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A 6-fold interpenetrated ThSi, topological metal-organic framework
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A unique anionic 6-fold interpenetrated (10,3)-b Cd(1) frame-
work was obtained using a novel nanosized tripodal aromatic
acid ligand, in which both the Cd(i) atoms and tripodal
aromatic acid ligands act as three-connected nodes. This
compound displays intense and blue-shifted photoluminescence
compared to that of the free H;L ligand.

Metal-organic frameworks, that consist of inorganic connectors
(metal ions or polynuclear clusters) and organic ligand linkers,
have become an important class of porous materials.! MOFs with
rigid or flexible channels have potential applications in selective
molecular recognition and separation, physical gas storage,
chemical absorption and photoluminescence areas.” It has been
shown that using large organic ligands is a very successful strategy
towards constructing MOFs with large pore sizes and free volumes
and enhancing their gas storage and adsorption properties.® For
example, Yaghi and his group have achieved a large series of
isoreticular networks with calculated pore sizes up to 28.8 A and
fractional free volumes up to 91.1% using large organic ligands,
including naphthalene-2,6-dicarboxylate, biphenyl-4,4'-dicarboxy-
late, pyrene-2,7-dicarboxylate or terphenyl-4,4'’-dicarboxylate.*
More recently, Zhou and co-workers have synthesized a very
large organic ligand Hgttei and a (3,24)-connected network (PCN-
610) with a high gas uptake capacity was obtained via a reaction
between Hgttei and copper salts.” Undoubtedly, larger ligands will
lead to larger voids but, occasionally, with a higher degree of
interpenetration. Interpenetration has been demonstrated as a
useful method for reducing the pore size and partitioning and
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optimizing the pore space as well as a strategy to improve the
hydrothermal stability and gas uptake capacity of porous MOFs.®
Interpenetrating networks (IPN) that consist of two or more
networks of different or the same components are of great
technological interest because they allow a blending of two
or more otherwise incompatible properties or functions.
Furthermore, synergistic effects might arise from the simultaneous
operation of the two networks.” A variety of attractive
interpenetrating frameworks have been obtained and are well
discussed in the comprehensive reviews by Batten and Robson.®
However, the discovery of novel interpenetrating networks is
still a great challenge. For example, almost all the known examples
of interpenetrating 3-connected 3D nets are of either the
(10,3)-a type®>1° or (10,3)-b type,'"'? along with a few other
types, such as (10,3)-d and the (8,3)-c type."*> However, to the best
of our knowledge, interpenetrating nets based on (10,3)-b topology
are mostly 2-fold, 3-fold, 4-fold, a few 6-fold networks, built on
transition metal ions and N-donor ligands or supplementary
carboxylic acid ligands'"*'? and a very rare 8-fold interpenetration
structure.!V Thus far, there has been no reports on 6-fold
interpenetrating nets with (10,3)-b topology constructed from
single carboxylic acid ligands with metal ions.

Herein, we report the synthesis of a novel nanosized
tricarboxylic acid ligand HisL (Hi;L = 4,4'4''-((benzene-1,3,5-
triyltris(methylene))tris(oxy)) tribenzoic acid) and the structure and
luminescent properties of a new coordination polymer [Cd(L)
(CsH7NO)[(C,HgN)(H,0)o.5 (1), which displays a highly porous
6-fold-interpenetrated structure with (10,3)-b topology. We chose a
semi-rigid H;L carboxylate ligand as the organic ligand based on
the following considerations: (i) the carboxylate group can adopt a
variety of coordination modes, for example, the chelating-
bidentate and bridging-bidentate modes; (ii) owing to the presence
of a -CH,-O- spacer, H3L can be used as a flexible ligand to
fabricate abundant structural motifs; (iii) the larger ligand will lead
to larger voids which allow for a higher degree of interpenetration.

The HiL ligand was synthesized via the condensation of a
mixture of methyl 4-hydroxybenzoate, 1,3,5-tris(bromomethyl)-
2.4,6-trimethylbenzene, K,CO; and 18-crown-6 in THF under a
nitrogen atmosphere.'* This ligand contains ~CH,-O- linkages
that can display good flexibility and may provide an abundant
diversity when constructing MOFs with transition metal ions.
Compound 1 was prepared by the reaction of CdBr,-4H,O with
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Fig. 1 The H;L ligand connected to three Cd(1I) ions in compound 1.

H;L in DMF-H,0 at 180 °C for 72 h (see the ESI for detailst). 1
crystallizes in the C2/¢ monoclinic space group.”® As shown in
Fig. 1, each Cd(11) atom is coordinated by three COO- groups
from three individual L*~ ligands and one CO- group from DMF
with a distorted pentagonal bipyramid coordination geometry.
The distances of the Cd-O bonds fall between 2.257(4) A and
2.496(4) A and the O-Cd-O bond angles range between 54.51(12)°
and 163.46(15)°, which is within the range reported in the previous
reports'1® (detailed data for the bond lengths and angles of 1 are
in Table S11). Each L~ ligand adopt a cis,trans,trans-conforma-
tion and acts as a tripodal chelate ligand linking three Cd(Ir)
atoms, giving rise to a unique 3-connected network. Furthermore,
the average distance between two neighbouring Cd(11) atoms that
are bridged by the same tricarboxyl ligand is ~1.9 nm (Fig. 1).
Topological analysis (using TOPOS software'’) shows that 1 is a
(10,3)-b net (sometimes referred to as a ThSiy-related net)

Fig. 2 A single ThSi, cage unit of 1 with (10,3)-b topology.

Fig. 3 Topological representation of the 6-fold interpenetrating network
of 1.

composed of 3-connected Cd(r) and L*  nodes (Fig. 2 and
Fig. 3). To our surprise, there are six individual 3D ThSi, nets
interpenetrated together due to the large void in the single net of
compound 1. Compared with the few reported MOFs of the ThSi,
topological type, this is the first MOF constructed from a tripodal
aromatic acid ligand. It is worth mentioning that 1 is also the first
example of a 6-fold interpenetrated anionic net with (10,3)-b
topology. As a matter of fact, [(CH3),NH,]", one of the hydrolysis
products of DMF, is a cation lying within the cages of the 3D
framework and keeps the framework neutral. Nonetheless, there
are still voids even though 6-fold interpenetration has occurred.
The effective free volume of 1, calculated by PLATON!® analysis,
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Fig. 4 Experimental X-ray powder pattern of 1: (a) calculated pattern
and (b) experimental pattern.
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Fig. 5 TG curve of compound 1.

is 9.2% (81134 A® per unit) in spite of the C;H,NO (DMF)
molecules and [(CH3),NH,]" cations.

X-ray powder diffraction (XRPD) data was collected on a
Bruker D8 Advance instrument using a Cu-Ka radiation (4 =
1.54056 A) at room temperature to check the phase purity of 1.
The peak positions of the simulated and experimental XRPD
patterns are in good agreement with each other, as shown in Fig. 4,
demonstrating the good phase purity of 1.

TG was performed to verify the thermal stability of 1. As
depicted in Fig. 5, a total weight loss of 9.2% was observed for 1 in
the temperature range of 100-216 °C, which is ascribed to the loss
of one guest DMF molecule (calcd. 8.6%). Upon heating up, the
framework decomposed and left 16.1% of a CdO (caled. 17.2%)
residue. It is a pity that we failed to investigate the hydrogen
uptake in compound 1 due to its poor thermostability.

The luminescence properties of 1 and the free H;L ligand were
investigated in the solid state at room temperature. As depicted in
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Fig. 6 Emission spectra of 1 and the free H;L ligand in the solid state at
room temperature.

Fig. 6, compound 1 exhibits a strong emission band at
approximately 315 nm upon excitation at 250 nm, which may be
assigned to intralinker (n—m*or m—7n*) emission as similar
emissions are observed at 370 nm for the free HsL ligand."” In
compound 1, guests (DMF) or counter ions ([(CH;),NH,]") in the
lattice may prevent the efficient energy transfer from the linker to
the metal centers, resulting in linker-centered luminescence in the
UV region.”® Furthermore, the emission peak of 1 exhibits a blue-
shift with respect to the free HsL ligand, which may be attributed
to guests or counter ions, together with the highly-dimensional
interpenetrated structure.?!

In summary, a unique Cd(il) coordination framework was
obtained using a novel nanosized tripodal aromatic acid HsL
ligand. This new MOF exhibits a rare anionic 6-fold-interpene-
trated open framework with (10,3)-b topology, in which DMF
molecules and cations fill the vacancies. 1 displays intense and
blue-shifted photoluminescence compared to that of the free HsL
ligand. The use of the nanosized organic H;L ligand containing
efficiently flexible -CH,—~O- linkages is a rational method for the
construction of flexible open-framework materials. Currently,
further investigations on the use of the H;L ligand for the isolation
of new porous MOFs are in progress and these results will be
presented in the near future.

Acknowledgements

We thank the NSF (Project 21171095, 21071082), the Priority
Academic Program Development of Jiangsu Higher Education
Institutions (PAPD) and the Natural Science Foundation of
the Jiangsu Higher Education Institutions of China (Grant
No. 10KJA430026) for their support of our work.

References

1 (a)J. L. C. Rowsell and O. M. Yaghi, Microporous Mesoporous Mater.,
2004, 73, 3-14; (b) J. R. Long and O. M. Yaghi, Chem. Soc. Rev., 2009,
38, 1213-1213; (¢) Sh. L. Qiu and G. Sh. Zhu, Chem. Soc. Rev., 2009,
253, 2891-291.

2 (a) H. L. Jiang and Q. Xu, Chem. Commun., 2011, 47, 3351-3370; (b)
L. E. Kreno, K. Leong, O. K. Farha, M. Allendorf, R. P. Van Duyne
and J. T. Hupp, Chem. Rev., 2012, 112, 1105-1125; (¢) J. Z. Gu, W. G.
Lu, L. Jiang, H. C. Zhou and T. B. Lu, Inorg. Chem., 2007, 46,
5835-5837; (d) M. P. Suh, H. J. Park, T. K. Prasad and D.-W. Lim,
Chem. Rev., 2012, 112, 782-835; (e) J.-R. Li, J. Sculley and H.-C. Zhou,
Chem. Rev., 2012, 112, 869-932; (f) Y. Cui, Y. Yue, G. Qian and B.
Chen, Chem. Rev., 2012, 112, 1126-1162.

3 (a) T. Gadzikwa, B. S. Zeng, J. T. Hupp and S. T. Nguyen, Chem.
Commun., 2008, 3672-3674; (b) K. H. Li, J. Lee, D. H. Olson, T. J.
Emge, W. H. Bi, M. J. Eibling and J. Li, Chem. Comumun., 2008,
6123-6125; (¢) Q.-F. Sun, T. Murase, S. Sato and M. Fujita, Angew.
Chem., Int. Ed., 2011, 50, 10318-10321; (d) D. Zhao, D. J. Timmons,
D. Q. Yuan and H. C. Zhou, Acc. Chem. Res., 2011, 44, 123-133; (e)
M. J. Manos, M. S. Markoulides, C. D. Malliakas, G. S.
Papaefstathiou, N. Chronakis, M. G. Kanatzidis, P. N. Trikalitis and
A. J. Tasiopoulos, Inorg. Chem., 2011, 50, 11297-11299.

4 N. L. Rosi, J. Eckert, M. Eddaoudi, D. V. Vodak, J. Kim, M. O’Keeffe
and O. M. Yaghi, Science, 2003, 300, 1127-1129.

5 (@) D. Zhao, D. Q. Yuan, D. F. Sun and H. C Zhou, J. Am. Chem. Soc.,
2009, 131, 9186-9188; (b) D. Q. Yuan, D. Zhao, D. F. Sun and H.-C.
Zhou, Angew. Chem., Int. Ed., 2010, 49, 5357-5361.

6 (a) S. Ma, J. Eckert, P. M. Forster, J. W. Yoon, Y. K. Hwang, J.-S.
Chang, C. D. Collier, J. B. Parise and H.-C. Zhou, J. Am. Chem. Soc.,
2008, 130, 15896-15902; (b) L. Ma and W. Lin, Angew. Chem., Int. Ed.,
2009, 48, 3637-3640; () X. Liu, M. Park, S. Hong, M. Oh, J. W. Yoon,
J.-S. Chang and M. S. Lah, Inorg. Chem., 2009, 48, 11507-11509.

5168 | CrystEngComm, 2012, 14, 5166-5169

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2ce25422k

Published on 02 July 2012. Downloaded by University of Illinois at Chicago on 30/10/2014 20:09:22.

View Article Online

7 A. M. Brizard, M. C. A. Stuart and J. H. van Esch, Faraday Discuss.,
2009, 143, 345-357.

8 (a) R. Batten Stuart and R. Robson, Angew. Chem., Int. Ed., 1998, 37,
1460-1494; (b) http://www.chem.monash.edu.au/staff/sbatten/interpen/
index.html.

9 (a) B. Gil-Hernandez, P. Gili and J. Sanchiz, Inorg. Chim. Acta, 2011,
371, 47-52; (b) B. F. Abrahams, T. A. Hudson, L. J. McCormick and
R. Robson, Cryst. Growth Des., 2011, 11, 2717-2720; (¢) B. Gil-
Hernandez, P. Gili, J. K. Vieth, C. Janiak and J. Sanchiz, Inorg. Chem.,
2010, 49, 7478-7490; (d) H. Chun and J. Seo, Inorg. Chem., 2009, 48,
9980-9982.

10 (@) C. J. Sumby and M. J. Hardie, Cryst. Growth Des., 2005, 5,

1321-1324; (b) A. Johansson, M. Hakansson and S. Jagner, Chem.—Eur.
J., 2005, 11, 5311-5318; (¢) E. Tynan, P. Jensen, N. R. Kelly, P. E.
Kruger, A. C. Lees, B. Moubaraki and K. S. Murray, Dalton Trans.,
2004, 3440-3447; (d) C. J. Kepert, T. J. Prior and M. J. Rosseinsky, J.
Am. Chem. Soc., 2000, 122, 5158-5168.

11 (a) H. Wu, H.-Y. Liu, J. Yang, B. Liu, J.-F. Ma, Y.-Y. Liu and Y.-Y.

Liu, Cryst. Growth Des., 2011, 11, 2317-2324; (b) Y.-H. Tan, L.-F.
Yang, M.-L. Cao, J.-J. Wu and B.-H. Ye, CrystEngComm, 2011, 13,
4512-4518; (¢) M.-S. Chen, M. Chen, S. Takamizawa, T.-a. Okamura,
J. Fan and W.-Y. Sun, Chem. Commun., 2011, 47, 3787-3789; (d) Y .-Q.
Lan, S-L. Li, Y.-M. Fu, D.-Y. Du, H.-Y. Zang, K.-Z. Shao, Z.-M. Su
and Q. Fu, Cryst. Growth Des., 2009, 9, 1353-1360; (¢) Y. Qi, Y. Che, F.
Luo, S. R. Batten, Y. Liu and J. Zheng, Cryst. Growth Des., 2008, 8,
1654-1662; (/) Y. Q. Lan, S. L. Li, Y. M. Fu, Y. H. Xu, L. Li, Z. M. Su
and Q. Fu, Dalton Trans., 2008, 6796-6807.

12 (@ Y. Cui, M. L. Cao, L. F. Yang, Y. L. Niu and B. H. Ye,

CrystEngComm, 2008, 10, 1288-1290; (b) P. Amo-Ochoa, G. Givaja,
P. J. S. Miguel, O. Castillo and F. Zamora, Inorg. Chem. Conumun.,
2007, 10, 921-924; (¢) C-Z. Xie, Z.-F. Zhang, B.-F. Zhang, X.-Q.
Wang, R.-J. Wang, G.-Q. Shen, D.-Z. Shen and B. Ding, Eur. J. Inorg.
Chem., 2006, 1337-1340; (d) K. Larsson and L. Ohrstrom,
CrystEngComm, 2003, 5, 222-225; (¢) G. B. Gardner, Y.-H. Kiang, S.
Lee, A. Asgaonkar and D. Venkataraman, J. Am. Chem. Soc., 1996,
118, 6946-6953; (f) O. M. Yaghi and H. Li, J. Am. Chem. Soc., 1995,
117, 10401-10402.

13

15

17

18

20

21

(@)J. G. Lin, Y. Su, Z. F. Tian, L. Qiu, L. L. Wen, Z. D. Lu, Y. Z. Li
and Q. J. Meng, Cryst. Growth Des., 2007, 7, 2526-2534; (b) S. Q. Ma,
D. Q. Yuan, X. S. Wang and H. C. Zhou, Inorg. Chem., 2009, 48,
2072-2077.

S. Forster, W. Seichter and E. Weber, Naturforsch, 2011, 66b, 939-946.
Crystal data for compound 1: CigHy3CdN,Ojg.50, M = 808.14,
monoclinic, = 23.681(2) A, b = 9.6928(7) A, ¢ = 35.389(3) A, « =
90.00°, § = 92.7890(10)°, y = 90.00°, ¥’ = 8113.5(12) A, T'= 298(2) K,
space group C2/c, Z = 8, 20001 reflections measured, 7161 independent
reflections (Ry,, = 0.0754). The final R; values were 0.0715 (I > 2a(1)).
The final wR(F?) values were 0.1895 (I > 2a(I)). The final R, values were
0.1083 (all data). The final wR(F?) values were 0.2026 (all data). The
goodness of fit on F* was 1.238.

(@) H. Xiang, W.-Y. Gao, D.-C. Zhong, L. Jiang and T.-B. Lu,
CrystEngComm, 2011, 13, 5825; (b) G.-L. Wen, Y.-Y. Wang, W.-H.
Zhang, C. Ren, R.-T. Liu and Q.-Z. Shi, CrystEngComm, 2010, 12,
1238-1251; (¢) H. Wu, H.-Y. Liu, J. Yang, B. Liu, J.-F. Ma, Y.-Y. Liu
and Y.-Y. Liu, Cryst. Growth Des., 2011, 11, 2317-2324.

(@) V. A. Blatov, M. O’Keeffe and D. M. Proserpio, CrystEngComm,
2010, 12, 44-48; (b) V. A. Blatov, Multipurpose crystallochemical analysis
with the program package TOPOS, IUCr CompComm Newsletter, 2000,
7, 4-38, TOPOS is available at http://www.topos.ssu.samara.ru.

A. L. Spek, Acta Crystallogr., Sect. A, 1990, 46, C34; available via http:/
www.cryst.chem.uu.nl/platon/platon.

(@) L.-H. Zhang, Y.-Y. Liu, J.-F. Ma, J. Yang, L.-G. Zhang, J. Li and
Y .-W. Li, Polyhedron, 2011, 30, 764-777; (b) H. Wu, H.-Y. Liu, J. Yang,
B. Liu, J.-F. Ma, Y.-Y. Liu and Y.-Y. Liu, Cryst. Growth Des., 2011, 11,
2317-2324; (¢) Y.-Y. Liu, Z.-H. Wang, J. Yang, B. Liu, Y.-Y. Liu and
J.-F. Ma, CrystEngComm, 2011, 13, 3811-3821; (d) Y. Gong, J. Li, J.
Qin, T. Wu, R. Cao and J. Li, Cryst. Growth Des., 2011, 11, 1662-1674;
(e) S. S. Chen, J. Fan, T. Okamura, M. S. Chen, Z. Su, W. Y. Sun and
N. Ueyama, Cryst. Growth Des., 2010, 10, 812-822.

Y .-Q. Huang, B. Ding, H.-B. Song, B. Zhao, P. Ren, P. Cheng, H.-G.
Wang, D.-Z. Liao and S.-P. Yan, Chem. Commun., 2006, 4906-4908.
(@) M. D. Allendorf, C. A. Bauer, R. K. Bhakta and R. J. T. Houk,
Chem. Soc. Rev., 2009, 38, 1330-1352; (b) J. Xu, Z.-S. Bai, M..-S. Chen,
Z. Su, S.-S. Chen and W.-Y. Sun, CrystEngComm, 2009, 11, 2728-2733.

This journal is © The Royal Society of Chemistry 2012

CrystEngComm, 2012, 14, 5166-5169 | 5169


http://dx.doi.org/10.1039/c2ce25422k

