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By application of a newly developed C3-symmetric tripodal carbox-
ylate ligand, 1,10,100-(benzene-1,3,5-triyl)tripiperidine-4-carboxylic
acid (H3BTPCA) to assemble with zinc ion in the presence of
pyridine, a novel 2-fold interpenetrating polyhedral metal-organic
framework with a primitive cubic network based on supermolecular
building blocks (SBBs) has been synthesized. The basic paddle-
wheel secondary building units (SBUs) are connected by depro-
tonated BTPCA ligands to generate an octahedron as the SBB,
which is further connected through the six vertexes by sharing
the paddlewheel SBUs to give rise to the 3D primitive cubic
network.

In the past decades, the field of functional metal-
organic frameworks (MOFs) has grown rapidly because

of their interesting topologies and special applications
such as in catalysis, gas storage, and nonlinear optical
materials.1-5 By careful selection of multifunctional or-
ganic carboxylate ligands, many porous MOFs containing
polyhedra such as trigonal bipyramids, hexagonal bi-
pyramids, truncated tetrahedra, truncated octahedra,
truncated cuboctahedra, cuboctahedra, small rhombi-
hexahedra, cubohemioctahedra, and octahedra have been
synthesized and reported.6-8 The polyhedra in these por-
ous MOFs play important roles in their functionalities
such as gas storage, etc. Most of the ligands in the reported
polyhedra-containing MOFs mentioned above are limited
to rigid tri- or tetratopic carboxylate ligands, such as 1,3,5-
benzenetricarboxylic acid and its derivatives, but reports
on polyhedral MOFs based on flexible carboxylate ligands
are quite rare. Recently, Hong and co-workers reported
a novel porous polyhedral MOF containing four types
of interconnected polyhedral cages based on flexible

*To whom correspondence should be addressed. E-mail: dfsun@sdu.
edu.cn.

(1) For reviews, see:(a) Batten, S. R.; Robson, R. Angew. Chem., Int. Ed.
1998, 37, 1460. (b) Janiak, C. Dalton Trans. 2003, 2781. (c) Ferey, G.; Mellot-
Draznieks, C.; Serre, C.; Millange, F. Acc. Chem. Res. 2005, 38, 217.
(d) Rowsell, J. L. C.; Yaghi, O. M.; Chen, B. L.; Ockwig, N. W.; Millward, A.
R.; Contreras, D. S. Angew. Chem., Int. Ed. 2005, 44, 4647. (e) Bradshaw, D.;
Claridge, J. B.; Cussen, E. J.; Prior, T. J.; Rosseinsky,M. J.Acc. Chem. Res. 2005,
38, 273. (f) Zaworotko, M. J.; Moulton, B. Chem. Rev. 2001, 101, 1629.
(g) Kitagawa, S.; Kitaura, R.; Noro, S. Angew. Chem., Int. Ed. 2004, 43, 2334.

(2) For recent reviews on functional MOFs, see:(a) Uemura, T.; Yanai,
N.; Kitagawa, S. Chem. Soc. Rev. 2009, 38, 1228. (b) Murray, L. J.; Dinca, M.;
Long, J. R. Chem. Soc. Rev. 2009, 38, 1294. (c) Wang, Z. Q.; Cohen, S. M.
Chem. Soc. Rev. 2009, 38, 1315. (d) Kurmoo, M. Chem. Soc. Rev. 2009, 38,
1353. (e) Lee, J. Y.; Farha, O. K.; Roberts, J.; Scheidt, K. A.; Nguyen, S. T.; Hupp,
J. T. Chem. Soc. Rev. 2009, 38, 1450. (f) Li, J.-R.; Kuppler, R. J.; Zhou, H.-C.
Chem. Soc. Rev. 2009, 38, 1477.

(3) (a) Pan, L.; Parker, B.; Huang, X.; Olson, D. H.; Lee, J. Y.; Li, J. J.
Am. Chem. Soc. 2006, 128, 4180. (b) Dybtsev, D. N.; Nuzhdin, A. L.; Chun, H.;
Bryliakov, K. P.; Talsi, E. P.; Fedin, V. P.; Kim, K. Angew. Chem., Int. Ed. 2006,
45, 916. (c) F�erey, G.; Mellot-Draznieks, C.; Serre, C.; Millange, F.; Dutour, J.;
Surbl�e, S.; Margiolaki, I. Science 2005, 309, 2040. (d) Moon, H. R.; Kobayashi,
N.; Suh, M. P. Inorg. Chem. 2006, 45, 8672.

(4) (a) Kaye, S. S.; Long, J. R. J. Am. Chem. Soc. 2008, 130, 806. (b)Wu, C.
D.; Hu, A. G.; Zhang, L.; Lin, W. B. J. Am. Chem. Soc. 2005, 127, 8940. (c) Gu,
J.-Z.; Lu, W.-G.; Jiang, L.; Zhou, H.-C.; Lu, T.-B. Inorg. Chem. 2007, 46, 5835.
(d) Hou, L.; Lin, Y.-Y.; Chen, X.-M. Inorg. Chem. 2008, 47, 1346.

(5) (a) Dai, F. N.; He, H. Y.; Sun, D. F. J. Am. Chem. Soc. 2008, 130,
14064. (b) Sun, D. F.; Ma, S. Q.; Ke, Y. X.; Collins, D. J.; Zhou, H.-C. J. Am.
Chem. Soc. 2006, 128, 3896. (c) Wang, X. S.; Ma, S. Q.; Forster, P. M.;
Yuan, D. Q.; Eckert, J.; Lopez, J. J.; Murphy, B. J.; Parise, J. B.; Zhou, H.-C. J.
Am. Chem. Soc. 2008, 47, 7623. (d) He, H. Y.; Dai, F. N.; Sun, D. F.
Dalton Trans. 2009, 763. (e) Ma, S. Q.; Eckert, J.; Forster, P.; Yoon, J.;
Chang, J. S.; Collier, C.; Parise, J.; Zhou, H. C. J. Am. Chem. Soc. 2008, 130,
15896.

(6) (a)Wong-foy, A.G.; Lebel, O.;Matzger, A. J. J. Am.Chem. Soc. 2007,
129, 15740. (b) Chun, H. J. Am. Chem. Soc. 2008, 130, 800. (c) Sava, D. F.;
Kravtsov, V. Ch.; Nouar, F.;Wojtas, L.; Eubank, J. F.; Eddaoudi, M. J. Am.Chem.
Soc. 2008, 130, 3768. (d) Dinca,M.; Han,W. S.; Liu, Y.; Dailly, A.; Brown, C.M.;
Long, J. R. Angew. Chem., Int. Ed. 2007, 46, 1419.

(7) (a) Dinca, M.; Dailly, A.; Liu, Y.; Brown, C. M.; Neumann, D. A.;
Long, J. R. J. Am.Chem. Soc. 2006, 128, 16876. (b) Zou, Y.; Park,M.; Hong, S.;
Lah, M. S. Chem. Commun. 2008, 2340. (c) Ma, S. Q.; Sun, D. F.; Simmons,
J. M.; Collier, C. D.; Yuan, D. Q.; Zhou, H. C. J. Am. Chem. Soc. 2008, 130,
1012. (d) Perry, J. J.; Kravtsov, V. Ch.; McManus, G. J.; Zaworotko, M. J. J. Am.
Chem. Soc. 2007, 129, 10076.

(8) (a) Cairns, A. J.; Perman, J. A.;Wojtas, L.; Kravtsov, V. Ch.; Alkordi,
M. H.; Eddaoudi, M.; Zaworotko, M. J. J. Am. Chem. Soc. 2006, 128, 34.
(b) Wang, X. Sh.; Ma, Sh. Q.; Forster, P. M.; Yuan, D. Q.; Eckert, J.; Lopez, J. L.;
Murphy, B. J.; Parise, J. B.; Zhou, H. C. Angew. Chem., Int. Ed. 2008, 47, 7263.
(c) Nouar, F.; Eubank, J. F.; Bousquet, T.;Wojtas, L.; Zaworotko, M. J.; Eddaoudi,
M. J. Am. Chem. Soc. 2008, 130, 1833.



8058 Inorganic Chemistry, Vol. 48, No. 17, 2009 Zhao et al.

hexacarboxylate ligands.9 However, there are no examples
of polyhedral MOFs based on flexible C3-symmetric car-
boxylate ligands.
Recently, an effective strategy for the construction of

porous polyhedral MOFs, that is, the use of supermolecular
building blocks (SBBs), has been defined and developed.10

The metal cluster or the basic secondary building unit (SBU)
was connected by the organic ligands to generate polyhedra
as SBBs, which were further connected through the vertexes
of the polyhedra to form high-dimensional frameworks.
By application of these polyhedral SBBs, highly porous
MOFs can be achieved.11 Herein reported is an interpene-
trating polyhedral MOF with a primitive cubic network
based on SBBs.

In our work, we selected the semirigid C3-symmetric
carboxylate ligand 1,10,100-(benzene-1,3,5-triyl)tripiperidine-
4-carboxylic acid (H3BTPCA) as the assembly ligand. Be-
cause of the flexibility of the three arms of the piperidine
rings, this new tripodal ligand may possess two different
conformations: cis,cis,cis and cis,cis,trans. In particular, the
cis,cis,cis conformation will favor the formation of polyhe-
dral SBBs. However, single-crystal X-ray diffraction (XRD)
reveals that the free H3BTPCA adopts the cis,cis,trans con-
formation (Figure 1, left) with the formula of [H4BTPCA]-
Cl 3 2H2O (Supporting Information, Figure S1). The proton
locates on one of the nitrogen atoms of the central triazine
ring, and the chlorine ion locates close to one of the carboxyl
oxygen atoms to form aO-H 3 3 3Cl bond (2.963 Å). The two
uncoordinated water molecules form strong hydrogen bonds
with the carboxyl oxygen atoms (2.695 Å). The hydrogen-
bonding interactions between the carboxyl oxygen atom and
the protonated nitrogen atom of the central triazine ring
connect H3BTPCA to generate a 1D supramolecular chain
(Supporting Information, Figure S2). It has been reported
that the flexible ligand can change its conformation to meet
the requirement of coordination geometries of metal ions or
the 3D packing.12 The cis,cis,cis conformation of H3BTPCA

may be generated when they coordinate to metal ions to
form MOFs.
The solvothermal reaction of H3BTPCA and Zn-

(NO3)2 3 6H2O in DMSO/H2O (2:1, v/v) in the presence of
pyridine gave rise to a large amount of colorless block crystals
of 1.13 The formula of Zn3(BTPCA)2(H2O)3 3 py 3 3DMSO
was further confirmed by elemental analysis and thermo-
gravimetric analysis (TGA).
Single-crystal XRD14 reveals that complex 1 is a 3D

interpenetrating polyhedralMOFwith the paddlewheel Zn2-
(COO)4 as the basic SBU. The central zinc ion is five-
coordinated by four oxygen atoms from different BTPCA
ligands and a one-coordinated water molecule in a square-
pyramidal geometry. Four carboxylate groups fromdifferent
BTPCA ligands connect two zinc ions to generate the pad-
dlewheel SBU, in which the axial positions are occupied by
coordinated water molecules. The BTPCA ligand adopts the
cis,cis,cis conformation (Figure 1, right) to link three pad-
dlewheel SBUs, and all of the piperidine rings of BTPCA
adopt stable “chair” configurations. Thus, each SBU at-
taches to four BTPCA ligands, and every BTPCAbinds three
SBUs to form a Td octahedron, in which four ligands cover
the alternating triangular faces of the octahedron and the
paddlewheel SBU occupies each vertex (Figure 2).
The octahedron can be considered as the SBB of the whole

structure. The six paddlewheel SBUs locate at the six vertexes
of the octahedron, similar to a six-coordinated octahedral
metal ion, providing the possibility of extending into a high-
dimensional polyhedral framework. The SBBs are connected
to one another through the six vertexes by sharing the
paddlewheel SBUs to generate a 3D porous polyhedral
MOF (Figure 3). The dimensions of the resulting square
channels are 9.1 � 9.1 Å (from atom to atom), and the
distance from one octahedron to its adjacent one is 19.0 Å.
If the SBB of the octahedron can be considered as a single
node, the resulting topology of 1 would be a primitive cubic
network (Figure 3).
The overall structure of 1 contains two identical interpene-

trating nets. The second net is generated by a translation of
the first by 16.472 Å in the [111] direction (Figure 4a). The
translation allows the paddlewheel SBUs of the second net

Figure 1. cis,cis,trans and cis,cis,cis conformations of the semirigid
H3BTPCA ligand in the free ligand (left) and 1 (right), respectively.
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just located in the square channels of the first net to block the
void. Despite the interpenetration of the two nets, 1 still
possesses a large solvent-accessible volume (36.1%calculated
fromPLATON).15 Although the voids inside the octahedron
are large enough, there are no opening windows on the
octahedron because of interpenetration (Figure 4b). Elemen-
tal analysis reveals that there are three additional uncoordi-
nated dimethyl sulfoxide (DMSO) molecules and one
pyridine molecule located inside the octahedron.
TGA shows that complex 1 can be stable up to 415 �C.

There is no weight loss from 50 to 250 �C. The weight loss of

22.9% from 250 to 320 �C corresponds to the loss of three
coordinated water molecules, one pyridine molecule, and
three uncoordinatedDMSOmolecules (calcd: 24.2%). There
is noweight loss from 320 to 415 �C, and after 415 �C, 1 starts
to decompose. The loss of the coordinated water molecules
and uncoordinated DMSO molecules at higher temperature
may derive from the fact that the coordinated water mole-
cules and uncoordinated DMSO molecules locate inside the
cages without any openings.
TwoMOFswith topologies similar to those of 1 exist in the

literature:HKUST-116 and [Cu3(tpt)4](ClO4)3.
17 InHKUST-1,

the rigid benzenetricarboxylate (BTC) ligand was used to link
the paddlewheel SBUs to form a noninterwoven cuboctahe-
dral network due to the rigidity and smaller size of BTC.
However, in [Cu3(tpt)4](ClO4)3, the rigid 2,4,6-tri-4-pyridyl-
1,3,5-triazine was used to connect tetrahedral zinc ions to
generate the 3D interpenetrating framework because of the
larger size of the ligand. These comparisons also indicate that
the flexible and large organic ligands are apt to connect metal
ions or clusters to form interpenetrating frameworks.
Complex 1 crystallizes in cubic space group I43m, belong-

ing to a noncentrosymmetric structure, which prompts us to
measure its second-harmoninc-generation (SHG) properties.
SHG measurements on the powder samples reveal that
complex 1 displays a SHG response in the powder state 0.6
times that of KDP (KH2PO4), which is weaker than other
reported noncentrosymmetric MOFs.18

In conclusion, a novel 2-fold interpenetrating polyhedral
MOF with a primitive cubic network based on the SBBs has
been synthesized and characterized. The cis,cis,cis conforma-
tion of the semirigid C3-symmetric BTPCA plays an impor-
tant role in the formation of the polyhedral SBBs. To the best
of our knowledge, complex 1 represents the first polyhedral
MOF with a primitive cubic network constructed from a
semirigidC3-symmetric carboxylate ligand. Current research
provides a new strategy to construct polyhedralMOFsbyuse
of semirigid C3-symmetric tripodal carboxylate ligands.
Further studies will focus on the synthesis of noninterpene-
trating porous polyhedralMOFs with this semirigid BTPCA
ligand.
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Figure 3. Left: the 3D framework of 1. Right: the primitive cubic
network after considering the octahedron as the octahedral node.

Figure 4. (a) Interpenetrating net showing that one octahedron in the
first net was surrounded by four octahedra in the second net. (b) Four
opening windows in the octahedron of the first net are blocked by four
BTPCA ligands in the second net.

Figure 2. Td octahedron: the six SBUs (only half of each paddlewheel is
shown) occupy all of the vertexes, and the four BTPCA ligands cover
every other face of an octahedron.
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