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To investigate the relationship between topological types and molecular building blocks (MBBs), we

have designed and synthesized a series of three-dimensional (3D) interpenetrating metal-organic

frameworks based on different polygons or polyhedra under hydrothermal conditions, namely

[Cd(bpib)0.5(L1)] (1), [Cd(bpib)0.5(L2)] �H2O (2), [Cd(bpib)0.5(L3)] (3) and [Cd(bib)0.5(L1)] (4), where

bpib=1,4-bis(2-(pyridin-2-yl)-1H-imidazol-1-yl)butane, bib=1,4-bis(1H-imidazol-1-yl)butane, H2L1=4-

(4-carboxybenzyloxy)benzoic acid, H2L2=4,40-(ethane-1,2-diylbis(oxy))dibenzoic acid and H2L3=4,40-

(1,4-phenylenebis(methylene))bis(oxy)dibenzoic acid, respectively. Their structures have been deter-

mined by single crystal X-ray diffraction analyses and further characterized by elemental analyses, IR

spectra, and thermogravimetric (TG) analyses. Compounds 1–3 display a-Po topological nets with

different degrees of interpenetration based on the similar octahedral [Cd2(–COO)4] building blocks.

Compound 4 is a six-fold interpenetrating diamondoid net based on tetrahedral MBBs. By careful

inspection of these structures, we find that various carboxylic ligands and N-donor ligands with

different coordination modes and conformations, and metal centers with different geometries are

important for the formation of the different MBBs. It is believed that different topological types lie on

different MBBs with various polygons or polyhedra. Such as four- and six-connected topologies are

formed by tetrahedral and octahedral building blocks. In addition, with the increase of carboxylic

ligands’ length, the degrees of interpenetration have been changed in the a-Po topological nets. And the

luminescent properties of these compounds have been investigated in detail.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

The rational design and assembly of metal-organic frameworks
(MOFs) with well-regulated network structures have received
remarkable attention and have developed rapidly for the sake of
developing new functional materials with potential applications
in recent years [1–6]. The topological analysis of multitudinous
networks has become a topical research area, and is not only an
important tool for simplifying complicated compounds but also
plays an instructive role in the rational design of certain
functional materials with desirable properties [7,8]. To date,
network topologies in coordination polymers have been discussed
in several notable reviews [9–12] following a seminal compilation
by Wells decades ago [13,14]. But true crystal engineering of
coordination polymers (i.e. prediction of the solid-state structure
precisely) still remains a long-term challenge for the crystal
engineers. The crystal engineered nets invoke geometric design
ll rights reserved.

ishunli@yahoo.cn (S.-L. Li).
principles means that a chemically diverse range of molecular
building blocks are available for study as exemplified by
coordination polymers [15–21]. Zaworotko has used various
vertex-linked polygons or polyhedra (VLPP) method to delineate
their well-defined MOFs [22,23]. The simplest MOFs consist of
unitary nets with one type of node. The majority unitary nets are
based on four- and six-connected topologies [24–29], and the
common and important topological types are related to the
structure of various diamondoid, and a-Po (the primitive
cubic=pcu with the (412

�63) topological characteristic) nets,
which are formed possibly by tetrahedral and octahedral building
blocks [30,31]. So the topological type of unitary net is determined
by the local geometry of node, which is related to the MBBs.

On the other hand, the phenomenon of interpenetration, once
a rarity, is now becoming increasingly common aided by the rapid
growth of network-based crystal engineering [32–34]. The origin
of interpenetration can be ascribed to the presence of large free
voids in a single network, though it has been demonstrated that
interpenetration does not prevent the possibility of obtaining
open porous materials [35–38]. In consequence of mother nature’s
horror vacui, such a crystal structure with extra-large pores is

www.elsevier.com/locate/jssc
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unstable except by inclusion of suitable guests or by further
interpenetration [39–40]. The degrees of interpenetration have
consanguineous relation with the sizes of void, which is
determined possibly by the length of ligand [41–42].

As shown above, in order to control the network formation we
have to answer two questions prior to the preparation: (1) What
kind of nets can be constructed from various molecular building
blocks? (2) Do these nets interpenetrate, and what is the possible
reason about the degrees of interpenetration? In this paper, we
will consider above-mentioned questions and construct the 3D
interpenetrating nets based on tetrahedral and octahedral build-
ing blocks. We will also investigate the relationship between
topological types and molecular building blocks, and between the
degrees of interpenetration and the ligands’ length. To achieve
this aim, we have designed and synthesized a series of flexible N-
donor ligands (bpib and bib Chart 1) and multi-carboxylic
bridging ligands (H2L1, H2L2 and H2L3). As an accurate prediction
of the final structure is impossible, the exploration of the
influencing factors for the ultimate structures is not trivial. In
this paper, we have tried different synthetic conditions and
performed many experiments. Fortunately, compounds
[Cd(bpib)0.5(L1)] (1), [Cd(bpib)0.5(L2)] �H2O (2), [Cd(bpib)0.5(L3)]
(3) and [Cd(bib)0.5(L1)] (4) have been successfully isolated by
hydrothermal methods. In addition, the infrared spectra,
thermogravimetric analyses and the luminescent properties of
these compounds have been investigated in detail.
Chart 1. Four kinds of carboxylate ligands and two kinds of neutral ligands in 1–4.

Table 1
Crystal data and structure refinements for compounds 1–4.

1 2

Formula C25H20CdN3O5 C26H2

fw 554.84 602.8

Crystal system Monoclinic Tricli

Space group P21/n P
1

a (Å) 9.0900(12) 9.056

b (Å) 23.9510(14) 11.191

c (Å) 11.286(3) 15.26

a (deg) 90 102.2

b (deg) 108.500(2) 92.19

g (deg) 90 108.6

V (Å3) 2330.2(7) 1423

Z 4 2

Mu (mm�1) 0.979 0.812

Dcalcd. (g cm�3) 1.582 1.407

F (000) 1116 610

Reflns collected/unique 1569/4157 8661

R (int) 0.0594 0.087

GOF on F2 1.028 1.055

R1
a [I>2s (I)] 0.0477 0.087

wR2
b[I>2s (I)] 0.1110 0.233

wR2 for all data 0.1247 0.246

Largest residuals [e Å�3] 0.906/�0.547 1.940

a R1=S||Fo|� |Fc||/S|Fo|.
b wR2=|Sw(|Fo|2-|Fc|

2)|/S|w(Fo
2)2|1/2.
2. Experimental section

2.1. Materials and measurements

Chemicals were purchased from commercial sources and used
without further purification, bpib, bib and H2L2 were prepared
according to the literatures [43–46]. The C, H, and N elemental
analysis was conducted on a Perkin–Elmer 240C elemental
analyzer. The FT-IR spectra were recorded from KBr pellets in
the range of 4000–400 cm–1 on a Mattson Alpha-Centauri
spectrometer. TGA was performed on a Perkin–Elmer TG-7
analyzer heated from room temperature to 600 1C under nitrogen.
The solid-state emission/excitation spectra were recorded on a
Varian Cary Eclipse spectrometer at room temperature.

2.2. Synthesis of H2L1

A mixture of ethyl 4-hydroxybenzoate (8.30 g, 50 mmol) and
NaOH (2.00 g, 50 mmol) in DMSO (20 mL) was stirred at 5 1C for
2 h, then 4-(chloromethyl)benzonitrile (7.55 g, 50 mmol) was
added. The mixture was cooled to room temperature after stirring
at 50 1C for 24 h, and then poured into 200 mL of water. A yellow
solid of ethyl 4-(4-cyanobenzyloxy)benzoate formed immediately,
which was isolated by filtration in 94% yield after drying in air.

A mixture of ethyl 4-(4-cyanobenzyloxy)benzoate (14.07 g,
50 mmol) and KOH (11.20 g, 200 mmol) in H2O (200 mL) was
stirred at 100 1C for 15 h, and was cooled to room temperature.
Then the mixture was adjusted to pHE5 with HCl (1.0 mol L�1),
and a white solid of H2L1 formed immediately, which was isolated
by filtration in 60% yield after drying in air. IR (cm�1): 3743 (w),
3442 (w), 2985 (w), 2546 (w), 2362 (m), 1681 (s), 1606 (s), 1577
(m), 1514 (m), 1425 (s), 1385 (s), 1292 (s), 1252 (s), 1172 (s), 1047
(m), 949 (w), 854 (w), 765 (m).

2.3. Synthesis of H2L3

A mixture of ethyl 4-hydroxybenzoate (16.6 g, 100 mmol) and
NaOH (4.00 g, 100 mmol) in DMSO (60 mL) was stirred at 5 1C for
3 4

4CdN3O7 C32H26CdN3O6 C50H48Cd2N8O10

8 660.96 1145.76

nic Triclinic Orthorhombic

P
1

P21212

0(12) 9.1770(12) 14.3920(4)

(11) 11.2110(15) 25.2960(9)

4(2) 16.841(2) 6.9590(16)

63(2) 107.316(2) 90

8(3) 91.370(2) 90

28(2) 108.692(2) 90

.0(14) 1553.2(4) 2533.5(6)

2 2

0.749 0.904

1.413 1.502

670 1160

/6356 9361/6860 15421/6097

9 0.0256 0.0468

0.977 0.966

9 0.0557 0.0577

5 0.1257 0.1503

2 0.1456 0.1652

/�0.995 0.490/�0.654 1.444/�0.798
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Fig. 1. (a) Coordination environment of CdII atom in 1 with the ellipsoids drawn at

the 30% probability level, hydrogen atoms were omitted for clarity. (b) Ball-and-

stick representation of the sheet-like structure of compound 1. (c) Schematic

representation of the six-connected unit with octahedral building block. (d) Ball-

and-stick representation of the dimensional sizes of the a-Po framework in 1.

(e) Schematic description of the interpenetrating nets of 1.
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2 h, then 1,4-bis(chloromethyl)benzene (8.75 g, 50 mmol) was
added. The mixture was cooled to room temperature after stirring
at 50 1C for 24 h, and then poured into 200 mL of water. A yellow
solid of diethyl 4,40-(1,4-phenylenebis(methylene))bis(oxy)di-
benzoate formed immediately, which was isolated by filtration
in 88% yield after drying in air.

A mixture of diethyl 4,40-(1,4-phenylenebis(methylene))bis(ox-
y)dibenzoate (21.7 g, 50 mmol) and KOH (11.20 g, 200 mmol) in
H2O (300 mL) was stirred at 100 1C for 15 h, and was cooled to
room temperature. Then the mixture was adjusted to pHE5 with
HCl (1.0 mol L�1), and a white solid of H2L3 formed immediately,
which was isolated by filtration in 59% yield after drying in air. IR
(cm�1): 3551 (w), 3413 (w), 2980 (w),1701 (s), 1637 (m), 1604 (s),
1578 (m), 1508 (m), 1480 (m), 1423 (w), 1367(w), 1277 (s), 1254
(s), 1173 (s), 1114 (m), 1020 (m), 868 (w), 848 (m), 771 (w).

2.4. Synthesis of [Cd(bpib)0.5(L1)] (1)

A mixture of bpib (0.34 g, 1.0 mmol), H2L1 (0.27 g, 1.0 mmol),
Cd(OAc)2 �2H2O (0.27 g, 1.0 mmol), NaOH (0.08 g, 2.0 mmol) and
H2O (10 mL) was stirred for 1 h and then sealed in a 25 mL
Teflonlined stainless steel container. The container was heated to
150 1C and held at that temperature for 72 h, then cooled to 100 1C
at a rate of 10 1C h�1, and held for 8 h, followed by further cooling
to 30 1C at a rate of 5 1C h�1. Colorless crystals of 1 were collected
in 71% yield based on Cd(OAc)2 �2H2O. Anal. Calcd. for
C25H20CdN3O5 (554.84): C, 54.12; H, 3.63; N, 7.57. Found: C,
54.05; H, 3.55; N, 7.63%. IR (cm�1): 3425 (s), 3121 (w), 2940 (w),
1595 (s), 1546 (m), 1468 (s), 1397 (s), 1249 (m), 1168 (w), 787 (m),
745 (m), 698 (m), 628 (w).

2.5. Synthesis of [Cd(bpib)0.5(L2)] �H2O (2)

A mixture of bpib (0.34 g, 1.00 mmol), H2L2 (0.30 g, 1.0 mmol),
Cd(OAc)2 �2H2O (0.27 g, 1.0 mmol), NaOH (0.08 g, 2.0 mmol) and
H2O (10 mL) was stirred for 1 h and then sealed in a 25 mL
Teflonlined stainless steel container. The container was heated to
150 1C and held at that temperature for 72 h, then cooled to 100 1C
at a rate of 10 1C h�1, and held for 8 h, followed by further cooling
to 30 1C at a rate of 5 1C h�1. Colorless crystals of 2 were collected
in 66% yield based on Cd(OAc)2 �2H2O. Anal. Calcd. for
C26H24CdN3O7 (602.88): C, 51.80; H, 4.01; N, 6.97. Found: C,
51.79; H, 3.98; N, 6.86%. IR (cm�1): 3423 (s), 2935 (m), 1604 (s),
1511 (m), 1467 (m), 1396 (s), 1302 (m), 1248 (s), 1171 (m), 1109
(m), 1062 (w), 934 (w), 784 (m), 700 (w), 666 (w).

2.6. Synthesis of [Cd(bpib)0.5(L3)] (3)

A mixture of bpib (0.34 g, 1.00 mmol), H2L4 (0.38 g, 1.00 mmol),
Cd(OAc)2 �2H2O (0.27 g, 1.0 mmol), NaOH (0.08 g, 2.00 mmol) and
H2O (10 mL) was stirred for 1 h and then sealed in a 25 mL
teflonlined stainless steel container. The container was heated to
150 1C and held at that temperature for 72 h, then cooled to 100 1C
at a rate of 10 1C h�1, and held for 8 h, followed by further cooling
to 30 1C at a rate of 5 1C h�1. Colorless crystals of 3 were collected
in 74% yield based on Cd(OAc)2 �2H2O. Anal. Calcd. for
C32H26CdN3O6 (660.96): C, 58.15; H, 3.96; N, 6.35. Found: C,
58.03; H, 4.01; N, 6.39%. IR (cm�1): 3421 (m), 3105 (m), 2932 (m),
1598 (s), 1546 (s), 1469 (m), 1385 (s), 1300 (w), 1243 (s), 1167 (m),
1102 (w), 853 (w), 699 (w), 643 (w).

2.7. Synthesis of [Cd(bib)0.5(L1)] (4)

A mixture of bib (0.19 g, 1.00 mmol), H2L2 (0.27 g, 1.0 mmol),
Cd(OAc)2 �2H2O (0.27 g, 1.0 mmol), NaOH (0.08 g, 2.00 mmol) and
H2O (10 mL) was stirred for 1 h and then sealed in a 25 mL
teflonlined stainless steel container. The container was heated to
150 1C and held at that temperature for 72 h, then cooled to 100 1C
at a rate of 10 1C h�1, and held for 8 h, followed by further cooling
to 30 1C at a rate of 5 1C h�1. Colorless crystals of 4 were collected
in 78% yield based on Cd(OAc)2 �2H2O. Anal. Calcd. for
C50H48Cd2N8O10 (1145.76): C, 52.41; H, 4.22; N, 9.78. Found: C,
52.39; H, 4.19; N, 9.74%. IR (cm�1): 3424 (m), 3122 (m), 2936 (w),
1595 (w), 1511 (s), 1466 (m), 1396 (m), 1271 (w), 1228 (s), 1108 (s),
1080 (s), 834 (m), 737 (s), 657 (m).
2.8. X-ray crystallography

Single-crystal X-ray diffraction data for compounds 1–4 were
recorded on a Bruker Apex CCD diffractometer with graphite-
monochromated MoKa radiation (l=0.71073 Å) at 293 K. Absorp-
tion corrections were applied using multi-scan technique. All the
structures were solved by Direct Method of SHELXS-97 [47] and
refined by full-matrix least-squares techniques using the SHELXL-
97 program [48] within WINGX [49]. Non-hydrogen atoms were
refined with anisotropic temperature parameters. The hydrogen
atoms of the organic ligands were refined as ideal positions. H
atoms of water molecules were located from different Fourier
maps. The detailed crystallographic data and structure refinement
parameters for 1–4 are summarized in Table 1. CCDC-718526 (for
1), -718527 (for 2), -718528 (for 3), -718529 (for 4) contain the
supplementary crystallographic data for this paper. These data can
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be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
3. Results and discussion

3.1. Description of the crystal structures

3.1.1. Structure description of 1

The asymmetric unit of 1 is shown in Fig. 1a, which consists of
one kind of unique CdII ion, one kind of bpib ligand and one kind
of (L1)2� anion, respectively. Each Cd1 center is in a distorted
pentagonal bipyramidal coordination geometry, and is
coordinated by five carboxylate oxygen atoms from three (L1)2�

anions and two nitrogen atoms from one bpib ligand. The Cd–O
and Cd–N bond lengths are all within the normal ranges [50,51].
Each (L1)2� anion with the (k2)-(k2-m2)-m3 coordination mode
(Chart S1a) connects the CdII ions in two directions to make up a
2D layer structure (Fig. 1b) with the grid showing the dimensional
sizes of 17.673 Å�17.673 Å, in which there is a [Cd2(–COO)4] unit
formed by four carboxylate groups and two CdII ions. The [Cd2(–
COO)4] unit can be regarded as an octahedral MBBs. The 2D layers
are pillared by bpib ligands with the TTT (T=trans) conformation
to form a 3D framework. If each [Cd2(–COO)4] unit is considered
Fig. 3. (a) Coordination environment of CdII atom in 3 with the ellipsoids drawn at t

description of the interpenetrating a-Po nets of 3.

Fig. 2. Coordination environment of CdII atom in 2 with the ellipsoids drawn at the

30% probability level, hydrogen atoms and water molecule were omitted for

clarity.
as a six-connected node (Fig. 1c), the structure of 1 exhibits a a-Po
topology (Fig. 1d).

Because of the spacious nature of the single network, the
potential voids are filled via mutual interpenetration of identical
3D frameworks, generating a four-fold interpenetrating architec-
ture (Fig. 1e).

3.1.2. Structure description of 2

To evaluate the effects of different length of carboxylate anions
on the various topologies, other two structurally related ligands
H2L2 and H2L3 have been utilized, and two different frameworks
have been isolated. When the more longer H2L2 ligand has been
reacted with CdII and bpib, using a preparation procedure similar
to that of 1 and resulting in a 3D four-fold interpenetrating
network of 2. As shown in Fig. 2, the structure of 2 contains one
kind of unique CdII ion, one kind of bpib ligand and two kinds of
(L2)2� anions, respectively. Cd1 ion shows seven-coordinated
pentagonal bipyramidal geometry which is surrounded by five
carboxylate oxygen atoms from three (L2)2� anions and two
nitrogen atoms from one bpib ligand. Two kinds of (L2)2� anions
with two types of coordination modes; namely, (k2-m2)-(k2-m2)-m4

and (k2)-(k2)-m2 (Chart S1c and d), link all CdII ions to generate a
2D sheet with the grid showing the dimensional sizes of
18.044 Å�21.518 Å (Fig. S1a). And there exists a [Cd2(–COO)4]
unit formed by four carboxylate groups and two CdII ions in the
sheet. The 2D layers are pillared by bpib ligands with the TTT
conformation to form a 3D framework. If each [Cd2(–COO)4] unit
is considered as a six-connected node, the structure of 2 exhibits a
a-Po topology (Figs. S1b and c).

In addition, other three identical 3D frameworks interpene-
trate one 3D framework to generate a four-fold interpenetrating
architecture. Compounds 1 and 2 are both four-fold interpene-
trating frameworks which are similar to the reported compounds
[Zn4(m4-O)(L1)6(DMF)2] �4DMF �3CH3OH �2H2O [52,53] and
[Zn4(m4-O)(L2)3] �5DMF �5C2H5OH �H2O [18a] (H2L1=6,60-di-
chloro-2,20-diethoxy-1,10-binaphthyl-4,40-dibenzoic acid and
H2L2=6,60-dichloro-2,20-dibenzyloxy-1,10-binaphthyl-4,40-diben-
zoic acid), and 2,20,6,60-tetramethyl-4,40-terphenyldiol [53].

3.1.3. Structure description of 3

When using longer H2L3 ligand instead of H2L2 ligand,
compound 3 with different structural type from others has been
obtained. Single crystal X-ray analysis reveals that compound 3 is
constructed by one kind of CdII ion, two kinds of (L3)2� anions and
one bpib ligand (Fig. 3a). Four carboxylate groups from different
(L3)2� anions coordinate to two CdII ions to form a [Cd2(–COO)4]
unit which is linked by two kinds of (L3)2� anions with (k2-m2)-
he 30% probability level, hydrogen atoms were omitted for clarity. (b) Schematic

www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
www.ccdc.cam.ac.uk/data_request/cif
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(k2-m2)-m4 and (k2)-(k2)-m2 (Chart S1e and f) coordination modes
to generate a 2D sheet, showing a large window with the
dimensional sizes of 22.071 Å �25.205 Å (Fig. S2a), which is
larger than those in compounds 1 and 2. The 2D layers are pillared
by bpib ligands with the TTT conformation to form a 3D
framework. If each [Cd2(–COO)4] unit is considered as a six-
connected node, the structure of 3 exhibits a a-Po topology
(Figs. 3b and S2b).

Because of the larger sizes of the single network than those in
compounds 1 and 2, there are other four identical 3D frameworks
interpenetrate one 3D framework to generate a five-fold inter-
penetrating architecture. To our best knowledge, compound 3 is the
first example of the five-fold interpenetrating a-Po architecture.

Comparing the structures of 1, 2 and 3, there are the similar
MBBs of [Cd2(–COO)4] formed by two CdII ions and four
carboxylate anions, which may be caused by the similar
coordination modes (k2-m2) of carboxylate groups. Then [Cd2(–
COO)4] MBBs are connected by various carboxylate anions to
generate grids with different sizes based on the distinct multi-
carboxylate lengths. In 1, the dimensional sizes (a and b) of the
grids are 17.673 Å�17.673 Å, and those in compounds 2 and 3 are
18.044 Å�21.518 Å and 22.071 Å�25.205 Å, respectively. Being
connected by four –(CH2)– groups, the flexible neutral bpib ligand
is selected to construct compounds 1–3 with different torsion
angles and alterable distances (c) between two metal centers
coordinated by one bpib ligand, which can benefit above
mentioned requirement. The sheets are pillared by bpib ligands
with the distances between two metal centers of 14.624, 14.627
and 14.668 Å in 1–3, respectively. From the theoretic view, the
longer the distances of a, b and c are, the higher the degrees of
interpenetration for a-Po topology exhibit. Based on the above
discussion, the values of a, b and c in compound 3 is higher than
those in compounds 1 and 2, so compounds 1 and 2 show the
four-fold interpenetrating a-Po topologies and compound 3
exhibits a five-fold interpenetrating a-Po net. So we have achieved
the transformation about the degrees of interpenetration via
changing the length of carboxylate ligands in a-Po topological
nets when using similar MBBs. These results indicate the
structures with different degrees of interpenetration can be
designed and synthesized in the crystal engineering.
Fig. 4. (a) Coordination environment of CdII atom in 4 with the ellipsoids drawn at

the 30% probability level, hydrogen atoms were omitted for clarity. (b) Ball-and-

stick representation of the chain-like structure of compound 4. (c) Ball-and-stick

representation of the 3D framework of compound 4. (d) Ball-and-stick representa-

tion of the dimensional sizes of the diamondoid framework of 4. (e) and

(f) Schematic description of the interpenetrating nets of 4.
3.1.4. Structure description of 4

The above mentioned results encouraged us to expand our
studies to the other topological structural types. In order to obtain
the four-connected net, we select the bib instead of bpib ligand.
Compared with 2-(2-pyridyl)imidazole group of bpib, the imida-
zole group of bib has smaller steric hindrance when coordinates to
the same metal center.

It is interesting that bib is selected to react with CdII ion and
H2L1, different topological structure of 4 has been obtained. Single
crystal X-ray analysis reveals that compound 4 contains one kind
of CdII ion, one kind of (L1)2� anion and one bib ligand (Fig. 4a).
CdII ion is surrounded by four carboxylate oxygen atoms from two
(L1)2� anions and two nitrogen atoms from different bib ligands,
which can be regarded as a tetrahedral MBBs. Each (L1)2� anion
shows a (k2)-(k2)-m2 coordination mode (Chart S1b) and connects
CdII ions to generate a wavelike chain (Fig. 4b), which is linked by
bib ligand with the TTT coordination conformation to form a 3D
framework (Fig. 4c and d). From the topological view, if each
tetrahedral MBB is considered as a four-connected node, and
(L1)2� and bib ligands are considered as linkages, the structure of
4 is a diamond topology (Scheme 1).

In consequence of mother nature’s horror vacui, other five
identical frameworks interpenetrate one net to generate an
interesting six-fold interpenetrating net (Fig. 4e and f).
By careful inspection of compounds 1–4, 1–3 are six-connected
a-Po nets constructed by octahedral [Cd2(–COO)4] MBBs. When
selecting smaller steric hindrance bib ligand, the four-connected
diamondoid net is formed by tetrahedral MBBs in 4. These results
indicate that various MBBs can be constructed by changing
different ligands and metal centers. The topological types of
unitary nets are determined by these MBBs with various polygons
or polyhedra. Such as four- and six-connected topologies are
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Scheme 2. Schematic representation of MBBs and six- and four-topological nets.

Scheme 1. The relationship between the degrees of interpenetration and the ligands’ length about 1–3.
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formed by tetrahedral and octahedral building blocks in above-
mentioned compounds. The structures of compounds 1 and 4
show various topological types with different degrees of inter-
penetration by using different carboxylate acids and neutral
ligands with similar length. The different degrees of interpenetra-
tion maybe caused by different sizes of free voids in a single
network, which is determined possibly by the shortest cycle in
different topological types. Compounds 1 and 4 exhibit four-fold
a-Po net and six-fold diamondoid net, respectively, the increase
about the degrees of interpenetration can be ascribed to above-
mentioned viewpoints (Scheme 2).
3.2. FT-IR spectra

In the IR spectra of complexes 1–4, the characteristic bands of the
carboxylate groups appeared in the usual region at 1595 cm�1 (1),
1604 cm�1 (2), 1598 cm�1 (3) and 1595 cm�1 (4) for the antisym-
metric stretching vibrations and at 1397 cm�1 (1), 1396 cm�1 (2),
1385 cm�1 (3) and 1396 cm�1 (4) for the symmetric stretching
vibrations, respectively. The separation (Dn) between nasym (COO�)
and nsym (COO�) is 198, 208, 213 and 199 cm�1 for 1, 2, 3, 4,
respectively, indicating bidentate coordination of the carboxylate
groups in such complexes. The absence of the strong carboxyl
absorption band around 1730 cm�1 of multicarboxylate acid
indicates the complete deprotonation. Weak absorptions observed
over the range 2900–2950 cm–1 can be attributed to the nCH2

of the
(L1)2� , (L2)2� and (L3)2� ligands. The bands at 1468 cm–1 for 1,
1467 cm–1 for 2, 1469 cm–1 for 3 and 1466 cm–1 for 4 are typical for n
(CQN) of the imidazole ring [54]. These spectral characteristics are
consistent with the following X-ray structure analyses.

3.3. Thermal analysis

In order to characterize the compounds more fully in terms of
thermal stability, their thermal behaviors were studied by TGA.
The experiments were performed on samples consisting of
numerous single crystals of 1–4 under N2 atmosphere with a
heating rate of 10 1C/min. As shown in Figs. S3 in the supporting
information (Table 2).

For 1, the weight loss begins to decompose at 197 1C and ends
above 548 1C. The remaining weight of 23.4% corresponds to the
percentage (23.1%) of CdO. The TGA curve of 2 shows that it loses
the water molecules from room temperature to 109 1C (obsd. 2.7%,
calcd. 3.0%), and then the anhydrous compound begins to
decompose, leading to the formation of CdO as the residue (obsd.
21.5%, calcd. 21.4%). For compounds 3 and 4, the weight losses in
the range of 211–541 1C for 3 and 233–526 1C for 4 correspond to
the removal of the corresponding organic components, and the
remaining weight corresponds to the formation of CdO in 3 (obsd.
19.5%, calcd. 19.4%) and CdO in 4 (obsd. 22.7%, calcd. 22.4%).

3.4. Luminescent properties

Luminescent compounds are of great current interest because
of their various applications in chemical sensors, photochemistry
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Table 2
The TG of compounds 1–4.

1 Step 2 Step Remaining component

1 197–548 1C CdO

obsd. 76.6%, calcd. 76.9% obsd. 23.4%, calcd. 23.1%

2 rt-109 1C 205–518 1C CdO

obsd. 2.7%, calcd. 3.0% obsd. 75.8%, calcd. 75.6% obsd. 21.5%, calcd. 21.4%

3 211–541 1C CdO

obsd. 80.5%, calcd. 80.6% obsd. 19.5%, calcd. 19.4%

4 233–526 1C CdO

obsd. 78.3%, calcd. 78.6% obsd. 22.7%, calcd. 22.4%

Fig. 5. Solid-state photoluminescent spectra of 1–4 at room temperature.

Table 3
The wavelengths of the emission maximums and excitation (nm).

bpib bib 1 2 3 4

lem 532 36 379 389 391 413

lex 370 380 290 285 280 290
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and electroluminescent display [55–57]. The main emission peaks
of bpib and bib are at 532 and 436 nm (lex=370 and 380 nm),
respectively, which may be attributed to the p*-p transition [53].
And solid H2L1–H2L3 ligands are nearly nonfluorescent in the
range 300–700 nm at ambient temperature. The excitation leads
to intense emission bands at 379 nm for 1 (lex=370 nm), 389 nm
for 2 (lex=285 nm), 391 nm for 3 (lex=280 nm) and 413 nm for 4
(lex=290 nm), respectively (Fig. 5 and Table 3). In comparison
with the free ligands, the emission maxima of compounds 1–4
have changed, which may be attributed to a joint contribution of
the intraligand transitions and/or charge transfer transitions
between the coordinated ligands and the metal center
[44,50,58–61].
4. Conclusion

In summary, we have synthesized four mixed-ligand coordina-
tion complexes under hydrothermal conditions. By careful
inspection of these structures, we find that various carboxylic
ligands and N-donor ligands with different coordination modes
and conformations, and metal centers with different coordination
geometries are important for the formation of the different MBBs.
It is believed that the different topological types lie on different
MBBs with various polygons or polyhedra. Such as four- and six-
connected topologies are formed by tetrahedral and octahedral
building blocks. In addition, with the increase of carboxylic
ligands’ length, the degrees of interpenetration have been
changed in the a-Po topological nets. The successful isolation of
these compounds not only provides intriguing examples of
interpenetrating topology but also confirms that the simple
unitary net can be designed and synthesized from specific MBBs
with homologous polygons or polyhedra. Appropriate choices of
carboxylic ligands and N-donor ligands as well as spatial linkers
and metal centers with different coordination geometries will
lead to the rational design and assembly of MOFs with well-
regulated network structures.
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