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An ultramicroporous metal-organic framework based on 9,10-
anthracenedicarboxylate (PCN-13) has been synthesized and
structurally characterized. The desolvated PCN-13 demonstrates
selective adsorption of oxygen and hydrogen over nitrogen and
carbon monoxide.

Yaghi and co-workers employed a “reticular synthe-
sis™ab strategy for the construction of isoreticular MOFs
(IRMOFs)7 Based on the prototype IRMOF-1 (MOF-5) with
a ZnO(COO) cluster as the secondary building unit (SBU),
the pore sizes of the IRMOFs could be incrementally varied
from 11.2 A for IRMOF-1 to 19.1 A for IRMOF-16 by
increasing the length of the carboxylate linkers. In the field

It is fundamental to tune pore sizes and control the pore- of gas separation, however, ultramicropores (with pore sizes

size distribution of microporous materials for gas separa- smaller than 4 A) are preferred. Our strategy for constructing
tion and purification. Despite a recent report on a titanosili- SUch pores is to increase the bulkiness of the struts to restrict

cate with tunable pore sizédt is generally difficult to tune the pore sizes of the MOFs. The sterically hindered ligands
pore sizes systematically in inorganic zeolites and zeotype

materials.

Emerging as a new zeolite analogue, microporous metal
organic frameworks (MOF%)have attracted widespread
research interests in the past decade because of thei
fascinating topologi€sand various potential applicatiofs.
Unlike traditional inorganic porous materi@lsjicroporous
MOFs are amenable to desi§Mhey exhibit controllable
pore sizeg, high surface aredsand intriguing framework
flexibility. 2¢° Strategies such as utilizing short struts (bridging
ligands}° or interpenetratioft have been employed to restrict
the pore sizes of microporous MOFs for gas separation.
Recently, based on hydrophobic interaction, a mesh-adjust-
able molecular sieve (MAMS-1) has been reported; the pore
sizes of MAMS-1 can be continuously tuned from 2.9 to
5.0 A, for the separations of #CO, N,/CH,, etc!?

*To whom correspondence should be addressed. E-mail: zhouh@
muohio.edu.

(1) Kuznicki, S. M.; Bell, V. A.; Nair, S.; Hillhouse, H. W.; Jacubinas,
R. M.; Braunbarth, C. M.; Toby, B. H.; Tsapatsis, Mature 2001,
412, 720.

(2) (a) Yaghi, O. M; Li, H.; Davis, C.; Richardson, D.; Groy, T.Acc.
Chem. Resl998 31, 474. (b) Janiak, CJ. Chem. Soc., Dalton Trans.
2003 2781. (c) Kitagawa, S.; Kitaura, R.; Noro, SAngew. Chem.,
Int. Ed. 2004 43, 2334. (d) Rowsell, J. L. C.; Yaghi, O. M.
Microporous Mesoporous MateR004 73, 3. (e) Hill, R. J.; Long,
D.-L.; Champness, N. R.; Hubberstey, P.; Sclep M. Acc. Chem.
Res.2005 38, 335.

(3) (a) Delgado-Friedrichs, O.; O’Keeffe, M.; Yaghi, O. Mcta Crys-
tallogr., Sect. A: Found. Crystallog2003 59, 515. (b) Ockwig, N.
W.; Delgado-Friedrichs, O.; O’Keeffe, M.; Yaghi, O. Mcc. Chem.
Res.2005 38, 176. (c) Batten, S. Rl. Solid State Chen2005 178
2475. (d) Sun, D.; Ma, S.; Ke, Y.; Petersen, T. M.; Zhou, HCGem.
Commun2005 2663. (e) Ma, S.; Fillinger, J. A.; Ambrogio, M. W.;
Zuo, J.-L.; Zhou, H.-Clnorg. Chem. Commur2007, 10, 220.

10.1021/ic701507r CCC: $37.00
Published on Web 09/14/2007

© 2007 American Chemical Society

(4) (a) Seo, J. S.; Whang, D.; Lee, H.; Jun, S. I.; Oh, J.; Jeon, Y. J.; Kim,
K. Nature 200Q 404, 982. (b) Zheng, Y.-Z.; Tong, M.-L.; Zhang,
W.-X.; Chen, X.-M. Angew. Chem., Int. EQR00§ 45, 6310. (c)
Rowsell, J. L. C.; Yaghi, O. MAngew. Chem., Int. EQRO05 44,
4670. (d) Matsuda, R.; Kitaura, R.; Kitagawa, S.; Kubota, Y.;
Belosludov, R. V.; Kobayashi, T. C.; Sakamoto, H.; Chiba, T.; Takata,
M.; Kawazoe, Y.; Mita, Y.Nature2005 436, 238. (e) Humphrey, S.
M.; Chang, J.-S.; Jhung, S. H.; Yoon, J. W.; Wood, P Ahgew.
Chem., Int. Ed2006 46, 272. (f) Sun, D.; Ma, S.; Ke, Y.; Collins, D.
J.; Zhou, H.-CJ. Am. Chem. So@006 128 3896. (g) Ma, S.; Zhou,
H.-C. J. Am. Chem. So006 128 11734. (h) Ma, S.; Sun, D;
Ambrogio, M. W.; Fillinger, J. A.; Parkin, S.; Zhou, H.-Q. Am.
Chem. Soc2007, 129 1858. (i) Ma, S.; Wang, X.-S.; Manis, E. S.;
Collier, C. D.; Zhou, H.-Clnorg. Chem.2007, 46, 3432. (j) Wang,
X.-S.; Ma, S.; Sun, D.; Parkin, S.; Zhou, H.-C. Am. Chem. Soc.
2006 128 16474. (k) Chen, B.; Ma, S.; Zapata, F.; Lobkovsky, E.
B.; Yang, J.Inorg. Chem.2006 45, 5178. (I) Halder, G. J.; Kepert,
C. J.; Moubaraki, B.; Murray, K. S.; Cashion, J. Bcience2002
298 1762. (m) Yu, C.; Ma, S.; Pechan, M. J.; Zhou, H.JCAppl.
Phys.2007, 101, 09E108.
(5) Davis, M. E.Nature2002 417, 813.
(6) (a) Eddaoudi, M.; Moler, D. B.; Li, H.; Chen, B.; Reineke, T. M.;
O’Keeffe, M.; Yaghi, O. M.Acc. Chem. Re2001, 34, 319. (b) Yaghi,
O. M.; O'Keeffe, M.; Ockwig, N. W.; Chae, H. K.; Eddaoudi, M;
Kim, J. Nature2003 423 705. (c) Feey, G.; Mellot-Draznieks, C.;
Serre, C.; Millange, FAcc. Chem. Re2005 38, 217.
(7) Eddaoudi, M.; Kim, J.; Rosi, N.; Vodak, D.; Wachter, J.; O'Keeffe,
M.; Yaghi, O. M. Science2002 295 469.
(8) (a) Chae, H. K.; Siberio-Pez, D. Y.; Kim, J.; Go, Y. B.; Eddaoudi,
M.; Matzger, A. J.; O’'Keeffe, M.; Yaghi, O. MNature 2004 427,
523. (b) Feey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F.;
Dutour, J.; SurBleS.; Margiolaki, |.Science2005 309, 2040.
(9) (a) Uemura, K.; Matsuda, R.; Kitagawa,J Solid State Chen2005
178 2420. (b) Bradshaw, D.; Claridge, J. B.; Cussen, E. J.; Prior, T.
J.; Rosseinsky, M. JAcc. Chem. Re005 38, 273. (c) Kitagawa,
S.; Kazuhiro, U.Chem. Soc. Re 2005 34, 109.
(10) Dybtsev, D. N.; Chun, H.; Yoon, S. H.; Kim, D.; Kim, Kl. Am.
Chem. Soc2004 126, 32.

(11) Chen, B.; Ma, S.; Zapata, F.; Fronczek, F. R.; Lobkovsky, E. B.; Zhou,
H.-C. Inorg. Chem 2007, 46, 1233.

(12) Ma, S.; Sun, D.; Wang, X.-S.; Zhou, H.-Bngew. Chem., Int. Ed
2007, 46, 2458.

Inorganic Chemistry, Vol. 46, No. 21, 2007 8499

r



COMMUNICATION

(a) (b)
Figure 1. (a) adc ligand. (b) ZfO(H.0)3(COO)% SBU (carbon, gray;
oxygen, red; zinc, turquoise).

in the MOF may also force unusual coordination geometry
around the metal atoms, which are crucial for a number of
applications'

We have selected 9,10-anthracenedicarboxylate (adc;
Figure 1a) as the struts to assemble an ultramicroporous
MOF, PCN-13 (PCN represents porous coordination net-
work). Desolvated PCN-13 exhibits gas-adsorption selec-
tivity of oxygen and hydrogen over nitrogen and carbon
monoxide. (b)

The precursor to adc, 9,10-anthracenedicarboxylic acid Figure 2. (&) Six adc ligands connecting with the distorted@(COO)

. . . SBU. (b) Space-filling model from the [1, O, O] direction showing
(Hzadc), was synthesized by following a previously reported jramicropores.
method!® A solvothermal reaction between Zn(N@6H,0
and Hadc in dimethylformamide (DMF) afforded light- motif is distorted because of the bulkiness of the anthracene
brown crystals of PCN-13 (yield: 70%) with an overall rings; this distortion subsequently opens a coordination site
formula of ZnO(H20)3(C1eHsO4)s:2DMF, which was de-  on three of the four zinc atoms; on each open site, an extra
termined based on an X-ray crystallographic study, elementalaqua ligand is accommodated. These aqua ligands will be
analysis, and thermogravimetric analysis (TGA). critical for the gas-adsorption selectivity (vide infra). Upon

A single-crystal X-ray crystallographic stutfyrevealed aqua ligand removal, the open site will be exposed for other
that PCN-13 crystallizes in cubic space grodgd. It adopts applications.

a very unusual ZfO(H,0)3(COO) cluster (or distorted Every distorted ZgO(COO) SBU connects with six adc
Zn,O(COOY} cluster; Figure 1b) as its SBU. In the regular ligands (Figure 2a) and every adc connects two distorted
Zn,O(COO) SBU of IRMOF series, all of the zinc atoms  ZnsO(COO) SBUs to form a three-dimensional framework
are equivalent and are 3.170 A apart. However, as shown in(Figure 2b). because of the bulkiness of the adc ligand, no
Figure 1b, only Zn1 is four-coordinate with three carboxylate sw—s stacking is allowed in the framework and the structure
oxygen atoms from three different adc ligands anduth® is non-interpenetrated. The anthracene rings of the adc and
atom at the center of the cluster, whereas Zn2, Zn3, and Zn4aqua ligands on the zinc atoms block most of the pores, and
are five-coordinate with an additional aqua ligand on each only very small pores with the size of 4.974.97 A (atom
zinc atom. Unlike the regular tetrahedral the four zinc to atom distance, or 3.5 3.5 A, excluding van der Waals
atoms form a trigonal pyramid. The basal zinc atoms (Zn2, radii*®) can be found viewed from the [1, 0, O] direction
Zn3, and Zn4) are in the same plane, 3.262 A apart and 3.127(Figure 2b). This is even smaller than the pore size 6.3

A from the apical zinc atom (Zn1). Zn1 and-O reside on 6.3 A) of MOF-993, which was recently proposed theoreti-
a C; axis imposed by crystallographic symmetry. The cally,!*® but should be ideal for gas separation.

distances fromu,-O to Zn2, Zn3, and Zn4 are equal (1.967 On the basis of the pore size of PCN-13, an adsorption
A), which is slightly longer than that betwe@g-O and Zn1 measurement using carbon dioxide (kinetic diameter: 3.3
(1.928 A). A careful search in the Cambridge Structural A7) instead of dinitrogen (kinetic diameter: 3.64 A) was
Database showed that this is likely the only example that carried out to verify the porosity and to determine the surface
contains the ZyO(H,O)3(COO) structural unit albeit the  area of PCN-13.

Zn,0(COO) structural motif is very common. Generally A freshly prepared sample of PCN-13 was soaked in
speaking, the zinc atoms in the Z(COO)} motif are methanol to remove DMF guest molecules and then pumped
coordinatively saturated. In PCN-13, however, this structural under a dynamic vacuum at 26 overnight. This is followed

by 2 h ofpumping on the surface area and pore-size analyzer
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PIP measurements. Not surprisingly, the sample after aqua ligand
(b) ’ removal takes up a significant amount of carbon monoxide
_ o and nitrogen, whereas the desolvated sample adsorbs a very
Figure 3. Gas-adsorption isotherms of the desolvated PCN-13: (a) carbon I tof the t Fi 4). Aft l d
dioxide at 195 K; (b) hydrogen, oxygen, nitrogen, and carbon monoxide at small amount of the two gases (Figure 4). er aqua figan
77 K (for hydrogenPs represents a relative standard; refer to the Supporting removal, the sample also takes up 35% more hydrogen
Information for details). (Figure S4 in the Supporting Information), which can be
before the gas-adsorption measurements. centers® . _
The carbon dioxide adsorption isotherm (Figure 3a) of a _The selective adsorption behavior demonstrated by PCN-
desolvated PCN-13 sample measured at 195 K reveals typicafl3 Promises its utility in gas separation. For instance, it may

type | behavior. Fitting the BrunaueEmmett-Teller equa- ~ have application potential for the separation of nitrogen and
tion!® to the adsorption isotherm of carbon dioxide gives an ©Xygen. Similarly, PCN-13 may play a role in the separation
estimated surface area of 15®g Using the Dubinif- of hydrogen from carbon monoxide for fuel cell applications.

Radushkevich equatidfl,the pore volume of PCN-13 is In addition, it may be applied in hydrogen enrichment of

estimated to be 0.10 cig. the Ny/H, exhaust in ammonia synthesis.

To check the selective adsorption properties of PCN-13, In conclusion, an ultramicroporous MOF, PCN-13, has
hydrogen, oxygen, nitrogen, and carbon monoxide adsorptionP&en successfully constructed based on a predesigned an-
studies were carried out at 77 K. As expected, PCN-13 Canthracgng derivative. It exh!b|ts very rare gas-adsorption
adsorb a significant amount of hydrogen (463t and selectlylty of oxygen over nitrogen, hydrogen over carbc_)n
oxygen (67 crfg) but a very limited amount of nitrogen monoxide, and hydrogen over nitrogen. The strategy of using
and carbon monoxide~(10 cn#/g for both) (Figure 3b). In sterically hindered ligands for the rational design of ultra-
view of the kinetic diameters of 2.89 A for hydrogen, 3.46 Microporous MOF for gas separation is unique and may be
A for oxygen, 3.64 A for nitrogen, and 3.76 A for carbon of general use in the search of ultramicroporous MOFs for
monoxide!’ it can be inferred that the pore opening of PCN- Selective gas adsorption.
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