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The molecular building block (MBB) approach has recently
emerged as a powerful strategy for the design and construction of
solid-state materialsThis is evidenced by the burgeoning academic
and industrid interest in the class of materials known as metal-
organic frameworks (MOFs), for which desired functionality can
be introduced at the molecular level prior to the assembly process.
Conventional MBBs (coordination clusters or organic ligands) with
varied connectivity and specific geometry and directionality are
readily accessible and can be employed to access structures wher
the points of extension of MBBs define the secondary building units
(SBUSs) that serve to augment the vertices of a giverf tiedt is,
the SBU is the vertex figure of the original vertex. Nevertheless, it
is an ongoing challenge to absolutely predict the network topology
of the constructed MOF. Accordingly, the ability to target nets that
are exclusive for a combination of building blo€ksesents greater
potential toward prediction, design, and synthesis of the resultant
framework in crystal chemistry. Here, we demonstrate this strategy
by utilizing metal-organic polyhedra (MOP), which can be exter-
nally functionalized, as supermolecular building blocks (SBBs) for
edge transitive nets that are unique, specifically nets where the
vertex figures indicate the need for high connectifitgdeed, since
simple MBBs with connectivity>=8 are often too intricate to
systematically obtain by means of organic ligands or multinuclear
clusters, such structures can only be designed by utilizing SBBs
with a high degree of symmetry and connectivity; that is, enhanced
directional and structural information is already built in. In principle,
there is a degree of predictability in such a strategy that is not
present with basic MBBs.

Polyhedral SBBs have already been utilized to assemble MOFs,
one where the inorganic MBB (metal cluster) serves as a square
SBU in the formation of 12-connected cubohemioctahedral SBBs,
which essentially serve as cuboctahedral tertiary building units
(TBUs)8 Square SBUs can generate only two other types of MOPs
(owing to the fact that there are only three ways to link squares
with one kind of edge into a polyhedrohyyhich could be used as
SBBs. Herein we report the use of metal-organic truncated
cuboctahedral SBBs (Figure S®)generated in situ, as rhombicub-
octahedral TBUs to construct a (24-connected)-based MOF (Figure
1). The SBB consists of 12 copper paddlewheels joined by 24
1,3-BDC linkers so that the 5-position of the bent bridging ligand
(12¢ angle) lies exactly on the vertices of the rhombicuboctahe-
dron, the 24-connected vertex figure for the (3,24)-connexdted
net8® Thus, functionalization at this 5-position with an organic
moiety that permits the formation of a rigid triangular MBB, that
is, the SBU is the 3-connected vertex figure, will definitely lead to
the assembly of a MOF having thiet-like network topology since
this (3,24)-connected net is, to the best of our knowledge, the only
edge transitive net known for the assembly of 24- and 3-connected
vertices®
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Figure 1. (Top) The (3,24)-connectedht net and the two vertices and
corresponding vertex figures when augmented. (Left) Select fragments from
the crystal structure af. C = gray, N= blue, O= red, Cu= green; the
5-position of the 1,3-BDC ligand is highlighted in orange; the yellow spheres
indicate the cavity of truncated cuboctahedra; some spheres, all solvent
molecules, and all hydrogen atoms have been omitted for clarity. (Right)
Schematic showing the corresponding strategy from MBBs to SBBs
(generated all together in situ) to MOF.

Indeed, solvothermal reaction between 5-tetrazolylisophthalic
acid (HsTZ1)!2 and Cu(NQ)2:2.5H,0 in an N,N-dimethylforma-
mide/ethanol solution yields a homogeneous crystalline material,
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Figure 2. lllustration of therht framework using tile presentation. The o * ¢
largest cage (yellow) is surrounded by six rhombicuboctahedral TBUs 2.0 ¢ *
(green). The blue triangles delimiting the yellow cage represent the trigonal o © ¢
CuwO(N4CR); trimers, and the green squares represent the quadrangular = o ° e *
Cw(O.CR) paddlewheel MBBs. $ 154 > Joo?
* <
3 > °*
purity confirmed by similarities between simulated and experimental S 104 . o © ¢
X-ray powder diffraction (XRPD) patterns (Figure S3). The as- E ‘.0 o® ¢ & adsorption @ 77K
synthesized compound, characterized by single-crystal X-ray dif- osd £.°¢ & desorption @ 77K
fraction as [CO(TZI)s(H20)(NOs)]+(H20)s (1),1 reveals a o g :gzgﬁ;g: % g;ﬁ
crystal structure consisting of truncated cuboctahedra (24 function- P
alized isophthalate ligands connected by 12 copper dimer centers, °'°'|, S
Cwy(O,CR), paddlewheels) connected to trigonal ;:00N,CR); 00 02 04 08 08 1.0
trimers through each tetrazolate,BR) moiety, which is unprec- PiPo

edented for tetrazolate liganéfsEach inorganic paddlewheel MBB  Figure 3. (a) Nitrogen and argon sorption isotherms at 78 and 87 K,
is dinuclear and consists of two copper ions with the expected respectively. (b) Hydrogen sorption isotherms at 77 and 87 K.
square pyramidal geometry, each coordinated to four oxygen atoms
of four carboxylates and one axial water molecule, €uBbth approach involving multifunctional ligands is a suitable pathway
carboxylate moieties of the triply deprotonated TZI ligand coor- to design and construct ternary nets in MOF fact, the trinodal
dinate in a bis-monodentate fashion to two copper atoms to form topology of 1 has not been encountered in MOF chemistry nor
the Cy(O,CR), MBBs, which combine in ais fashion to form experimentally/theoretically predicted. It is also important to
the finite truncated cuboctahedron. Each tetrazolate moiety alsomention that the connectivity ifh can be alternatively interpreted
coordinates in a bis-monodentate fashion to two copper atoms ofto be related to inorganic zeolite A witta topology (Figure S5):16
the CyO(N,CR); trimer. Each copper atom of the trimer is The overall cationic framework, where one jQper three Cu
coordinated to two nitrogen atoms (one from each of two tetra- cations balances the charge, consists of three different types of open
zolates), an oxygen (oxo) core, one oxygen atom of an equatorial cages (Figure S6) with the largest, having a 23.287 A diameter
water molecule, and one oxygen atom of an axial disordered water (20.247 A including van der Waals (vdw) radii), delimited by 8
molecule to give square pyramidal geometry, GON The forma- CusO(N,CR); trimers and 24 CyO,CR), paddlewheel MBBs, and
tion of the oxo trimer with the tetrazolate portion of the TZI ligands therefore surrounded by 6 truncated cuboctahedra (Figure 2) and 8
results in a 24-connected rhombicuboctahedral TBU, formed via tetrahedral-like cages. The tetrahedral-like cage, with a diameter
the isophthalate portion, linked to 12 neighboring TBUs through of 22.013 A (height)x 22.624 A (edge) (12.088 A vdw sphere), is
24 3-connected trigonal SBUs (metal-tetrazolate trimers). This delimited by 4 C4O(NsCR); trimers and 12 Ci{O,CR), paddle-
results in a (3,24)-connected MOF havird-like topology (Figure wheel MBBs, each is, as a result, surrounded by four truncated
2) that has only recently been depicted by Delgado-Friedrichs and cuboctahedra and four of the largest cages; the truncated cuboc-
O'Keeffe as the sole edge transitive net for the assembly of tahedra with a diameter of 15.877 A (13.077 A vdw sphere) are
rhombicuboctahedral and trigonal building urfits. delimited by 12 Cy(O,CR), paddlewheel MBBs, surrounded by 6

It should be noted that the present framework can also be of the largest cages and 8 of the tetrahedral-like cages. The total
interpreted topologically as a novel three-dimensional (3,3,4)- solvent-accessible volume fdr was estimated to be-75% by
connected ternary net (i.e., trinodal), based on the assembly of threesumming voxels more than 1.2 A away from the framework using
different basic SBUs (Figure S&)The first MBB, copper paddle-  PLATON softwarel’ Combined with a low calculated density for
wheel Cy(CO,),, decorates the 4-connected vertex; the second is the fully evacuated framework (0.702 g/mthe large accessible
the trigonal CgO(N4CR); trimer that decorates the first 3-connected windows, open cavities, and charged nature make this framework
vertex; and the third, the tritopic ligand that was designed to be seemingly prospective for gas storage, specifically H
bifunctional to accommodate two types of metal clusters at each In order to assess the sorption propertied othe guests were
of the two types of coordination functionalities (tetrazolate and exchanged with ethanol. The crystalline material was allowed to
carboxylate) decorates the second 3-connected vertex. The SBBair dry before being loaded into the sample cell, where it was

1834 J. AM. CHEM. SOC. = VOL. 130, NO. 6, 2008



COMMUNICATIONS

outgassed first at room temperature and theA®@%or 6 h. Argon M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O’Keeffe, M.; Yaghi, O.

and nitrogen isotherms can be regarded as pseudo-type | isotherms &~ ,_Sﬁﬁggx_z%ﬁe%%"fgég& (@) Kitagawa, S.: Kitaura, R.; Noro,

(Figure 3a), and the apparent surface area was estimated using (2) Mueller, U.; Lobree, L.; Hesse, M.; Yaghi, O. M.; Eddaoudi, M. US Patent

Langmuir and BET methods @N 3223 and 2847 #fg, respec- 6624318, 2003.
K 3) (a) Moulton, B.; Zaworotko, M. JChem. Re. 2001, 101, 1629-1658.
tively); the total pore volume was found to be 1.013gr(N,). An ) ((b)) Eddaoudi, M.; Moler, D. B.; Li, H.; Chen, B.; Reineke, T. M.;

interesting feature of the isotherms can be observed for pressures @ ?‘)l%el:e,, MN Y\;a\/ghliD’ CI>- “Q'AEC-' She;n- (F;eSZOQOKl 3f‘f1, 3'\1/|9—Y330h_ oM
. a) Ockwig, N. W.; Delgado-Friedrichs, O.; eeffe, M.; Yaghi, O. M.
between 0.01 to 0.1 atm, where a second slope appears. This ™ A¢.™Chem. Res2005 38, 176-182. (b) Liu, Y. Kravtsov, V. C.;

phenomenon is attributed to the three different cage diameters, ?S?uggen_l% g.?A(.;)EéJbank,J J.AF.;LEdd$ouS<ii,MABn. FChgm.ScLQOOS o
. . . (c) Brant, J. A.; Liu, Y.; Sava, D. F.; Beauchamp, D.;

where the largest cages approach mesoporous range; the smallest  £daoudi, M. Mol. Struct 2006 796 160-164. (d) Lit, Y.; Kravtsov,

cages are first to be covered, the largest are subsequently covered V. Ch; Larsen, R.; Eddaoudi, MChem. Commur200§ 14, 1488-1490.

at higher pressure (Figure S7) (5) O'Keeffe, M. Reticular Chemistry Structure Resource (http://rcsr.an-
. ) u.edu.au/).
Hydrogen capacity was assessed fomeasured at 77 and 87 (6) (a) Delgado-Friedrichs, O.; O'Keeffe, M.; Yaghi, @cta Crystallogr.
K at atmospheric pressures (Figure 3b), with up to 2.4 wt % at 77 2006 A62 350-355. (b) Delgado-Friedrichs, O.; O’Keeffécta Crys-

. . . . tallogr. 2007, A63 344-347.
K. The isosteric heat of sorption has an estimated value of 9.5 kJ/ (7) (a) Sudik, A. C.. Cté, A. P Wong-Foy, A. G.; O'Keeffe, M.: Yaghi, O.

mol at the lowest coverage. This indicates the higher strength of M. Angew. Chem., Int. E2006 45, 2529{255(3. d(b) Cairns,dﬁ. J.;d
: : ; Perman, J. A.; Wojtas, L.; Kravtsov, V. Ch.; Alkordi, M. H.; Eddaoudi,
H, interactions compared to that of previous MGfblevertheless, M.: Zaworotko, M. J.J. Am. Chem. Socpublished online January 11,

the isosteric heat falls to 4.7 kJ/mol at higher loadings, which is in 2008 http://dx.doi.org/10.1021/JA078060t.

accordance with the large size of the cavities filled at higher loading ~ (8) It should be noted that in this manuscript we define an MBB as the
chemical unit of construction (i.e., metal(s) and/or metal cluster(s) and

(Figure S7). With a combined large surface area and accessible ligand(s)), whereas the SBU is the geometric figure generated by linking
free volume,1 offers great potential for higherHiptake at 77 K the points of extension of the MBB. Here, the MBBs collectively generate
. . b the SBB, in situ. Since the MBB is portrayed as a secondary building
and higher pressures (estimated up to 6%). unit, it is only fitting that the building unit derived from the SBB is
The uniqueness of théat network is beneficial to the practice depicted as a tertiary building unit.

; . f : (9) Holden, A.Shapes, Space, and Symmetplumbia University Press:
of isoreticular chemistry, where higher surface areas and larger free New York, 1971; p 94.

pore volumes can be easily achieved through expansion of the (10) There are two ways to view the MOP built from square building units

i i i li positioned at 120 (a) Moulton, B.; Lu, J.; Mondal, A.; Zaworotko, M.
blfunctlonal_ organic linker. Here, we present a'novel gpproach to Chem. Commur2001 863-864. (b) Eddaoudi. M : Kim. J.: Wachter. J.
construct highly porous MOFs based on the hierarchical bottom- B.; Chae, H. K.; O'Keeffe, M.; Yaghi, O. MJ. Am. Chem. SoQ001,
up assembly of SBBs. This represents a new pathway for the " }32? ﬁ3g&ﬁ359-b inked info s tof dinated net
assembly of predetermined highly coordinated building blocks based 1) Wﬁey,e?, L_ag;a(v;; S’f,’f,?k,";,%,;'”c?éfif“; YV\?V’O?]Q?F&?‘,?\?’(;!?%?KGZ%‘; '
on supermolecules, as well as an alternate route to construct M.; Yaghi, O. M.Angew. Chem., Int. EQ006 45, 2528-2533. (b) Perry,

multinodal nets based on predesigned heterofunctional ligands and ‘(]:.h‘(Je.r"nl_VS;oif:rZaagSYO?l_l,zg}/ '188'7;6%%%995’ G. J;; zaworotko, M.JJ.Am.

metal clusters. Work is in progress to construct isoreticular MOFs  (12) H;TZI was obtained pure as confirmed by NMR (Figure S2) from

i i i i 5-cyanoisophthalic acid with a 33.3% yield using the DemBbarpless
baseq or_rht topology from various blfunctlopa}l ligands, as well method. Demko, Z. P.; Sharpless, K..B.0rg. Chem2001 66, 7945
as tritopic hexacarboxylate ligands, containing three 1,3-BDC 7950. The 5-cyanoisophthalic acid was synthesized from 5-aminoisoph-
moieties analogous to the trigonal 1,3-BDC units generated from thalic acid. Ritze, A.; Frejd, T.Eur. J. Org. Chem200Q 3771-3782.
. . (13) Preparation of: A solution of Cu(NQ),+2.5H,0 (0.08 mmol) and &t
the Cu-oxo trimer. Studies are underway to analyze and correlate TZI(0.056 mmol) in 1.5 mL of DMF and 0.5 mL of ethanol was prepared.
the framework dihydrogen interactions among the isoreticular The SOLUttI_On évaé_gwgﬂ(zggé%géo 951;0%%&]0 a)nd3 fggf(!btaluggcsrg?ta)ls
. . P were obtained. - cne): r), r), m),
MOFs. In addition, we are attempting to utilize other SB.BS to target 1653(s), 1600(m), 1485(m), 1431(s), 1380(vs), 1248(s), 1100(s), 1057-
new open MOFs, and using similar heterofunctional ligands may ES(':)'H7|§15833' SZ%(‘;»), 3(%72(\/)5), 7(6:75?, 6'\1/|4(-°»)-4 ggggtgl datt){ilggrrBQU-
i i i H 9M13N4Os)o, 3)0.1640° " )o.164M120)3.9: = .2, cubic m,
lead to the construction of myriad novel MOFs, especially binary a = 44.358(8) AV = 87280(27) R 7 = 192,D. = 0.93 glcm, u =

and ternary nets. Perhaps, even higher coordination and more 1.207 mnt?, final Rindicates [ > 20(1)): Ry = 0.0787,wR, = 0.1781.

; ; ing (14) To the best of our knowledge, the O§N,CR); trimer has never been
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