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Metal sites play a central role in the vast majority of molecular
recognition processes involving biological and synthetic extended
systems due to their ability to impart highly selective and specific
molecular transformations, transport, and storfageAlthough Figure 1. Design of a decorated framework from (a) paddle-wheel
extensive research efforts worldwide have been devoted toCu(OCO) cluster (Cu, blue; C, green; O, red) of square geometry (green)
studying the result of chemical reactions at metal centers, anq ('b) adamantane cluster (C, green) of tetrahedral geometry (red). These
definitive structural characterization openmetal (OM) sites, building blocks assemble to adopt the PtS net with its vertices occupied
that are coordinatively unsaturated, by single crystal X-ray by the (;Iusterg to_ form (c) a decorated PtS framework, yvhere (d) open
diffraction have been iargely absent. The inherent difficulty in metal sites point into the pores (same color scheme as in a and b).
stabilizing such entities in molecular scaffolds arises from their o . o
reactive nature and from the lack of structural rigidity around ideal secondary building unit (SBU) toward our objective: Its
the sites they occupy, which often leads to their aggregation andMetal centers adopt a square pyramidal geometry in which the
severe distortion of their local structure features that preclude their Metal ions are held rigidly in the square, and in which the axial
characterization as OM sites. In this report, we present a designP0sition is occupied by labile ligand. It is well-known that in
Strategy based on knowledge gained from modular Cherﬁi‘s]ﬁfy, every |n-Stance when the axial _|IgandS have been dISSOCIated, the
for producing high concentrations of covalently bound and Metal sites thus produced bind to a Lewis base atom on a
accessible OM sites intrystallineporous materials: An organic ~ neighboring unit to give cluster dimers or extended chain
adamantane tetrahedral cluster is copolymerized with an inorganicstructures having no OM sité8Our strategy to prevent coupling
square cluster to yield a porous metatganic framework (MOF) of }hese un|ts.and to achieve an MOF with accessm!e OM sites
having a 3-D channel system filled with water guests. The rigid "elies on consideration of theX@;C, moiety as an SBU in which
nature of the MOF architecture allows for complete thermal the C atoms define a square topology. Since a tetrahedral linker
removal of guests including terminal water ligands, originally IS especially efficient at spacing apart four neighbors, the organic
bound to copper sites, of the square pyramidal clusters to yield a@damantane cluster was chosen as the second SBU (Figure 1b).
stable framework with periodic arrays of open copper sites. These T0 predict the topology of the structure resulting from assembly
observations are supported by single-crystal X-ray structures, gas®f squares and tetrahedra, we relied on our thesis that, in general,
sorption isotherms, elemental microanalyses, exceptional bondonly @ small number of simple, high-symmetry structures will be
lengths, and magnetic coupling constants of the crystals before©f overriding importancé.Thus, we expected that the product
and after removal of water. will adopt the PtS structure topology (Figure 1c) (the simplest,

The paddle-wheel cluster motif adopted by hundredtisifrete and most symmetrical linkage of tetrahedra and squares), in which

binuclear metatcarboxylates (Figure 1a) forms the basis of an €ach square Pt atom and tetrahedral S atom in PtS would be
replaced by a square and a tetrahedral cluster, respectively, to

lX:‘iiz"oer:;i‘gtgtfe'\ﬁ%?\il%?gi-t give a decorated form of PtS (Figure 1d). Indeed, this structure
(1) Holm, R. H.; Kennepydhl, P.: Solomon, E.Chem. Re. 1996 96, yields the desired geometry in which self-aggregation of SBUs
2239-2314. is prevented since the labile ligands point toward the centers of
(2) Davis, M. E.Sci. TechnolCatal. 1999 121, 23—32. voids. This molecular architecture is expected to be stable as it

3) Thomas J. MAngew. Chem., Int. EA.999 38, 3588-3628. ; :
543 Ramprasad, D.;%ez, G. P.; Toby, B. H.. Markley, T. J.. Pearlstein, R. 1S constructed entirely of €C, C—0, and Cu-O bonds (compare

M. J. Am. Chem. Sod 995 117, 10694-10701. _ . the stability of MOF-5 constructed of-€C, C-0, and Zr-O
Do(r?i)ré\{l:ﬁthl’T hJe" N'i?he“’r'%%‘é'? 1%g$m'5try Kluwer Academic Publishers:  ponds), and thermal liberation of the ligands should provide for

©6) Yag'hi, O. M., O'Keeffe, M., Eds. Design of solids from molecular pe_nodlc arrays of accessible OM sites in a porous framework
building blocks: golden opportunities for solid-state chemistnBolid State (Figure 1d).

Chem 200Q 152, 1-321. : Success of this approach has been demonstrated by performing

2792';'@_""’ Eddaoudi, M.; O'Keeffe, M.; Yaghi, O. MNature1999 402 reactions that give the coppecarboxylate square motif. Here,
(8) Seo, J. S.; Whang, D.; Lee, H.; Jun, S. I.; Oh, J.; Jeon, Y. J.; Kim, K. the addition of Cu(N@,-2.5H,0 to 1,3,5,7-adamantane tetra-

Nature 200Q 404, 982—986. rboxvlic aci TC) in i lution at 1
(9) Hoskins, B. F.; Robson, R. Am. Chem. S0d989 111, 5962-5964. C-a Itdlo ylic acid (:7!? C]E) _lli_)gs'gHa%uehous Sf? Utto atd I\?gF
(10) Mallouk, T. E. Crowns get organizeNature 1997, 387, 350-351. yie _S green <_:rys als of GATC)-6H,0 (hereafter terme -
(11) Subramanian, S.; Zaworotko, MAhgew. Chem., Int. Ed. Engl995 11) in 54% vyield®

34, 21272129. - i i i -
(12) Russell, V. A.; Evans, C. C.; Li, W.; Ward, M. Bciencel997, 276, An X ray diffraction study (.Table 1) performed on a single

575-579. crystal isolated from the reaction product confirmed the formula-
(13) Kiang, Y.-H.; Gardner, G. B.; Lee, S.; Xu, Z.; Lobkovsky, E.B.

Am. Chem. Socdl999 121, 8204-8215. (15) Agterberg, F. P. W.; Kluit, H. A. J. P.; Driessen, W. L.; Oevering,
(14) Kepert, C. J.; Rosseinsky, M.Jl.Chem. Soc., Chem. Commi899 H.; Buijs, W.; Lakin, M. T.; Spek, A. L.; Reedijk, Jnorg. Chem 1997, 36,

375-376. 4321-4328.
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Table 1. Crystallographic Data and Important Interatomic Distances for MOF-11

crystals, crystal system Cu—0CO Cu—Cu
chemical formula  and space group unit cell V(R z R1[l > 20(1)] distance (&)  distance (A)
as-synthesized a=8.5732A 1.976 (2)
monoclinic b=28.5732 A 10404 (1) 4 0.0433 1.989 (2) 2.622 (3)
CU(ATC)-6H,0 C2lc c=14.3359 A 1.964 (2)
a=93.92
B =87.08
y =98.27
dehydrated, tetragonal a=8.4671(2) A
P4,/mmc b=8.4671(1)A  10355(1) 2 0.0353 1.935 (2) 2.490 (3)
CWw(ATC) c=14.444 (1) A

a Primitive cell. The C-conventional centered cell ks 12.98658(2) Ab = 11.2200(1) Ac = 11.3359 (2) A, angs = 93.857(13.

Figure 2. The single-crystal structures of (a) as-synthesizef{ALC)-
6H,0 (MOF-11) with four water molecules acting as guests and two acting

other molecules as evidenced by their first-order rate constants
(k x 10*s™%), 11.1, 5.3, and 1.4, respectively.

The porosity and thermal stability of the anhydrous framework
motivated us to carefully examine and compare its crystals with
those of the as-synthesized hydrated crystals by optical micros-
copy. No differences in their morphology and transparency were
observed, and we were able to perform a single crystal X-ray
diffraction study on the porous material. Its crystal structure
showed (Figure 2b) that the anhydrous framework adopts a
slightly more relaxed and higher symmetry structure with
negligible difference in its crystal volume from that observed for
the hydrated form (Table 1). The pores were found to be
essentially vacuum with only a negligible 0.16 water per formula
unit (2.7% of all water) present in disordered form. The absence

as ligands, and (b) dehydrated MOF-11 shown in line representations ©f water ligands on Cu is evident from the shorter distance

with hydrogen atoms of adamantane omitted. (Cu, orange; O, red; C,

gray; H of water, white).

observed for CaeOCO and a significant shortening of the €u
Cu distance (Table 1) upon liberation of wat¢he latter (2.490
A) being the shortest distance known for Cufltarboxylate

tion of MOF-11 and revealed an extended framework having the compounds?’
predicted decorated PtS topology, where each admantane is bound Magnetic susceptibility data obtained for the as-synthesized

to four CuO,Cg squares (Figure 2alFach square has two water
ligands (Cu-OH, = 2.148 (3) A), one bound to each of its copper
(I) centers. These point away from the €0—C framework
into a 3-D channel system of 6:8.5 A diameter, where four

MOF-11 follows the expected behavior typically observed for
antiferromagnetic coupling in the copper(ll) acetate dimér=2
—280 cn1Y);*8 however, the anhydrous material showed increased
coupling (2 = —444 cm?) as expected for the observed

additional water guests per square unit reside. Estimates base&hortening of the CuO distance found in the X-ray crystal
on van der Waals radii showed that water ligands and guests gftraction analysis (Table 1¥.

occupy approximately 50% of the crystal volume. Liberation of
water from the framework was examined by thermal gravimetric

analysis, which was performed on as-synthesized MOF-11 sample

(65.50 mg) under vacuum (0.050 mTorr). It showed a 14.8%
weight loss at 22.0C corresponding to the loss of 4.5%®1per
formula unit, followed at 120C by another weight loss to give

a total of 19.1%, corresponding to the removal of 5.8®Hber
formula unit, with no further weight loss observed up to 260

At the outset of this study, structural investigations of OM sites
in porous materials have been limited to partially ion-exchanged
molecular sieved} where metal ions are held into the pores by
ionic interactions and a dehydrated Prussian blue-type com-
pound? More recently® open cobalt(ll) sites have been character-
ized in a framework composed of Co(Gf) linked by Li" ions
into an extended 3-D structure. Although the latter material

In other words, essentially all water guests and ligands have beenshowed an exceptionally high affinity for,Qiptake from air by

liberated to give an anhydrous framework with a thermal stability the cobalt ion sites, the lack of framework rigidity renders the
range 126-260°C. Furthermore, the rigid and porous nature of Mmaterial nonporous. The structure of MOF-11 combines two
the anhydrous framework was evident upon measurement of itsdesigned-in important structural properties previously unknown
gas sorption isotherms, where fully reversible Type | behavior in porous crystals, namely, a rigid architecture that supports

was observed for by, and Arg—unequivocally confirming the
existence of permanent porosity in anhydrous MOF-11. By
assuming a monolayer coverage of the apparent Langmuir
surface area was found to be 56@&/gn(pore volume= 0.20 cn¥/

permanent porosity and well-defined periodic arraysmflently
held OM sites in extended pores.
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section such as, Gi€l, (4.0 A), GHs (5.8 A), CCl, (6.0 A), and
CeH12 (6.2 A), showed a clear molecular-sieving affect with an
immeasurably fast uptake of GEl, and a slower uptake by the

(16) HLATC was prepared according to reported methods: Newkome, G.
R.; Nayak, A., R.; Moorefield, C.; Baker, G. Org. Chem1992 57, 358—
362. Synthesis of MOF-11: A mixture of JATC (0.069 g, 0.22 mmol) and
Cu(NGy),+2.5H,0 (0.110 g, 0.47 mmol) in aqueous NaOH (6:a0~5> mmol)
was heated to 190C for 24 h to give green crystals of MOF-11 in 54%
yield) along with tiny amounts of GO. Elemental microanalysis for: (a)
as-synthesized G(ATC)-6H,0, MOF-11. Calcd: C, 30.94; H, 4.42; N, 0.00;

Cu, 23.30%. Found: C, 31.18; H, 4.25; N, 0.08; Cu, 23.39%. (b) Evacuated

framework Cy(ATC). Calcd: C, 38.63; H, 2.76%. Found: C, 38.75; H, 3.14%.
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