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The hydrothermal assembly of CdCl2 with isophthalatic acid

(H2ip) and 1,3-bis(4-pyridyl)propane (bpp) yielded a novel 3D

coordination polymeric complex, [Cd4(ip)4(bpp)2]n (1), which

presents an interesting non-interpenetrated pseudo-primitive

cubic (pcu) topology with double edges constructed from a

12-connected SBU.

Crystal engineering has provided chemists with a useful
paradigm to develop rational approaches to design new so-
lid-state materials based on the self-assembly of metal nodes
with multifunctional ligands.1 However, it is still a major
challenge to control the assembly and 3D structure of the
target compound.2 Recently, Yaghi et al. have successfully
developed a SBU (secondary building unit) strategy to direct
the assembly of metal–organic frameworks (MOFs), which has
been widely used for understanding and predicting structural
topologies.3 A large number of crystalline materials con-
structed from SBUs and links have been reported.4 The most
common SBUs are three-, four-, six-, or eight-connected nodes.
Highly connected nodes remain very rare because the con-
struction of such systems is severely hampered by the limited
coordination sites of the metal and the steric nature of organic
ligands. By combining the merits of polynuclear metal clusters
and flexible ligands, we report herein a successful example of a
novel non-interpenetrated pseudo-primitive cubic (pcu) topo-
logy with double edges constructed from a 12-connected SBU,
namely [Cd4(ip)4(bpp)2]n (1).

The effect of ligand flexibility on the structural properties of
MOFs and the multiple coordination sites of cluster complexes
inspired our research motivation. So a reaction system was
designed based on the following considerations: (a) The use of
carboxylate-bridged metal clusters as metal–organic SBUs to
build extended self-assembly structures is relatively mature as
we have already studied some benzoic multicarboxylate co-
ordination polymers.5 (b) The Cd(II) cation is a weak- to
medium-strength acid able to coordinate simultaneously to
both oxygen-containing hard bases and nitrogen-containing
soft organic bases.6 (c) The 1,3-bis(4-pyridyl)propane ligand,
as a derivative of 4,40-bipyridine is a flexible bidentate ligand

owing to the three methylene groups between two 4-pyridyl
rings.5c,7

The hydrothermal reaction of CdCl2 with H2ip, bpp and
H2O in a molar ratio 2 : 2 : 1 : 2000 at 160 1C led to the
formation of the colorless air-stable complex 1. The elemental
analysis results match the formula of 1. The IR spectrum shows
the typical antisymmetric (1611 cm�1) and symmetric (1558,
1448 and 1400 cm�1) stretching bands of carboxylate groups in
1. Their respective values of [nasym(CO2) � nsym(CO2)] clearly
indicate the presence of chelating (53 cm�1) and bridging (163
cm�1 and 211 cm�1) coordination modes of the carboxylate
groups in 1. This structural information is consistent with the
results of the X-ray analysis.
X-Ray single-crystal diffraction analysis reveals that the

asymmetric unit of 1 contains two independent six-coordinated
Cd(II) centers, namely Cd1 and Cd2. Both of them are bound
to four carboxylate groups and one N donor of the bpp ligand.
As shown in Fig. 1, two carboxylate groups inter-link
(Cd1)2(Cd2)2 into a tetranuclear cluster unit (Cd1� � �Cd2 and
Cd2� � �Cd2 distances are 3.566 Å and 3.857 Å, respectively),
which is jointly coordinated by eight H2ip and four bpp
ligands. Looking into the structure of 1, one finds there exist
four types of coordination modes of the carboxylate groups of
the ip ligand as illustrated in Scheme 1. In Fig. 1, four ip
ligands act as m3-bridges, whose two carboxylate groups adopt
mode A and mode B, respectively; the other four ip ligands act

Fig. 1 Ball-and-stick representation of the tetranuclear Cd(II) cluster,
showing a 12-connected SBU.

w Electronic supplementary information (ESI) available: Fig. S1: TGA
curve of 1 and Fig. S2: emission spectra of 1, H2ip and bpp. See http://
www.rsc.org/suppdata/nj/b5/b504917b/
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as m5-bridges, whose two carboxylate groups adopt mode C
and mode D, respectively. The difference between Cd1 and Cd2
is that Cd1 is bound to four carboxylate groups in modes A, B,
C and D; in contrast, Cd2 is bound to four carboxylate groups
in modes A, C and D, but without mode B. Comparably, only
two types of coordintion modes of the carboxylate groups of
the ip ligand are found in [Mn(ip)(bpp)2] � 0.5H2O 2,8 which is
also constructed by ip and bpp ligands, in chelating (mode B)
and bismonodentate (mode A) modes, respectively.

If we take the tetranuclear Cd cluster as a single node located
in the center of the cluster, this SBU becomes a 12-connected
node. This is presently a rare example of a highly-connected
SBU in coordination chemistry. Unfortunately, twelve links
orient in six different directions and each pair of them chelates
to another SBU. So each SBU only connects to six adjacent
SBUs, making the whole structure a pseudo-pcu metal–organic
architecture (Figs. 2 and 3).9 There are two links between two
nodes, so the architecture is very much similar to pcu with a
double bond between two nodes (Scheme 2). Although the case
of a 12-connected cluster unit that gives a 2-fold interpene-
trated pcu net with double edges has been reported, such as
Zn8(SiO4)(tpht)6,

10 the present complex reveals different li-
gands and the first non-interpenetrated pcu net.

The tetranuclear Cd(II) clusters are bridged by ip ligands to
form parallel square layers, [Cd4(ip)4]n, of dimensions ca. 9.68
� 10.23 Å. The resulting layers are further pillared up by
parallel bpp ligands to give the 3D structure [Cd4(ip)4(bpp)2]n
with the third dimension being about 16.88 Å (Figs. 2 and 3).
This is in contrast to complex 2 in which the bpp ligand acts as
a terminal ligand and the other N atom is left free.

The thermogravimetric analysis (TGA) of 1 was performed
in an N2 atmosphere when it was heated to 550 1C at a rate of
10 1C min�1. The result shows that complex 1 is so stable that
no obvious decomposition was observed below 370 1C. Com-
plex 1 underwent a rapid and significant weight loss of 53.23%
in the temperature range 370–440 1C, as shown in Fig. S1.w The
remaining weight of 46.77% may correspond to the final
product of CdCO3 (calculated 45.90%).

The emission spectra of 1, H2ip and bpp in the solid-state at
room temperature are shown in Fig. S2.w It can be observed
that intense emissions occur at 422 nm and 517 nm (lex ¼ 310
nm) for 1, 413 nm (lex ¼ 348 nm) for H2ip, and 521nm (lex ¼
400 nm) for bpp. To understand the nature of the two emission
bands of 1, we analyzed the photoluminescent properties of the

H2ip and bpp ligands and found that the two emission bands of
1 are in good agreement with those of H2ip and bpp. Therefore,
the two emissions may not be related to LMCT or MLCT.
According to the literature,11 they can be regarded as ligand-
centered emissions jointly contributed to by these two ligands.
In conclusion, by selecting a suitable synthetic strategy, we

have successfully synthesized a novel Cd-MOF coordination
polymer, which exhibits an interesting non-interpenetrated
pseudo-pcu metal–organic 3D architecture constructed from
a rare 12-connected SBU.

Experimental

Synthesis

The reactions were carried out by mixing CdCl2 � 2.5H2O
(0.228 g, 1 mmol), H2ip (0.166 g, 1 mmol), bpp (0.099 g, 0.5
mmol) and water (18 ml) in a 25 ml teflon-lined stainless-steel
bomb. The reactor was heated to 433 K for 72 h and then was
cooled slowly to room temperature (298 K) over a period of 3
days. The colorless prismatic single crystals of 1 were collected
in about 42% yield. Anal. calcd. for C58H44Cd4N4O16 (M ¼
1502.57) (%): C, 46.36; H, 2.95; N, 3.73. Found: C, 46.10; H,
2.69; N 3.99. IR (KBr, n/cm�1): 3436s, 3139s, 2926m, 2855m,
2170m, 1611s, 1558m, 1448s, 1400s, 1162m, 1019m, 806m,
759w, 742w, 713w, 613w, 515w.

X-Ray crystallography

A colorless crystal of 1 with dimensions 0.36 � 0.12 � 0.10 mm
was mounted inside a glass fiber capillary. Data for complex 1

were measured with a Siemens Smart CCD diffractometer with
graphite-monochromated Mo-Ka radiation (l ¼ 0.71073 Å) at
298 K. Empirical absorption corrections were applied by use of
the SADABS program.12 The structures were solved by direct
methods and all calculations were performed with the aid of
the SHELXL PC program.13 The structures were refined by
full-matrix, least-squares minimization of

P
(Fo � Fc)

2 with
anisotropic thermal parameters for all atoms except H atoms.

Scheme 1 The four types of coordination modes of the carboxylate
groups of ip ligands in 1.

Fig. 2 The packing structure of complex 1.

Fig. 3 Schematic representation of the 3D structure of complex 1

constructed from 12-connected SBUs. (ip ligand: jade-green line; bpp
ligand: blue line)

Scheme 2 Left: pcu net; right: the pseudo-pcu net with double edges.
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Crystal data for 1z. C58H44Cd4N4O16,M ¼ 1502.57, triclinic,
space group P�1, a ¼ 9.67730(10), b ¼ 10.2288(2), c ¼
14.8317(3) Å, a ¼ 88.9600(10), b ¼ 71.7120(10), g ¼
75.7630(10)1, V ¼ 1348.40(4) Å3, Z ¼ 1, Dc ¼ 1.850 g cm�3,
m(Mo-Ka) ¼ 1.633 mm�1, F(000) ¼ 740, T ¼ 293(2) K, 6889
reflections measured with 4631 unique reflections. The final
R ¼ 0.0383, wR ¼ 0.1006 for 4154 observed reflections
(I 4 2s(I)).

Acknowledgements

This research was supported by the National Natural Science
Foundation of China under project No. 20173063, the State
Key Basic Research and Development Plan of China
(001CB108906) and the NSF of Fujian Province (E0020001).

References

1 (a) B. Moulton and M. J. Zaworotko, Chem. Rev., 2001, 101,
1629; (b) O. R. Evans and W. Lin, Acc. Chem. Res., 2002, 35, 511;
(c) R. Murugavel, M. G. Walawalkar, M. Dan, H. W. Roesky and
C. N. R. Rao, Acc. Chem. Res., 2004, 37, 763; (d) S. A. Bourne, J.
Lu, A. Mondal, B. Moulton and M. J. Zaworotko, Angew. Chem.,
Int. Ed., 2001, 40, 2111; (e) S. R. Batten and R. Robson, Angew.
Chem., Int. Ed., 1998, 37, 1460.

2 (a) B. Olenyuk, J. A. Whiteford, A. Fechtenkötter and P. J. Stang,
Nature, 1999, 398, 796; (b) H. Li, M. Eddaoudi, M. O’Keeffe and
O. M. Yaghi, Nature, 1999, 402, 276; (c) B.-H. Ye, M.-L. Tong
and X.-M. Chen, Coord. Chem. Rev., 2005, 249, 545; (d) P. J.
Hagrman, D. Hagrman and J. Zubieta, Angew. Chem., Int. Ed.,
1999, 38, 2638; (e) B. Moulton, J. Lu, R. Hajndl, S. Hariharan and
M. J. Zaworotko, Angew. Chem., Int. Ed., 2002, 41, 2821.

3 (a) O. M. Yaghi, M. O’Keeffe, N. W. Ockwig, H. K. Chae, M.
Eddaoudi and J. Kim, Nature, 2003, 423, 705; (b) M. Eddaoudi,
D. B. Moler, H. Li, B. Chen, T. M. Reineke, M. O’Keeffe and O.
M. Yaghi, Acc. Chem. Res., 2001, 34, 319; (c) M. Eddaoudi, J.
Kim, J. B. Wachter, H. K. Chae, M. O’Keeffe and O. M. Yaghi, J.
Am. Chem. Soc., 2001, 123, 4368; (d) J. Kim, B. Chen, T. M.
Reineke, H. Li, M. Eddaoudi, D. B. Moler, M. O’Keeffe and O.
M. Yaghi, J. Am. Chem. Soc., 2001, 123, 8239.

4 (a) N. L. Rosi, J. Kim, M. Eddaoudi, B. Chen, M. O’Keeffe and
O. M. Yaghi, J. Am. Chem. Soc., 2005, 127, 1504; (b) X. Wang, C.

Qin, E. Wang, Y. Li, C. Hu and L. Xu, Chem. Commun., 2004,
378; (c) D. Sun, R. Cao, Y. Sun, W. Bi, D. Yuan, Q. Shi and X. Li,
Chem. Commun., 2003, 1528; (d) F. A. A. Paz and J. Klinowski,
Inorg. Chem., 2004, 43, 394; (e) G. J. McManus, Z. Wang and M.
J. Zaworotko, Cryst. Growth Des., 2004, 4, 11.

5 (a) E. Yang, J. Zhang, Z.-J. Li, S. Gao, Y. Kang, Y.-B. Chen,
Y.-H. Wen and Y.-G. Yao, Inorg. Chem., 2004, 43, 6525; (b) Y.-H.
Wen, J.-K. Cheng, J. Zhang, Z.-J. Li, Y. Kang and Y.-G. Yao,
Inorg. Chem. Commun., 2004, 7, 1120; (c) Y.-B. Chen, J. Zhang,
J.-K. Cheng, Y. Kang, Z.-J. Li and Y.-G. Yao, Inorg. Chem.
Commun., 2004, 7, 1139; (d) Y.-H. Wen, J. Zhang, Z.-J. Li,
Y.-Y. Qin, Y. Kang, R.-F. Hu, J.-K. Cheng and Y.-G. Yao, Acta
Crystallogr., Sect. E, 2004, 60, m535.

6 (a) D. F. Shriver and P. W. Atkins, Inorganic Chemistry, Oxford
University Press, Oxford, 3rd edn., 1999; (b) F. A. Almeida Paz
and J. Klinowski, Inorg. Chem., 2004, 43, 3948.

7 (a) K. Jin, X. Huang, L. Pang, J. Li, A. Appelb and S. Wherland,
Chem. Commun., 2002, 2872; (b) Z.-Y. Fu, S.-M. Hu, J.-C. Dai,
J.-J. Zhang and X.-T. Wu, Eur. J. Inorg. Chem., 2003, 2670; (c)
Y.-B. Chen, Y. Kang, Y.-Y. Qin, Z.-J. Li, J.-K. Cheng, R.-F. Hu,
Y.-H. Wen and Y.-G. Yao, Acta Crystallogr., Sect. C, 2004, 60,
m168.

8 S. Konar, S. C. Manna, E. Zangrando, T. Mallah, J. Ribas and
N. R. Chaudhuri, Eur. J. Inorg. Chem., 2004, 4202.

9 (a) O. D. Friedrichs, M. O’Keeffe and O. M. Yaghi, Acta Crystal-
logr., Sect. A, 2003, 59, 22; (b) O. D. Friedrichs, M. O’Keeffe and
O. M. Yaghi, Acta Crystallogr., Sect. A, 2003, 59, 515.

10 (a) V. A. Blatov, L. Carlucci, G. Ciani and D. M. Proserpio,
CrystEngComm, 2004, 6, 377; (b) S. Y. Yang, L. S. Long, Y. B.
Jiang, R. B. Huang and L. S. Zheng, Chem. Mater., 2002, 14,
3229.

11 (a) L. Xu, G.-C. Guo, B. Liu, M.-S. Wang and J.-S. Huang, Inorg.
Chem. Commun., 2004, 7, 1145; (b) X. Wang, C. Qin, E. Wang, Y.
Li, N. Hao, C. Hu and L. Xu, Inorg. Chem., 2004, 43, 1850; (c) J.
Luo, M. Hong, R. Wang, R. Cao, L. Han and Z. Lin, Eur. J.
Inorg. Chem., 2003, 2705; (d) J.-C. Dai, X.-T. Wu, Z.-Y. Fu, C.-P.
Cui, S.-M. Hu, W.-X. Du, L.-M. Wu, H.-H. Zhang and R.-Q.
Sun, Inorg. Chem., 2002, 41, 1391; (e) W. Chen, J.-Y. Wang, C.
Chen, Q. Yue, H.-M. Yuan, J.-S. Chen and S.-N. Wang, Inorg.
Chem., 2003, 42, 945.

12 G. M. Sheldrick, SADABS, Program for area detector adsorption
correction, Institute for Inorganic Chemistry, University of
Göttingen, Germany, 1996.

13 G. M. Sheldrick, SHELXL-97, Program for refinement of crystal
structures, University of Göttingen, Germany, 1997.

z CCDC reference numbers 272567. See http://www.rsc.org/suppdata/
nj/b5/b504917b/ for crystallographic data in CIF or other electronic
format.

N e w J . C h e m . , 2 0 0 5 , 2 9 , 9 9 5 – 9 9 7 997

D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
al

if
or

ni
a 

- 
L

os
 A

ng
el

es
 o

n 
01

 J
an

ua
ry

 2
01

3
Pu

bl
is

he
d 

on
 1

6 
Ju

ne
 2

00
5 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/B
50

49
17

B

View Article Online

http://dx.doi.org/10.1039/b504917b

