁ0§i CP%mRhéi Bhét RB%, lrﬂlr%féd\hé Nlt&d +,, Sn4

+, Sn2 + 4 4, As + +, + i + -3+

and Bi + PdagbfﬁJrfg CQH?E &l‘dta c’%BoI%‘?rg s&iz nﬁ?b%"e %?P’r@f"%gfc’i"gn Eb yIer s

that have.pr Qi unk 2 ) O@Eﬁqr_@( nt, af th t he

organi c ! nki + aﬁd %ﬁ d’e%%r B:é[i’i %ﬁ@ @ X%‘ d $§g€vﬁ%¢ el n Xis

a fupcti epal OUYN3+ an integer that is equal to or greater than 2, and
4o 893 %1 Anbi$Bi

Yis a hy rocarbon group or a hydrocarbon group having one or nore carbon

atoms r etﬂﬂit?e]d byhecherderatiahaopolydidi8]conmp rizeecarrtipaitior polyneisth&H2ave C( Ar)
N P, of r&a '%%g&ggrﬁ%ﬁp,c%ﬁg%%%} % h%!ﬂivegtgc:’ridge oRArse kn%gﬂgans&s
and G i spfdy (R deSerit¥d ByPForHiiiaab! e exanpl es for
XnY (1)
15
wherein X is a functional group;
n is an integer that is equal to or greater than 2, and

Y is a hydrocarbon group or a hydrocarbon group having one or more

carbon atoms replaced by a heteroatom.

20 [0018] In one embodiment, X is CEo~, C(Ar) o7, RC(=G)C=C(G")R, or
R1C(ZR2)C=C(ZR2)R1; Eis O, S, Se, or Te; Zis N, P, or As; R R1 R2 are H, alkyl
group, or aryl group; Ais N, P, or Asand G is O, S, Se, or Te. Suitable examples for
X include, but are not limited to, CO2", CSo7, ROPOs", PO3"2, ROPO3-2, PO42,

ROAsO»", AsO372, ROAsO32, SO3~, SOy47, Se03", Se04" TeOs3™ or TeOy4". In

25 another embodiment, Y comprises a moiety selected from the group consisting of
monocyclic aromatic ring, a polycyclic aromatic ring, a monocyclic heteroaromatic
ring, a polycyclic heteroaromatic ring, alkyl groups having from 1 to 10 carbon atoms,
and combinations thereof. In another embodiment, Y is alkyl, alkyl amine, aryl amine,

alkyl aryl amine, or phenyl. In yet another embodiment, Y is a C1.1qg alkyl, a Cg.50
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X include, but are not Iimted to, CO2" , CS2" , ROPO2" , PC3-2 , ROPO3 2 ,
PO4-2 , ROASO2" , ASC3-2 , ROASMB-2 , SO3-, SO4-, Seq 3, Seq 4 ,Teq 3- or
Teq 4 . Iwoanwdeers3enbodi ment, Y conprises a noi ety sel @Crams2d100251the group
consi sting of nonocyclic aromatic ring, a polycyclic aromatic ring, a
nonocyclic heteroaromatic ring, a polycyclic heteroaromatic ring, alkyl
groups having from1l to 10 carbon atons, and conbi nations thereof. In

anot her epd@dtid®Rb, oraicy_8) kit eroéﬂdﬁr)/étlcaﬂ’ﬁ@@stéﬁ\y I'l’h@rﬂrp&nlcélinll‘(bf*lg IRfankdsam ne,

or phenyl. In yet another enbodinent, Yis a G| _io a -50aromati c
ring, or neayde e banertharughdut & cbortgnaﬁm §<ﬂ1ym'8‘rleorCrh96€mhan| omKbRgnid gands
may be the sane throughout a coordination poly or nore than one organic

li nki ng NKAAJIIARAY MY Pﬁ@lﬁ%@?@t%'ﬁ a]caowaﬁtmnrmlvr@ﬁr pol ymer. [0019] In oge
enbodi ne th Y terize
by havi mp QL o o EfbbAer o 45 R/EHN5h, 1B RRAMIH SoBEGrRITREF O 55
angstsr onsharacténizzn By havnﬁ@ aar@magmpo&sdmmm frech Dyo n0tanggomaddonpsi on.

I n anot h% §§m0d| ment o [ ' i on_copol yners, are

h d
BABFURER G a9 D@ napBaT St SErTINER DD ORRN FRTRIEE o i ned

char acte

by the L I nmer s
e char B A R o AR R R i B IR 374 BB E&726400. m
/g as debgmay I@Mrfab@awgma&értﬁahmo rh®/gyed dé‘t@%hﬂard I dRdHhuirt he

coor di natlon po has a pore volune per grans of coordination polyner
greater 1MeiRod. Im Qﬂﬂﬂﬁ%f %mb@l@fr@fm theccogydinatiengepolyaness pre oharafoizepl by
Furt hernmpre, bul k g ogertl es of the nultico coordi nation

I
copdidy mePaKiRg gy e J@regtey than hEoe %458 M@%@.Qﬁﬁemln?ﬁl@y&hﬁf erent
li nk I
pgryﬁgstBnQ@ugrQQﬁo@Ug{ wgmﬁ%ﬁﬁﬂ%&@nhégﬁbu%@&rgggﬁ gg)[%a? coor dpnat ion

copol ymegs|uad pet §img bﬁc@&arn@haﬁtao%@ro@@byémhén 001 B35y BE e Afted BY
speci fic purposes which require specific bulk properties. For exanple,

cont r ol | NAPIEReadaerpinie ar ea of the coordination copolyner conposite coul d
o SRl BER TRAEEIS o B A Sndh Rabn Do,
sitds. copolymer may be controlled by varying the concentration of the different linkers in
solution during syntheses of at least one of the coordination polymers, see Example
2. Controlling the bulk properties of coordination copolymers allow for the
coordination copolymers to be synthesized for specific purposes which require
specific bulk properties. For example, controlling the surface area of the coordination
20  copolymer composite could allow an end user to use less material to accomplish a
given task because of the higher surface area provides a significantly larger number
of active sites.
[0021] Controlling the order of the addition of the linkers constitutes an approach
to making the coordination copolymer and can be considered a seeded growth
25  technique involving epitaxial growth of metal organic coordinated molecules with
different components. The resultant composition of matter is a layered material
derived from the nesting of the frameworks. Previously, techniques have relied on
substitution of metal ions resulting in color contrast or magnetism changes. The
technique herein allows for engineering of multi layered crystalline structure with
30  different functionality. First, seeds of two different coordination polymers, A and B,
are separately prepared such as by the solvothermal process. Time and heat may be

applied to allow seeds of the coordination polymers A and B to grow. Typical
-7-



[0021] Controlling the order of the addition of the linkers constitutes an
approach to nmaki ng the coordination copolynmer and can be considered a
seeded grwet2pierai que i nvol ving epitaxial growth of meCaluserigmeiigs

coordi nated nol ecules with different conponents. The resultant conposition
of matter is a layered material derived fromthe nesting of the franmeworks.
Previ ously, techniques have relied on substitution of netal ions resulting

in color &w&n.a&ﬁw&m&&a&kw fﬂ&r‘r‘d@ﬁ@ﬁﬁamﬂﬁéﬁt t@gé@qm%tﬁwa%han Fgomor
engi neering of multi h gered crystalline structure with ferent
Ss

functi onsmmuies triment ECQn’nnmmaw ¢rystadizaticos it iake arﬁe\pdﬂogum@tcsa fewand

neat ey BUCabaTHENE 128 Guraauhleny PEIERBeRTe e RO Fafeus Ba75 1 o

grow. Typh&mhe! ¥isfénld Bedrisad 4@@@@!3@&%%&@@&9 indlode ﬁiThia@ﬁiHeé OsAffdfes, Wi t h
reaction tines frommnutes to nonths. Mbst conmon are crystallizations

t hat I ak@itslesegstesairamingsacthers,d@jenes, asemater, aliphatico@atesxangl es of

ays. surbERRbaten S8R fs SkalhEA el ot AR foltitfsale.

am nes, einh@baia, kekamnehernzeagpiolgsne, aylepbabhlosobef@baé, nidddengarid, nat i ons
t her eof . SpeC|f|c exanpl es of . solvents include, but are not Iim 't ed to,

amoni a, "ReRHReng dhipeRene  RYrisinR aoxawr@aé 2-gighipresthanen eethylepesintidae
napht hal Z@tﬁ?@d?bﬁ?g?rﬁhaﬁ%éﬁﬁr‘r)é‘%eﬁ 1N %’rﬂbﬁ{vl ﬂfrﬁﬁc\wageN N-diethyl

met hyl en ride, tetrah Uran ano am ne rie
N. N-di rretfd)ryrharhmierrmatldmol[\bmadbelptharfdran‘aoharle dimesgthglaolfoxicd, hamdﬂrofq:vm)panol ,

al cohol s ul f oxi chol o of orm , br opof or di br ononet hane,
odo or Mo PRIBHSEHATE M BRBG dRH Do AR EOR B Ge elggenaiad oigant

N, N-di m%@Weﬁ?@WW&#ﬁwetMl&bet@hﬁ&@yN @F%é‘tﬂg%‘%ets&m@%t l?%ét%ypi{ﬁg/ﬂjo'hﬁm'aﬂﬂe
am de solvents, methyl pyridine, dinet ridine, and m xtu er eof

[ 0022] Trwmde@ob/@nta (ml’retbylplyhélnleedpieeihylwndleactarm#mmulr@snbeeoare exchanged.
sol uti o

f th d
coor ot nadP0RRTpol Jith Sapfitiohd i PereRlvg Beaiol b U5 PR drorat i on
pol yrser Bxaaipfe, @ POMtibh O tied rédr@iohesitiPcsiRhiinPsesnéiad Jordigat e Bolydher

coordi nati on ynmer B is added to the reaction solution for coordi nat i on

pol ymer A IS@rcfot@@Upébe reaptionusaletjon toseosebrrticampalyrien &; sorta pedionsf the added
to fresh réf&fbtn' é%)nuﬁo% é'&ﬁtgf?]ﬁwd E'Eé&agf @Jor&irﬁgﬁgn 'ﬂ)%ﬁﬁ’néPB Qseg&'i&ﬁ fo the reaction

solution for coordination polymer A. Of course, for purity, the seed-containing
portions may be added to fresh reaction solutions instead of those used to generate

20  the seeds. Time and heat may again be applied causing a new layer of coordination
polymer to grow on top of the primary layer already present, see Example 3. The
procedure may be stopped at this point with a coordination copolymer having two
coordination polymers, one as a primary or core layer and the other as a layer over
or surrounding the primary layer, such as a shell. Or, the procedure may continue

25  with one or more iterations causing additional layers of coordination polymers to
grow. The original two coordination polymers may be used to form alternating layers,
or additional different coordination polymers may be used to create layers of different
compositions. It is also within the scope of the invention to grow the first layer on a
substrate with the second layer grown over the first layer and so on.

30 [0023] Through selecting different coordination polymers in the different layers,
the coordination copolymer composition of matter may be engineered for a specific

purpose. For example, a coordination polymer in the primary or core layer may
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the seeds. Tinme and heat may again be applied causing a new | ayer of
coordi nati on polyner to grow on top of the primary |ayer already present,
see Exanpve 2810/0phE3pr ocedure may be stopped at this poi RCTRISROT0A25145
coordi nati on copol yner having two coordination polyners, one as a prinmary
or core layer and the other as a |ayer over or surrounding the primry

| ayer, such as a shell. O, the procedure may continue with one or nore

i terati ongnfAn$drge A6 'st'e@n@/hllé @W&dlﬂﬁtl@@ﬁbgkﬁ@tlh% ARk AR SvbPiHY oW,  The
original two coordination polyners may be Us to formalternating |ayers,

or addi t ipsinedry daydgranayconiadr sinabe! mremze;anm &lamaybmmm&nai nayehe eisedyer s
f odiff t t Tt i | i t t h t h t to

or ow t he a1 BENGRpaety BEeuye abSaPenf e ThEIdish FoRLy BRI BabMeT ey e

first | aygjul@ogeffe e prdideie Jé]é@mgw aplleehd Rg Qﬂ;ﬁér@rc@&dnﬁaﬁéﬁipawann

polymers in the dlfferent | ayers, theée coordlnatlon copol ymer conposition of
matt &r nilye pBEMayiayes veyld @pe@t% kepravide pingloeapadityr Tgmgmféhe Kinetics of

i zes. aipe BaKBRR AR BBy DRmosS g RaRel BLer TBL PP B e e y
| ayer Wawopclyhﬁsirl’mambb@htrb@é@wS’dhé%amé Mdrites. P@herhite MRiuRIstéde o@ylyees used
as a high capacity selective adsorbent. The smaller pore coordi nation

pol ymer I"h?ér‘”%lﬁ'l‘%teﬂﬁ'emayé’et Q”’B?@w de the selectivity, whil e the | arger
por e coogaf %‘@t ' ?B}/]BBIe‘éﬂﬁé a%féal%i“én bHPdnb{atj:cﬁ%’ §§ly?‘?%‘|”tl‘i’at9%% dé‘ |§gh§r?réét§,

hi gh cap I netics of upt ake ‘an
possliobl eihél:d)@ndlrmtmea’dpodgsn@f me@eadeiamatdawystdp@laya‘ryZe E&gadft&)m(éfmr ol |l ed

in the sane nner her nor e, | ti stage catalysts in a single terial
my. be 1SRRG 156 5RP AN SRRV ORS¢ HETRSAD! GBI eHhar
has a Cabﬁ&%&é&aﬁ éérﬂﬁctlriéf‘&féé%%dﬂh%h EI%Q nETRGECHRY whf tHeed as a

catalyst to catalyze a rea For  exa e coordi nation copol yner
may be usedrqnmata)rpcrmdymer ocompnsmgratt|leagstzatf|rb'eemmmwon¢m¢yraartarhxyacsenbadt| ng

f eed t ant th th d
corpr i si RGPS AERCoNmEF SePeB 4h TR s eprdatiar B3bate e88Pe nat i on
pol yimer ygiiehNahd@hkldif tat fstbt SRE VA rdiRLTiSH Parrymm RRPHERE S dtglyhiet
i dentical and wherein at |east one coordination polyner conprises a

cat al yt i &urfalinbt icogive eogivodedpiasiiehin anofhes gkample, thearasctien maydimpae, the
react| Onh%%cg%o% conversion reaction where a feed comprising hydrocarbons is contacted

with a coordination copolymer comprising at least a first coordination polymer and a
second coordination polymer wherein the first and second coordination polymers are

20  not identical and wherein at least one coordination polymer comprises a catalytic
function, to give a converted product. Hydrocarbon conversion process include
reactions such as cracking, hydrocracking, aromatic alkylation, isoparaffin alkylation,
isomerization, polymerization, reforming, dewaxing, hydrogenation,
dehydrogenation, transalkylation, dealkylation, hydration, dehydration, hydrotreating,

25  hydrodenitrogenation, hydrodesulfurization, methanation, ring opening, and syngas
shift. In another embodiment, the catalytic functionality may be added to the
coordination copolymer after synthesis.
[0025] Examples 5-7 further demonstrate that a coordination polymer with a
particular crystal habit can be successfully layered on crystals of a coordination

30  polymer with a different crystal habit. In general this is a difficult task to carry out
successfully because crystals tend to grow most effectively on seeds of the same

morphology and crystal habit. For example, prisms grow best on prisms and cubes
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hydr ocar bon conversi on reaction where a feed conprising hydrocarbons is
contacted with a coordination copolynmer conprising at |least a first

coor di natworropdldym@dr and a second coordination pol ynmer RREAUSRO00RHE4S | r St
and second coordination polynmers are not identical and wherein at |east one
coordi nati on polynmer conprises a catalytic function, to give a converted
product. Hydrocarbon conversion process include reactions such as cracking,

hydr ocr agfbWab ﬁbﬁ@abé Ohk BtHhankdS ERALAE EhR AW AbtRBgen SRS | zati on,
pol ymer i ?gdt)l OI’?S ref or m§ng, dewaxi nga,n hy?gogenat |az§£r§J< dehyd r%gﬁenatlon

transal kylluataabed oa@anmpaa@ieﬁmreaydtrlatrea@;ommwme@tamrsa’tycated wetiat lempect

dr odesul f d
Syngas skt I REReL e Rn B reiici et et TRV &F utin SHERIEE Ty be
added t o nidteriglo Fod eRabR) u@e)mbwr@ér@mét@hw B/ rﬁ;clé&@a%dﬁhémbﬁﬁn@e 7

further denonstrate that a coordination r wWith a particular crystal
habi t5 cafP g@vgaé@é@wake%ona;a@ms(masw il tbecﬁtm@sab@nedl nati on pol yner

car 'y oulo08cos Tt Ry HssdR sreoiok RPERE=Phgistichd Pufl e Sl BBt , o

seeds of et;bemaﬂgnmermwﬂwbbme forst] ot lcyed @lyeha:blatsmﬁloror%@mdr?stapél!zé f&gieiedW
best on pr| sns and cubesgrow best on cubes. On the other hand, crystals can

al so be PB?@@%@%@@W th%@ﬁ@awat%%cmmwm Hitoy? QQrwR¢ althpuake@ysighs
m xt ur e_s ﬁ\trd"m Wl S rlicrbR ifh BEer rﬁl}‘b{?ﬁ Gﬁ%%ﬁsa?sr%e QLhe

nucleatlo '8 gl ven crystalline ma exanple; ice
crysidal s n"aertenédeOéheoghes@uahgcnyetall&ateeMoamdretgnm‘r indvatbitramel rorgiadgyathan

wf | ak d articles | t he at ppsphere. [0026] This process S
onabi ed B9t epaimg! e e matana [igusver, RepapanaT b i S@@p@ﬂ gt lasse
crystal Welltd?én(f)ur'ic%d cirrg%ttaméﬁlt 'aﬁM‘?‘ﬁ@rlphBl y,sfﬁ@ Erys@is Be“era%g); @Bénm

regime. In one enb , the nanocryst can rang rom
al t houghby tlysit ah@raatmtstﬂaqdmw@rmWaaam éMeawnea,ewhmacsecondéaym lsgmwmi N

' egul apTithe RubRce Bh i IEL RPBADe ShaRY Herald YAy e e A mdfiun wil
mat gsi al ap E@mmeme flﬁﬁﬁ;@ﬂo’d@c{ RBID p&edif o & SepadtOELESF fekgwel | pronounced
crystal t and norp gfytls( the crystals can be easily identified by

their chEQQ%?t]er iAKRY bﬁﬁ ﬁmr9§@$5ensrthaLﬁhrae@wst@ls ofiba secerd omtetialyaan i s
grown be grown on crystals of the first or core layer in the same reaction solution used to

grow the first material. Such in sifu or “one-pot” syntheses are of significant practical
importance because of such issues as waste minimization and elimination of costly

20 intermediate processing steps such as isolation and purification of the first material
before subjecting the first material to the layering chemistry of the second layer.
Nevertheless, in another embodiment of this invention, the crystals of the first layer
are isolated and re-suspend in a supersaturated solution of the second material in
order to grow the second material on the first material. This processing might be

25 required where the solution chemistries or other processing conditions of the two
materials are incompatible.
[0028] Another aspect of the “one-pot” Examples 5 through 7 is matching the
chemistry of the material of the first or core layer with the chemistry of the second
layer. This is important because, for example, the solvent for the first layer must be

30 similar to, or the same as, the solvent for the second layer. This is because the
reagents for the preparation of the second layer must be added to a suspension of

the nanocrystals of the first layer. If the reagents for the preparation of the second
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on the surface of the first layer, the second material's characteristic XRD
pattern will appear in the final product XRD pattern as a separate set of
peaks. [ 08210y benefit of this process is that thePCTyse@E0H2TH5t he
second material can be grown on crystals of the first or core layer in the
sane reaction solution used to grow the first material. Such in situ or
"one-pot" syntheses are of significant practical inportance because of such

i ssues asny¥@FhLard iRsETLBRLIH e 3BReAl fraannﬁtelm@pé}fatnéﬁ%tfkwe ﬁm pidBAhabEF
pr ocessi ng steps such as isolation and purification of e first materi al

bef ore siitgsectaaggniseatt wih angtherissluble r@&@ﬂté@iéﬂvergnmca’tﬁrqmdhet he

second | he LN ano her enbodi i S.I. entlo t he
crystal s%%%;qrﬁgkg%( QT ”ﬁé?ﬂat%raé qs&&eggvyaﬂr(ﬁadpgps% 858@%"% %%B‘@P’ngr at ed
sol uti on ar tHehetheerand, tﬁ@tdh@hﬁétry af Weﬂkﬂé heatioh QN thd 866D AthtERdI fhayabeON t he
first material. This processing m ght requi red where the solution

chenidst r tailored insuelt a praycass i regct wibi moérix, emd/@martnaby dtssehviedhe caysdals of

o mat eni'h isharRan 20P eS8 Rl B TRL RRler EMRRe bR ¢

t he chen‘pstsse/ssoé hidrey desicaige lpaysital ﬂH@Eérty %ubm@rdrwahcbemmy dragryg¥pnpl e,
the solvent for the first |ayer nust be simlar to, or the sane as, the

sol vent fBeJit e second | ayer. This is because the reagents for the

pr epar at mpsﬂf tlﬂ%hé%&%ﬂfble}@ﬁé _sg;égh?ﬁ%f e&%%cg hé ¢ %@ﬁ%\nfé@e% L&%n

nanocrys s of the first he reagen Peparatt on of the
secdfdnmather ofisetaiacemst cm‘b(l-'éDipeakbéosthle%mtrefspe(mvreheammimrﬁte geneshl t he

first material, .or if these re nts react with anot her sol ubl e reagent
left oveFSPignaithese, raTEnstsd Rivem feaicaly BRCIINS fareachRIPRFHIoW Riesi r ed

by- pr odugisicagskeic @umm@st BASSH HRYhd ﬁ{d@m@} fbhﬁu@t&%eggeﬁed?w%ﬁeﬂhst ry

of the preparation of the second material may be tail or a way as
to react esiinolaraatiolpt obambAse, paht astriephydaming (TEA)was uged ples cafboxbiic fi r st

| | f
Then pos8ebatabiiditin §/ehe Br R Rae HptsiBansh, phidiar B bikta o e Shistsionsifsi «
or anryst fitstioR’ceed ifaYeridl 082&ion! iB dliBReaX8MRb&Sed Fo'ﬁ@nseﬁﬂ >J§|hét@ pSHrlo‘élCHme?é‘d

shell materials were based on the offset placenent eaks for the two
respecti befaraths peldition phererarised reactants for the second materlal etails are

provided in Examples 5 — 7. Abbreviations as used in the examples include:

H3BTC - 1,3,5-benzenetricarboxylic acid

DMF — N,N-Dimethylformamide
20  EtOH — Ethyl alcohol
TEA - Triethylamine
HoBDC — 1,4-benzenedicarboxylic acid

Bipy — 4,4’-bipyridyl

25  MOF formulas as used in the example include:
HKUST-1  CugBTCo(H20)3

MOF-508  ZnBDC(bipy)1/2 DMF(Ho0)1/2
IRMOF-1  ZngO(BDC)3
MIL-53 Al(OH)(BDC)(HoBDC)g 7

30 [0030] As used inthe examples below, an abbreviation of a coordination

copolymer is as follows: a first MOF formula is recited, followed by the symbol @,
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desi gn of these experinments involves reducing reactants for each product
down to stoichionetric quantities, based on the nolecular fornula of the
desired pwoowy099d equi nol ar anmount of a base, such asPCEiusehplo2dstithe ( TEA)
was used per carboxylic acid function in order to facilitate coordination
of linker to netal or metal clusters. The first or core material reaction
Is allowed to proceed for an appropriate period of tinme before the addition

of pre- Wéﬂ%@véoe@%%@béncﬁ MOEREme§a ORI IR @wayme@traa baoﬁtr@atwm
Exanples 5 - : brevi ati ons as used in the exanpl es incl ude:

1, 3, 5- beﬁﬁ%ab@wn@arrﬁowyg|reu!a@lied\/laﬁﬁormpulas, @aﬂﬁsﬁpammﬁm@emtm&bﬂhm

ol conc! Tt Hamealy ge.@g&g%@ VR B RS S AE M St 5

BTC2(H2 ebgolykier 20RtaAMBEE0M FRMOF-8 dARIOF-5) and RIORYEHIMOF3 @(I\BDE)QOS
M L- 53 AI(G—l)é)BDC (H 2 BDC)o.7 [0030] As used in the exanples bel ow,__an
abbr évi afS to @p%@edhﬂﬁppm%@b«v%ymeg cartafing glidhreg of MQF- EMMOFor nul a

|s recitad,,fRhhPud Ribrd Bty J@P{he@go%lhgﬁﬁigmﬁo n?e‘?%%@qayzé% off(Rﬁ

Mul ti pl e topol'yners 1 n a” coor I'on copo r a e shown reC|
mul ti pl etbrded biitheaalbye sadhy depafiatied lﬁm@érabbmwmhﬁrs by the synbol @ For

exanpl e, | RVOF- 3 -5 |s used to describe the coordi nation copoly
cont ai ni Pt h ]%@I%l@nwoquﬂpwgd feant WQ@'W95@@ eé“eu%éd to

descri beg@%%@gt@ M('S"B%n%@r’\‘é @}'J‘Hl&%r@&{ylétgrﬁﬁas ) Mo MOF- 3,

and MOF en t e coordi nation copol'yner | ayers of MOFs,
t he 160r deillustratenthel |ay/@rrts>nrrA)s rekgedurek; itasl noted et abtbleqveaema,mof fioo3ittat®he

O B SR Banel AT Bel e Bk redie das 1o
generate a coordination polymer, MOF-5, the crystal structure analysis of which
shows it to be a simple cubic net in the Fm-3m space group. Similarly, pure 2-amino
benzene-1,4-dicarboxylic acid reacts to generate IRMOF-3 which has isostructure
15 with MOF-5. As the first examples, seeds of MOF-5 and IRMOF-3 were separately
prepared under the same solvothermal process as the synthesis of MOF-5. After 15
h, the respective reaction solutions were exchanged, i.e. seed crystals of MOF-5

were immersed in the unreacted solution of ABDC and Zn(NO3)2, and vice versa.

Heating the solutions for another 15 h produced the coordination copolymers. The
20  microscope image of the resultant products reveals core-shell cubes, see FIG. 1a
and FIG. 1b, with color contrast corresponding to white (MOF-5) and orange
(IRMOF-3). FIG. 1a shows IRMOF-3 as the shell layer and MOF-5 as the core layer,
while FIG. 1b shows MOF-5 as the shell layer and IRMOF-3 as the core layer. The
scale bar in FIG. 1a and 1b is 200um. In both cases of MOF-5 and IRMOF-3 as

25  seeds, core-shell-fashioned MOFs are successfully obtained. TH NMR analysis after
the decomposition with the core-shell MOFs showed that the molar composition of
the block copolymer as BDC:ABDC = 1:1, indicating the successful formation of

MOF shells growing from the anchor points of carboxylate groups on the surface of
seeded MOFs. The No uptake of both core-shell MOFs are 820 cm3/g for both

30 IRMOF-3@MOF-5 and MOF-5@IRMOF-3, which are between that of MOF-5 (920
cm3/g) and that of IRMOF-3 (750 cm3/g).
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illustrate the invention. As background, it is noted that in the presence
of zinc nitrate tetrahydrate and diethyl foram de (DEF), pure benzene-1

, 4- di car bgeybicaesd reacts to generate a coordi nati on BOISIsRE10/0R8HS 5, t he
crystal structure analysis of which shows it to be a sinple cubic net in
the Fm 3m space group. Simlarly, pure 2-am no benzene-1 ,4-dicarboxylic
acid reacts to generate | RMOF-3 which has isostructure with MOF-5. As the
first expoe8gs, Ap@glmgqﬁe NMeEd Yyranth teBVRIiqud ineressipasfaiopd¥hBl BIRFSGhender
t he sane sol vothermal process as the synthesis of MOF-5. After 15 h, the
respect | W'Wéﬁ%&eidcﬁfyéfép arpbie alger RroguedrgEvthiof evsa tay et fips HesCoe- NOF- 5
were i i f n d vice

m@ﬁéﬁageé%mﬁeg&ltl gt gcﬁ%é‘: anaigﬁ)ﬁﬁp gg I% ﬁ'wgéaﬁere?\?

ver sa. e so or anot ced he 'coor di nati on

copol yrrenmltnlﬂnerem MOFSQN@I@ sumgesfoﬂy bhmuo@siu Mcamis @IRMOEL3 @NeOFah,sas
core-shel| cubes and FIG 1b, with col or contrast

cor 1 SspoRtPHE T B1GneR e BNIOF - ARMF -5 GarMGEra8 phornan Ha: SAoTEe | RCE- 3
as the sﬁgﬂeqaqyﬂ:]@n% ngszoto core |ayer, while FIG 1b shows MOF-5

as the she ayer an e core layer. The scale bar in FIG la
and 1b is 200mm In both cases of MOF-5 and | RMOF-3 as seeds,

core-shel | -fashi oned MEXAMR Eddtrepafatidnyofdboraistesd. MBFASVR anal ysis after
the deconposition with the core-shell MOFs showed that the nolar

cucoosst IOHAr et ARDE R PR AR o Bt o 4 e A T e of
cor o she 1 GREALR AL A VEIe) R eR AR e (2 8%&& 3

whi gy ar ‘?Obﬁ’LW?@'EFt \W@Fe QBdM% 50&%3‘3?% ixiines hBA sohichiRTbr %Wlﬁoarﬁm

/9).[0032] Applying the seed growh technique In presence of core-she
MOFs, thbea*lmldtatl Cedfter yéﬂabsbcsaha@edadrsstamwdmf@dneﬁrmmm sblutiens.a | ayer

f th | | ds nake Itern I 3, | a ers Two
i 11 er ond PN 89LRERE Riere SnprRetarioubdhall il adh Blfer) RS Erid

MOF- 5, aRe&feeVit 1'0©°E|f6ir anéthefNd . RMefprdandtsMEre @ SREdFwith DAEF ah@\tﬁbn n FI G
2b. The scale bar in FIG 2a and 2b is 200mm EXAMPLE 1 Preparation of

Cor e- sheppakgoiy CHCIa.

15 EXAMPLE 2 Preparation of multilayered MOFs

[0034] The preparation of core-shell MOFs as seeds was carried out in the same
way as described above in Example 1. After the formation of core-shell MOFs, the
solution was decanted and the fresh mixture including Zn(NO3)2-4H>0 (0.208 g,
0.795 mmol) and HoABDC (48 mg, 0.26 mmol) or HoBDC (44 mg, 0.26 mmol) in 10

20  mL of DEF was added. The mixtures were heated at 100°C for another 15 h. The
products were washed with DEF and then soaked in CHCI3.

EXAMPLE 3 Post-modification of the shell part in the core-shell MOFs

[0035] Wet state of core-shell MOF (IRMOF-3@MOF-5, 10mg) and 10mg of
Cyclohexyl isocyante were mixed in 1mL of Chloroform. The mixture was stirred by a
25  shaking bath at room temperature for 3 days. After reaction, the products were

washed with Chloroform.
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[ 0033] H2ABDC (48 ng, 0.26 mml) and H2BDC (44 ng, 0.26 mmol) were charged
to 20 M _ of vials, separately. Zn(NO3)2-4H20 (0.208 g, 0.795 nmol) and 10
m _ of DBvoweradded to both vials. The m xtures were ®OmIUSaM1I0H2516F 15 min

and heated at 1000C. After 15 h, cubic-shaped crystals were forned in both
solutions. Then both solutions were decanted and switched with each other.
The m xtures were heated at 1000C for another 15 h. The products were

washed with DEF argkARenEse akedburemehiChidiff{oNRE Rild r&d aRgnadFen of
mul til ayered MOFs [ 0034] The preparation of core-shell MOFs as seeds was

carried out in the sane as descri bed above in Exan‘gl e 1. After the
&

f or mat i oh0@36 corM@‘_ﬁe‘{VP"Wedﬂﬁ@ _RMWfinda red solkiearn ehlosi@ e f r esh
BDC (48 ,
0 56" o Pl Ao Dedl Bflfiofts s MRATTRI ARV GEETC (42 10

m Xt ures specteoﬂmetéredsmg tﬂzé@@ﬁbrfamlbnamméjehe hﬂe hed Ebacattextiontin swajt?n\elaﬁd&eh ﬂ .
wth DEFad soa ed|n CHCI EXAMPLE 3 Post-nodification of the she
part Jin Pﬁgul?d?‘g o8t | er\meﬁmggjh%i{e dgancgntratiers. dhe pdsprged ameppts3 @
MOF-5, 1@fHe ﬁl'ﬂéjre]cﬂ% ROy GeRDAREA Lescp(@fénéf?s lﬁt 3PHE L dunt B aB5orbed

Chl oroform The m xture was stlrre y a shakin th at roomtenperature
for 3 dayge red irdo (teacoomtinatidmecqpabygiuet whessie thaabie dosidiration polymers of

Chl f EXANPLE 4 Me t f d 0036
VOFs. ver e GaREmaTs oo aimEMQE L eid MR o it StabelioR prescr: bod
time, theogh I?H&Weiﬁfthé%étdo%%nﬁﬁ&w Bsgﬁ\‘éf@@f% é‘o&MTn‘é‘h%n%?Bi VneTEE &l -
Using the calibration curve, the nile red concentration in solutions was

cal dOI at excloFexyhmonifier FRMEFe3 eind MOME] @ addnaiomcefraxpasiionimet he adsor bed
amounts of the nile red into MOFs were neasured. FIG 3 is a plot of the

amount of adsorbed nil o ymer wherein the
two coordi nation pol yrrgEr)gE@PL’%i %%W@?*%@%ﬁ‘%‘ﬁ%ﬁ@ﬁ are | RMOF-3 and
MOF-5 and (2) a coordination copol yner wherein the two coordination
pol ymer s[@037]he & aaspmsidn ohnao@dKYBT-1 invkasgprepatarhiex utidimgdH4BEC (DRYF- 3 and
MOF-5, as a function of exposure tine.

2.38mmol), DMF (8.3mL), EtOH (8.3mL), water (8.3mL), and copper (ll) nitrate

(0.83g, 3.57mmol) to a glass jar with magnetic stirring at room temperature. TEA

15 (1mL, 7.14mmol) was slowly added, the jar sealed, and the cloudy blue suspension
stirred at room temperature for 3.5 hours. Meanwhile, a clear, colorless solution of

HoBDC (0.38g, 2.37mmol), DMF (50mL), EtOH (50mL), bipy (0.19g, 1.18mmol), and

zinc (Il) nitrate (0.70g, 2.37mmol) was prepared in a glass beaker with magnetic
stirring at room temperature. This clear, colorless solution was slowly added to the

20  nanoHKUST-1 suspension above, the jar sealed, and the mixture stirred. After 3
hours the suspension pH was 2-3. A TEA/DMF/EtOH (0.6, 41.7, 41.7mL) solution
was then slowly added dropwise to the mixture, which was finally sealed and allowed
to stir overnight. The turquoise solid was separated from the clear, colorless liquid
(pH~5) by filtration through 0.45um filter paper, and then dried in a 60 °C oven under

25  nitrogen overnight. Elemental analysis via inductively coupled plasma (ICP) on the
filtrate solution revealed that <0.0001 mass% of Zn and Cu remained in solution after
the reaction. Meanwhile, the XRD powder pattern for the solid material showed
peaks for both MOF-508 and HKUST-1, and ICP elemental analysis on the solid
product revealed the presence of both metals, Cu and Zn.

30
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EXAMPLE 5 nanoMOF-508 on nanoHKUST-1 [ 0037] A suspension of nanoHKUST-1 was
prepared by addi ng H3BTC (0.5g, 2.38mvol), DWF (8.3nL), EtOH (8.3nL), water
(8.3nmL), wocowaepes (11) nitrate (0.83g, 3.57mmol) to aP@TAS01042514 t h
magnetic stirring at roomtenperature. TEA ( 1nL, 7.14nmol) was slowy
added, the jar sealed, and the cloudy blue suspension stirred at room
tenperature for 3.5 hours. Meanwhile, a clear, colorless solution of H2 BDC
(0.38g, 2.37mml), DVF EXAMPLE BtridriofiOriz0s & pnd®BMOE.1 1. 18mml ), and
zinc (I1) nitrate (0.7Qg, 2.37mml) was prepared in a glass beaker with

magnetic stirring at roomtenperature. This clear, colorless solution was
slow y ad@@8l o AseshengprigEnanoliMpEnt was risBeEd bnadding HaBIPEA0.88ed t he

i xt t d h th 2-3. A .TEAl / Et OH
(o 63 Bramo v {ogdang Fineldd eRe 15 o OnQBwﬁﬁt%slﬂma VB he
m Xt Ur e, brelic g Betdom s SABITEN QUAFILL Sfiid) AU SRR Bchono
e P

turquoi se solid was separat ed fromthe clear, orl ess i qui H-5) by
filtriati¢gar sealed gindatheSiondy White spamaloraahrredhehrm wnparaaumwa foven

(10P) on "PRE PR SsspeBRER o ol Rl o o0 1ol LG e OB oy 0™
For the 4018 Ilebfa Rl zb L ARets @5"7%%‘3%@?%9@5&/5@%&%@%‘%9@35%? I

el ement albeakat with snaynetigestising dt oo terh pereveel Ednstrhm(yosmme)m\ivab@tdww
metal s, Cu and Zn. EXAVPLE 6 nanoMOF- 508 on nano! RMOF-1 [0038] A suspension
of nanol RYERd 10 jhenanlFMQ@E- byusraNsiRY mtbm%’walqﬁﬂ?@ﬂ)thewﬂ{mloom

and gj nc filbY. théf@h&ﬁ@h%suslpig lp)%s% S@%?TE&{E’( I-'ig)ﬁag?ﬁ’i Eol%bﬁ“ ng

at room tenrper ature was s
seal ed, a\m@ slbrelycd dvlediydnofpinise tmthpernsdwa whlohr\eals analtwmaleempdrailbuned tbor 3.5

hour s. nvx/m | e us nS| of H2BDC (0. 38 ),
bi by (0. FUCEvemIcht R o 3 e(rﬁrateﬁ liotihe plsafcpioRss g Joias
prepared t dﬁg' msﬁl I r Thi s
m | ky susggaﬁlﬁﬁﬁggpg?m{m%c@ to g na{neg dﬁ%%éa&fiﬁggeﬁgagﬁ ﬁ%og t he
j ar seal edgen anmdet hEragemtomemghi Hedentfésﬂ tealy3ishmutte filtratessspgors reveapdd was
3-3. 1% A TFGN ass% o(f %n l’emalnea in solu’aon after the reaction. Meanwhile, the XRD

powder pattern for the solid material showed peaks for both MOF-508 and IRMOF-1,

and elemental analysis on the solid product revealed the presence of Zn.
EXAMPLE 7 nanoMIL-53 on nanoHKUST-1

[0039] A suspension of nanoHKUST-1 was prepared by adding H3BTC (0.5g,
20  2.38mmol), DMF (8.3mL), EtOH (8.3mL), HoO (8.3mL), and copper (lI) nitrate

(0.83g, 3.57mmol) to a glass jar with magnetic stirring at room temperature. TEA
(1mL, 7.14mmol) was slowly added, the jar sealed, and the cloudy blue suspension

stirred at room temperature for 3.5 hours. Meanwhile, a suspension of HoBDC
(0.58g, 3.5mmol), DMF (10mL), EtOH (10mL), HoO (10mL) and aluminum (ll1)

25 nitrate (2.6g, 6.9mmol) was prepared in a glass beaker with magnetic stirring at room
temperature. The cloudy white suspension was slowly added to the nanoHKUST-1
suspension above, the jar sealed, and the mixture stirred. After 3 hours the
suspension pH was 1.5-2.5. A TEA/DMF/EtOH/H20 (0.96, 7.7, 7.7, 8.7mL) solution
was slowly added drop-wise to the mixture which was finally sealed and stirred

30  overnight. The blue suspension was centrifuged at 15,000 relative centrifugal force
-15-



was slowy added dropwi se to the m xture, which was finally seal ed and
allowed to stir overnight. The white solid was separated fromthe clear,
col or | esswDi2quV@94pH approxi mately 4) by filtration thr ®GgUSQ1ABR S i | t er
paper, and then dried in a 600C oven under nitrogen overnight. El enental
analysis on the filtrate solution revealed 0.1 6mass% of Zn remai ned in
solution after the reaction. Meanwhile, the XRD powder pattern for the
sol i d mat(edfj R 1steurethen@atferfiguobat H wmmtémaame saias velre epiabal
anal ysis on the sol i d product reveal ed the presence of Zn. EXAMPLE 7
nanoM L- 53 adi0 Ra@KuUSIernifrogs pvarnighi pehe | pbwidlen prikeisTioL theasoljsk epar ed

and” coppdParin s EpeRi R BR MISKA g FRYIST-4) 284 Serpinal andlighan Be

stirring rﬁéth@@ﬁméﬁ@péé@w 694 hefsbe Duland’0 14 RS2 VASH SbRiton, added, he
jar seal ed, and the cloudy blue suspension stirred at roomtenperature for

3.5 hours. Meanwhile, a suspension of H2BDC (0.58g, 3.5mvol), DWF ( 101),
EtOH ( 1Onl), H20O ( 1Onl) and aluminum (I11) nitrate (2.6g, 6.9mvl) was
prepared in a glass beaker with magnetic stirring at roomtenperature. The
cl oudy white suspension was slowy added to the nanoHKUST-1 suspensi on
above, the jar sealed, and the m xture stirred. After 3 hours the
suspension pH was 1.5-2.5. A TEA/ DMF/ Et OH H20 (0.96, 7.7, 7.7, 8.7m)
solution was slowy added drop-wi se to the m xture which was finally seal ed
and stirred overnight. The blue suspension was centrifuged at 15, 000
relative centrifugal force(rcf) for 1 hour, the nother |iquor at pH 2-3 was
decanted, and the solids were dried in a 500C oven under nitrogen

overni ght. The XRD powder pattern for the solid material showed peaks for
both ML-53 and HKUST-1 , and el enental analysis on the nother |iquor
revealed 0.094 mass% Cu and 0.1 1 mass% Al in solution. CLAIMS: 1. A

coordi nati on copol ynmer conprising at least a first coordination polynmer and
a second coordination polynmer wherein the first and second coordi nation

pol yners are not identical. 2. The coordination copolymer of claiml
wherein the first and the second coordination polyners conprise at | east
one netal atomor cluster selected
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fromthe group consisting of a nenber of any of | UPAC G oups 1 to 16,
actinides, and |l anthanides. 3 . The coordination copolyner of claim1l
wher ei n tWe 2bivep14and t he second coordi nati on pol yners ®CHAIS2&I8/02F1gANI C

i nking |igands according to the formula: XnY (1) wherein X is a functional
group; nis an integer that is equal to or greater than 2 , and Y is a

hydr ocar bon group or a hydrocarbon group having one or nore carbon atons
repl aced dpyaihet eroatom 4 . The coordi nation copolyner of claim1 wherein
the first and second coordi nation polymers are nmetal organic frameworks
(MOF). 5. The coordination copolyner of claim1l wherein the average pore

di mensi on o{) t.he cgg{#i nation co olr%?r?er. i st{rO{n % tto 40 .angst LOTE 8%
det er mi ned y PhFRgH IPGEBPHTT I T HHEYH /' RS 8} Fo8"4pa ?%Pokyﬁber an
coordi nation %%ohﬂﬁiodr@in_ﬁﬁ@@ﬁ@&rﬁéﬁﬁh&e@%erﬂréﬂalﬁ!is@lﬁirﬁf ¢Bdramaliynt he
Langnuir net hod, and wherein the pore volune per gram of coordination

copoldymer is @obmens arpawtdentieed./ g as determ ned by nitrogen adsorption.

ool yor - andt ReeeRsanet PabaSned ot B ERRERIR L ish ah i €SB g

second | ayer edoeafihatipi pblyeerdtomprise @pleastbtle hetal alopmbi glusiirisefsctedd . The
coordi nati on copolyner of claim6 further conprisi nlgéat |l east a third

coor di nati on PHENYHE 9oMPGwGISRIAH @ reahed of ap¥of §YFPBk GriPshkiq 18 . The

coordi nati on %Qﬁﬁ’iblégeénc?fan%%ig%sl wherein the first and the second
ol yner c

coordination p ner’s are selected fromthe group consisting of CU3 BTC 2
(H2 10 3 ( HKBISThE)coadiBBXIOCBydlye2 obbiairhi2l Wharddn ¢ORsD@RY thesdceXdBDC) 3

(IRMOF-10); and A (B H2 BDC)O .7 (ML-53). 9. A process using a
coor di nati on 889@"@%3"% M%S\%%Pﬂ@‘%l?eloé%?ﬂ'c nkingdigapds AAr AN LY tgﬁlyn‘er and
a second coor ¢gyfafhon pol yner wherein the first and

XnY (1

15 wherein X is a functional group;
n is an integer that is equal to or greater than 2, and
Y is a hydrocarbon group or a hydrocarbon group having one or
more carbon atoms replaced by a heteroatom.
4. The coordination copolymer of claim 1 wherein the first and second
20 coordination polymers are metal organic frameworks (MOF).
5. The coordination copolymer of claim 1 wherein the average pore dimension of
the coordination copolymer is from 2 to 40 angstroms as determined by

nitrogen adsorption, wherein the surface area of the coordination copolymer is
greater than 2,000 m2/g as determined by the Langmuir method, and wherein

25 the pore volume per gram of coordination copolymer is greater than 0.1 cm3/g
as determined by nitrogen adsorption.

6. The coordination copolymer of claim 1 wherein the first coordination polymer
and the second coordination polymer are present in a first and second layered
configuration or in a core and shell configuration.

30 7. The coordination copolymer of claim 6 further comprising at least a third

coordination polymer layered on the second layer or on the shell.
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second coordi nation polyners are not identical, said process conprising: a)
separating a first conponent froma second conponent of a m xture

conpri si Nyolzg10g9nt4act i ng the m xture with the coordi nat POm/uSepoloyites and
recovering the first conponent; or b) converting at |east one reactant by
contacting a feed conprising at |east one reactant with the coordination
copolyner to give a converted product, wherein at |east one coordination

pol yner congr TE€&SodrdiddtdryddgolyrHecsi @8im 1 vheteliethBastdnde sitond
coordi nati on copol ynmer conprising: a) adding at |east one source of netal

cations and atCoogdivatiohpolymepdniace beleriastfremipe @ieun eoasisiigeht to form a

el ot dal RN _ . ¢ i

col Toi dal - sus sl Pt B RHRYIETE ABRChinh FEDME I hae BIOE 308 - ©)
ddi t | t ' t [

ki b cormouind OISR fhd AROEDRIHADRER WISS SPaar
SuSpensi on gNeBRdeSBITES 8BS RUish] pdiinaeborhREh Efledspalitat Tirst

solution or colloidal suspension; d) ing crystalS of the first

coor di nati on gePydeatiervpelimesendriiseeing ¢enrdimationipodyraen wherspetis st andd e)
second coor di RSerBA B8R B Bou PR R B SRR T The
first coordi nal)isepapingreefirst ebmipdacht ORI As86dridPEorApOMMBIra Mheni N t he
first coordination polymer is not identical to the second coordi nation
pol ymer . comprising by contacting the mixture with the coordination copolymer and
10 recovering the first component; or
b) converting at least one reactant by contacting a feed comprising at least one
reactant with the coordination copolymer to give a converted product, wherein
at least one coordination polymer comprises a catalytic function.
10. A method of making a coordination copolymer comprising:
15 a) adding at least one source of metal cations and at least one organic linking
compound to a solvent to form a first solution or colloidal suspension;
b) treating the first solution or colloidal suspension to form crystals of a first
coordination polymer;
c) adding at least one source of metal cations and at least one organic linking
20 compound to a solvent to form a second solution or colloidal suspension
wherein the second solution is not identical to the first solution or colloidal
suspension;
d) adding crystals of the first coordination polymer to the second solution or
colloidal suspension; and
25 e) treating the second solution or colloidal suspension to form crystals of a
second coordination polymer as a layer over one or more crystals of the first
coordination polymer forming a coordination copolymer wherein the first

coordination polymer is not identical to the second coordination polymer.
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