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a b s t r a c t

Five novel ZnII-(pyridyl)imidazole derivative coordination polymers, [Zn(L)2] (1), [Zn2(m3-OH)L(m-BDC)]

(2), [Zn2(m3-OH)L(p-BDC)] �H2O (3), [Zn2L(BTC)(H2O)] �2.5H2O (4) and [Zn3.5(m3-OH)L2(BTEC)(H2O)] �

H2O (5) (L=4-((2-(pyridine-2-yl)-1H-imidazol-1-yl)methyl)benzoic acid, p-H2BDC=1,4-benzenedicar-

boxylic acid, m-H2BDC=1,3-benzenedicarboxylic acid, H3BTC=1,3,5-benzenetricarboxylic acid,

H4BTEC=1,2,4,5-benzenetetracarboxylic acid), were successfully synthesized under hydrothermal

conditions through varying auxiliary aromatic-acid ligands and structurally characterized by X-ray

crystallography. Compound 1 exhibits a 1D chain linked via double L bridges. Compound 2 features a

well-known pcu topology with bent dicarboxylate ligand (m-H2BDC) as an auxiliary ligand, while 3
displays a bcu network with linear dicarboxylate ligand (p-H2BDC) as an auxiliary ligand. The structure

of compound 4 is a novel 3D (3,5)-connected network with (4 � 62)(4 �64
�82
�10 �122) topology. It is

interesting that compound 5 shows an intricate (3,4,8)-connected framework with (4 �62)

(42
�63
�8)(42

�64)(42
�618
�7 �86

�10) topology. In addition, their infrared spectra (IR), X-ray powder

diffraction (XPRD) and photoluminescent properties were also investigated in detail.

& 2010 Elsevier Inc. All rights reserved.
1. Introduction

The rational design and synthesis of metal-organic frameworks
(MOFs) is of current interest in the field of crystal engineering and
supramolecular chemistry. This is justified not only by their
intriguing variety of architectures and topologies, such as rectan-
gular grids, herringbones, boxes, ladders, brick walls, rings,
diamondoids, and honeycombs, but also by their potential
applications in ion-exchange, non-linear optics, molecular sieves,
gas storage, catalysis, magnetism, and molecular sensing [1–6].
Although a variety of MOFs with beautiful topologies and
interesting properties have been synthesized to date, rational
control in the construction of polymeric networks still remains a
great challenge in crystal engineering. From the viewpoint of
crystal engineering, the most effective and facile approach to
overcome this is the appropriate choice of the well-designed
organic bridging ligands (building blocks) containing modifiable
backbones and connectivity information, together with the metal
centers (nodes) with various coordination preferences [7–9].
Multidentate N- or O-donor ligands have been investigated
extensively as organic spacers in the construction of MOFs. Such
ll rights reserved.
as, the use of 4,40-bipyridine [10,11], imidazole [12,13] and their
analogs [14–17], as neutral N-donor ligands, are excellent organic
ligands towards the syntheses of extended multidimensional
coordination polymers due to their simple bridging fashion and
strong coordination ability to transition metal ions. In the mean-
time, di- [18,19] or polycarboxylate [20,21] ligands, as O-donor
ligands via anionic groups, are another kind of candidates for the
preparation of multidimensional coordination networks, owing to
the rich coordination modes of the carboxylate groups, and can
afford neutral MOFs. According to the above considerations, we
incorporated both neutral and anionic donor groups into a single
organic ligand, namely, 4-((2-(pyridine-2-yl)-1H-imidazol-1-yl)-
methyl)benzoic acid (L), as shown in Scheme 1. From a structural
point of view, it should be pointed out that (i) this ligand, which
possesses flexibility owing to the presence of a –CH2– spacer
between (pyridyl)imidazole ring and carboxylate terminal, can
freely rotate to meet the requirement of coordination geometries of
metal ions in the assembly process; (ii) the L ligand contains
remarkable coordination abilities (both N- and O-donor sites), it is
able to react with transition metal ions to produce unique
structural motifs with beautiful aesthetics and useful functional
properties; (iii) it has an asymmetric geometry that may lead to
unprecedented structures with novel topological features.

Meanwhile, it is well-known that many factors influence the
formation of the final architectures in molecular self-assembly

www.elsevier.com/locate/jssc
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Scheme 1. Conformation of flexible ligand L.
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processes, such as the solvent system, template, central metal,
and anion [22–24]. We are particularly interested in the effects of
auxiliary anions on the architectures of the final compounds. So
far, although the effect of anions on the structures of compounds
has been studied, systematic investigations on the influence of
organic anions such as aromatic polycarboxylate ligands on their
compound structures have been lacking [25–27].

In this work, through precise control of organic-acid linker
structural features such as dentation and shape, in the absence or
presence of auxiliary aromatic polycarboxylate ligands, a remark-
able class of ZnII compounds with rich architectures has been
obtained: [Zn(L)2] (1), [Zn2(m3-OH)L(m-BDC)] (2), [Zn2(m3-OH)L(p-
BDC)] �H2O (3), [Zn2L(BTC)(H2O)] �2.5H2O (4) and [Zn3.5(m3-
OH)L2(BTEC)(H2O)] �H2O (5). On the basis of synthesis and
structural characterization, the influence of auxiliary aromatic
ligands on controlling of the final compound structures is
discussed. Furthermore, the role of weak intermolecular force
such as aromatic p–p stacking interaction in the creation of
molecular architectures has also been investigated for the
compound 1.
2. Experimental section

2.1. Materials and general methods

All commercially available chemicals are of reagent grade and
used as received without further purification. (2-(2-pyridyl)imi-
dazole) was synthesized according to the reported procedure
[28,29]. FT-IR spectra were recorded from KBr pellets in the range
of 400–4000 cm�1 on a Mattson Alpha-Centauri spectrometer.
Elemental analyses of carbon, hydrogen and nitrogen were carried
out with a Carlo Erba 1106 elemental analyzer. Thermal
gravimetric analyses (TGA) were performed on a Perkin-Elmer
TG-7 instrument in flowing N2 with a heating rate of 10 1C/min.
The emission/excitation spectra were recorded on a Varian Cary
Eclipse spectrometer. X-ray powder diffraction (XRPD) patterns
were recorded on a Siemens D5005 diffractometer with Cu KR
(l=1.5418 Å) radiation.

2.2. Synthesis of 4-((2-(pyridine-2-yl)-1H-imidazol-1-

yl)methyl)benzoic acid (L)

Solution containing 2-(2-pyridyl)imidazole (0.01 mol) and
NaOH (0.02 mol) in DMF (25 mL) was heated at 60 1C for 30 min.
Then, 4-(chloromethyl)benzonitrile (0.01 mol) was added directly,
and the mixture was continuously stirred and heated for 10 h.
After cooling, the mixture was precipitated with 200 mL of
distilled water and then the light-brown solid of (4-((2-(pyr-
idine-2-yl)-1H-imidazol-1-yl)methyl)benzonitrile) was obtained.
A mixture of 4-((2-(pyridine-2-yl)-1H-imidazol-1-yl)methyl)ben-
zonitrile (50 mmol) and NaOH (200 mmol) in H2O (200 mL) was
stirred at 100 1C for 12 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 L formed immediately, which was isolated by
filtration in 80% yield after drying in air. Anal. Calcd. for
C16H13N3O2: C, 66.84; H, 4.66; N, 15.04. Found: C, 66.76; H,
4.59; N, 15.11%. IR data (KBr, cm�1): 3432s, 3115s, 1706s, 1587s,
1488s, 1463s, 1411s, 1307m, 1153w, 1090w, 939s, 793s, 770s,
703s, 461m. 1H NMR (DMSO): 8.51 (d, 1H, J=1.06 Hz), 8.05 (t, 1H,
J=1.00 Hz), 7.86 (d, 1H, J=0.96 Hz), 7.83 (d, 1H, J=2.28 Hz), 7.43 (d,
1H, J=0.98Hz), 7.31 (d, 1H, J=1.04 Hz), 7.20 (d, 1H, J=2.19 Hz), 7.11
(d, 1H, J=1.04 Hz), 5.95 (s, 2H, J=2.24 Hz, –CH2–). The carboxylate-
bound hydrogen was not detected.
2.3. Synthesis of compounds 125

[Zn(L)2] (1). To 10 mL of distilled water was added
Zn(OAc)2 �2H2O (0.2 mmol) and L (0.1 mmol) while stirring. When
the pH value of the mixture was adjusted to about 7.0 with NaOH
solution (1.0 mol L�1), then the mixture was placed in a 23 mL
Teflon-lined stainless steel vessel, and heated at 150 1C for 72 h,
and then the reaction system was cooled to room temperature at
a rate of 5 1C/h. Crystals of 1 were obtained in yield (based on Zn):
54%. Anal. Calcd. for C32H24N6O4Zn: C, 61.79; H, 3.88; N, 13.51%.
Found: C, 61.82; H, 3.85; N, 13.54%. IR data (KBr, cm�1): 3003s,
1621s, 1569s, 1473s, 1416s, 1363s, 1288s, 990s, 858s, 790s, 701s,
622s 548s, 498s.

[Zn2(l3-OH)L(m-BDC)] (2). To 10 mL of distilled water was
added Zn(OAc)2 �2H2O (0.2 mmol), m-H2BDC (0.1 mmol) and L
(0.1 mmol) while stirring. When the pH value of the mixture was
adjusted to about 6.5 with NaOH solution (1.0 mol L�1), then the
mixture was placed in a 23 mL Teflon-lined stainless steel vessel,
and heated at 150 1C for 72 h, and then the reaction system was
cooled to room temperature at a rate of 5 1C/h. Crystals of 2 were
obtained in yield (based on Zn): 72%. Anal. Calcd. for
C24H17N3O7Zn2: C, 48.92; H, 2.73; N, 7.13%; Found: C, 48.97; H,
2.69; N, 7.09%. IR data (KBr, cm�1): 3113s, 1614s, 1563s, 1477s,
1397s, 1362s, 1187s, 1153s, 960s, 784s, 742s, 715s, 444s.

[Zn2(l3-OH)L(p-BDC)] . H2O (3). To 10 mL of distilled water
was added Zn(OAc)2 �2H2O (0.2 mmol), p-H2BDC (0.1 mmol) and L
(0.1 mmol) while stirring. When the pH value of the mixture was
adjusted to about 6.5 with NaOH solution (1.0 mol L�1), then the
mixture was placed in a 23 mL Teflon-lined stainless steel vessel,
and heated at 150 1C for 72 h, and then the reaction system was
cooled to room temperature at a rate of 5 1C/h. Crystals of 3 were
obtained in yield (based on Zn): 77%. Anal. Calcd. for
C24H19N3O8Zn2: C, 47.47; H, 2.98; N, 6.92%. Found: C, 47.51;
H, 2.92; N, 6.97%. IR data (KBr, cm�1): 3742s. 3591s, 3115s, 1604s,
1568s, 1500s, 1478s, 1404s, 1288s, 1152s, 1011s, 890s, 848s,
786s, 740s, 585s, 447s.

[Zn2L(BTC)(H2O)] . 2.5H2O (4). To 10 mL of distilled water was
added Zn(OAc)2 �2H2O (0.2 mmol), H3BTC (0.1 mmol) and L
(0.1 mmol) while stirring. When the pH value of the mixture
was adjusted to about 6.0 with NaOH solution (1.0 mol L�1), then
the mixture was placed in a 23 mL Teflon-lined stainless steel
vessel, and heated at 150 1C for 72 h, and then the reaction system
was cooled to room temperature at a rate of 5 1C/h. Crystals of 4
were obtained in yield (based on Zn): 63%. Anal. Calcd. for
C200H176N24O92Zn16: C, 44.17; H, 3.23; N, 6.18%. Found: C, 44.26;
H, 3.17; N, 6.14%. IR data (KBr, cm�1): 3742s, 3128s, 1626s, 1566s,
1478s, 1416s, 1363s, 1203s, 1107s, 1008s, 741s, 493s, 445s.

[Zn3.5(l3-OH)L2(BTEC)(H2O)] . H2O (5). To 10 mL of distilled
water was added Zn(OAc)2 �2H2O (0.2 mmol), H4BTEC (0.1 mmol)
and L (0.1 mmol) while stirring. When the pH value of the mixture
was adjusted to about 6.0 with NaOH solution (1.0 mol L�1), then
the mixture was placed in a 23 mL Teflon-lined stainless steel
vessel, and heated at 150 1C for 72 h, and then the reaction system
was cooled to room temperature at a rate of 5 1C/h. Crystals of 5
were obtained in yield (based on Zn): 56%. Anal. Calcd. for
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C42H31N6O15Zn3.5: C, 44.93; H, 2.76; N, 8.73%. Found: C, 44.98; H,
2.73; N, 8.70%. IR data (KBr, cm�1): 3425s, 1613s, 1501s, 1455s,
1434s, 1400s, 1140s, 760s, 704s, 625s, 521s, 459s.
2.4. X-ray crystallographic studies

Single-crystal X-ray diffraction data for compounds 1–5 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 [30] and
refined by full-matrix least-squares techniques using the SHELXL-
97 program [31] within WINGX [32]. Non-hydrogen atoms were
refined with anisotropic temperature parameters. The disordered
O atoms of the water molecules (O1W) in compound 3 and
(O2W, O3W, O4W) in compound 4 were refined with isotropic
temperature parameters. The disordered O atoms of the water
molecules (O1W) in compound 3 and (O3W, O4W) in compound 4
were refined using O atoms split over two sites, with a total
occupancy of 1, while (O2W) in compound 4 was refined using O
atoms split over two sites, with a total occupancy of 0.5. The
hydrogen atoms of the organic ligands were refined as rigid
groups. Hydrogen atoms of water molecules were located from
difference Fourier maps. The detailed crystallographic data and
structure refinement parameters for 1–5 are summarized in Table
S1 (Supporting Information), and selected bond lengths and
angles are listed in Table S2 (Supporting Information). Crystal-
lographic data for the structural analysis have been deposited
with the Cambridge Crystallographic Data Center CCDC reference
numbers 724698-724702.
Fig. 1. (a) Coordination environment of ZnII atoms in 1 with the ellipsoids drawn

at the 50% probability level, symmetry code: A: �0.5+x, 0.5�y, 0.5+z; hydrogen

atoms were omitted for clarity. (b) 1D double-bridged chain of compound 1. (c)

The 2D supramolecular of 1 formed through p�p interactions.

Scheme 2. The coordinated modes of the L ligand.
3. Results and discussion

3.1. Preparation of compounds 125

In this system, the pH value of solution plays a crucial role in
construction of compounds 1–5. In our first attempts, we only
obtained a small quantity of microcrystals unsuitable for single-
crystal X-ray diffraction under the hydrothermal conditions. Then,
we sensed that changing the pH value of the reaction mixture
may be helpful for crystal growth. In view of this, we adjust the
pH value of the reaction system. As expected, at pH 6–7 well-
formed single crystals of 1–5 that are suitable for single-crystal
X-ray diffraction were obtained. The reported pH value in the
experimental section is the best choice, based on the yield. The
hydrothermal reactions Zn(OAc)2 �2H2O and L generated com-
pound 1. The structure of 1 is relatively simple, which is a 1D
double-bridged chain structure. According to previous reports, the
chelating N-donor ligands may inhibit the expansion of poly-
metric framework, and compound 1 possesses a predictable low-
dimension structure as most of the coordination polymers with
similar ligands [33–35]. This result prompted us to extend our
work by using other auxiliary ligands, especially those bridging
ligands such as polycarboxylate aromatic acid. It is well-known
that the structure geometry could be controlled and modulated by
selecting some appropriate organic ligands [36]. We were
interested in such reactions in the presence of auxiliary ligands
and hoped to obtain the other novel architectures. Fortunately,
compounds 2–5 were obtained under similar reaction conditions
when different auxiliary ligands (1,3-benzenedicarboxylic acid,
1,4-benzenedicarboxylic acid, 1,3,5-benzenetricarboxylic acid,
1,2,4,5-benzenetetracarboxylic acid) were added.
3.2. Structural description of compounds 125

[Zn(L)2] � (1). Single-crystal X-ray structural analysis reveals
that 1 crystallizes in the monoclinic space group (P21/n). The
coordination environment of metal center is depicted in Fig. 1a.
Each ZnII center exhibits a distorted trigonal bi-pyramid
geometry, being ligated by two carboxylic oxygen atoms (Zn1–
O=1.9418(18)–2.0132(19) Å) from two distinct L ligands and
three nitrogen atoms (Zn1–N=2.033(2)–2.458(2) Å) from another
two different L ligands. The Zn–O/N bond lengths are all consis-
tent with corresponding bond lengths found in the literature [37].
Compound 1 contains a 1D chain linked via double L bridges, as
shown in Fig. 1b. L ligand adopts two kinds of coordination
modes. Firstly, each L ligand coordinates to two ZnII ions with two
N and one O by chelate–monodentate coordination mode
(Scheme 2a). Secondly, each L ligand coordinates to two ZnII

ions with one N and one O by monodentate–monodentate
coordination mode (Scheme 2b). Consequently, two L ligands
link two ZnII ions to construct a metallic cycle as the based
building block of the 1D chain with the Zn?Zn separation across
the L ligand of 11.338 Å.

An interesting point is the presence of supramolecular
interactions between such L ligands. The approximately parallel
orientation of the L ligands allows neighboring related single-
stranded chains to generate a supramolecular layer under the
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direction of aromatic p?p stacking interactions among the L
pairs, with the plane to plane distance of 3.721 Å of two imidazole
rings and the centroid–centroid distance of 3.940 Å of two
pyridine rings (Fig. 1c). So an interesting 2D supramolecular layer
is finally formed by linking these chains through p?p interac-
tions.

[Zn2(l3-OH)L(m-BDC)] (2). When m-H2BDC ligand was intro-
duced, a significantly different framework 2 was formed. Single-
crystal X-ray diffraction study reveals that 2 contains tetranuclear
zinc clusters, in which the m3-OH groups interlink three
independent ZnII ions, with non-bonding Zn?Zn separations of
Fig. 2. (a) Coordination environment of ZnII atoms in 2 with the ellipsoids drawn

at the 50% probability level, symmetry code: A: 0.5+x, 0.5�y; 0.5+z; B: �x, �y,

�z; hydrogen atoms were omitted for clarity. (b) Perspective views of the stacking

arrays of 2. (c) Topological representation of 2 showing the a-Po topology.
3.152–3.676 Å. The asymmetric unit consists of two kinds of ZnII

ions, one L ligand, one m-BDC ligand and one coordinated m3-OH
group (Fig. 2a). The Zn1 displays a distorted octahedral geometry,
which is completed by two carboxylic oxygen atoms (Zn1–
O=2.133(2)–2.144(2) Å) from one m-BDC ligand and one L ligand,
two nitrogen atoms (Zn1–N=2.086(3)–2.200(3) Å) from one
L ligand, and two m3-O atoms (Zn1–O=2.079(2)–2.142(2) Å),
whereas Zn2 exists in a distorted tetrahedral sphere, being
ligated by three carboxylic oxygen atoms (Zn2–O=1.931(2)–
1.982(2) Å) from two different m-BDC ligands and one L ligand,
and one m3-O atom (Zn2–O7=1.971(2) Å). Obviously, bond lengths
in a tetrahedral geometry are shorter than those in octahedral
geometries, which is consistent with those reported in the
literature [38]. Different from compound 1, each L ligand in 2
adopts chelate-bis(monodentate) coordination fashions to
coordinate to three ZnII ions with two N and two O donors
(Scheme 2c). One carboxylate group of the m-BDC ligand adopts
bidentate coordination fashion to bridge Zn1 and Zn2, and
another carboxylate group adopts monodentate bridging mode
to coordinate to Zn2 (Scheme 3a). Based on these connection
modes, the L and m-BDC connect the adjacent tetranuclear zinc
cluster to form a 3D framework (Fig. 2b). A better insight into the
nature of the involved framework can be achieved by application
of a topological approach, when we take the tetranuclear zinc
cluster as a single six-connected node, due to two pairs of m-BDC
ligands linking two adjacent tetranuclear zinc clusters
(Supporting Information Fig. S1a), each organic ligand is
regarded as a linear linker, therefore, the network can be
simplified to a distorted 3D a-Po topology, as shown in Fig. 2c.

[Zn2(l3-OH)L(p-BDC)] (3). When p-H2BDC ligands were used
instead of m-H2BDC ligands to react with zinc ions, compound 3
possessing a 3D network was obtained. Single-crystal X-ray
analysis reveals that the structure of 3 also contains tetranuclear
zinc clusters, in which each m3-OH is attached to three
independent ZnII ions, with non-bonding Zn?Zn distances of
3.155–3.696 Å. As shown in Fig. 3a, there are two
crystallographically unique ZnII centers in the asymmetric unit.
Zn1 is six-coordinated and shows a slightly distorted octahedral
coordination geometry, which is finished by two carboxylic
oxygen atoms (Zn1–O=2.121(2)–2.123(2) Å) from one L ligand
and one p-BDC ligand, two nitrogen atoms (Zn1–N=2.105(2)–
2.192(2) Å) from one L ligand, and two m3-O atoms (Zn1–
O=2.094(2)–2.161(2) Å), whereas Zn2 exhibits a distorted
tetrahedral geometry, being bound by three carboxylic oxygen
atoms (Zn2–O=1.935(2)–1.982(2) Å) from two different p-BDC
and one L, and one m3-O atom (Zn2–O7=1.962(19) Å). The
L ligands adopt the same coordination mode as that of 2
(Scheme 2c). Moreover, coordination mode of p-BDC ligand is
similar to that coordination fashion of m-BDC in compound 2, as
shown in Scheme 3b. Such tetranuclear zinc clusters are
connected through L and p-BDC ligands into a 3D framework as
shown in Fig. 3b. Topological analysis of this compound reveals
Scheme 3. The coordinated mode of the poly carboxylate ligands.
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Fig. 3. (a) Coordination environment of ZnII atoms in 3 with the ellipsoids drawn

at the 50% probability level, symmetry code: A: 0.5+x, �O.5�y, �0.5+z, B: �x,

�y, 1�z; hydrogen atoms were omitted for clarity. (b) Perspective views of the

stacking arrays of 3. (c) Topological representation of 3 showing the bcu network.

Fig. 4. (a) Coordination environment of ZnII atoms in 4 with the ellipsoids drawn

at the 50% probability level, symmetry code: A: x, �y+2, z�1/2; B: �x+1, �y+2,

z; C: �x+1, y, z�1/2; hydrogen atoms were omitted for clarity. (b) Perspective

views of the stacking arrays of 4. (c) Schematic view of the 3D (3,5)-connected

network of (4 . 62)(4 . 64 . 82 . 10 . 122) topology, green ones are the metal dinuclear

zinc cluster and blue ones are the BTC ligands. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this

article.)
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that it is a uninodal bcu net with (424
�64) topology, if the tetra-

nuclear Zn4 unit bridging four L and four p-BDC ligands is consi-
dered as 8-connected node (Supporting Information Fig. S1b),
while L ligands and p-BDC ligands are regarded as linear
linkers.

The crystal structures of compounds 2 and 3 are intriguing and
prompt us to explore the generality of producing grid network
with the ligand of bent configuration of ligating atoms, such as
H3BTC and H4BTEC.

[Zn2L(BTC)(H2O)] . 2.5H2O (4). A single-crystal X-ray diffrac-
tion study reveals that compound 4 crystallizes in the orthor-
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Fig. 5. (a) Coordination environment of ZnII atoms in 5 with the ellipsoids drawn

at the 50% probability level, symmetry code: A: �x+2, �y, �z; B: �x+1, �y,

�z+1; C: x+1, y+1, z�1; D: �x+1, �y+1, �z; hydrogen atoms were omitted

for clarity. (b) Perspective views of the stacking arrays of 5 along a axis.

(c) Schematic view of the 3D (3,4,8)-connected network of (4 . 62)(42 . 63 . 8)(42 . 64)

(42 . 618 . 7 . 86 . 10) topology, with green stick representing pentanuclear metal

clusters, pink ones represent Zn4 centers and blue ones represent the BTEC

ligands. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)

Y.-H. Xu et al. / Journal of Solid State Chemistry 183 (2010) 849–857854
hombic space group Iba2. As shown in Fig. 4a, there are two
crystallographically unique ZnII centers in the asymmetric unit.
Each Zn1 is six-coordinated by four carboxylic oxygen atoms
(Zn1–O=2.040(4)–2.442(5) Å) from two BTC ligands and one L,
and two nitrogen atoms (Zn1–N=2.080(2)–2.176(5) Å) from one L
ligand, shows a distorted octahedral geometry, whereas Zn2
exhibits a distorted trigonal bi-pyramidal sphere, being
completed by four carboxylic oxygen atoms (Zn2–O=1.894(5)–
2.179(4) Å) from three different BTC ligands and one L ligand, and
one coordinated water molecule (Zn2–O1w=2.277(8) Å). The
L ligand in 4 also adopts chelate-bis(monodentate) coordination
fashions (Scheme 2c). The carboxylate groups of completely
deprotonated BTC ligand display three kinds of coordination
fashions, namely, bidentate, monodentate and monodentate-
bridging to two zinc centers (Scheme 3c). The adjacent zinc
atoms are interlinked by three carboxylate groups from two BTC
ligands and one L ligand to construct a dinuclear zinc cluster, in
which the Zn?Zn distance is 3.394 Å (Supporting Information
Fig. S2). Furthermore, the dinuclear zinc clusters are in turn
connected by BTC and L to give rise to the complicated 3D
framework, as shown in Fig. 4b. Better insight into such elegant
frameworks can be accessed by the topology method: the
dinuclear zinc cluster linking two L and three BTC ligands forms
a 5-connected node, while each BTC ligand connecting three
dinuclear zinc clusters acts as a 3-connected node. So the whole
framework can be described as a novel 3D (3,5)-connected
network with the Schläli symbol of (4 �62)(4 �64

�82
�10 �122), as

shown in Fig. 4c. To our knowledge, only a few (3,5)-connected
coordination polymers have been reported until now [39–43].

[Zn3.5(l3-OH)L2(BTEC)(H2O)] . H2O (5). Compared with com-
pound 4, the H3BTC ligands were replaced by H4BTEC ligands, and
the resulting structure was an intricate 3D framework. Compound
5 crystallizes in the triclinic space group P�1. There are four
crystallographically independent ZnII centers with three coordina-
tion environments in 5, as shown in Fig. 5a. The Zn1 is coordinated
by four carboxylic oxygen atoms (Zn1–O=1.937(4)–2.457(6) Å)
from one L and two BTEC ligands, and one m3-O atom (Zn1–
O13=2.018(4) Å) to construct a distorted trigonal bi-pyramidal
environment; while the Zn2 is finished by three carboxylic oxygen
atoms (Zn2–O=1.988(4)–2.484(4)Å) from one BTEC and two
distinct L ligands, two nitrogen atoms (Zn2–N=2.057(5)–
2.123(5) Å) from one L ligand, and one m3-O atom (Zn2–
O13=2.059(4) Å) giving a distorted octahedral geometry; the Zn3
also exists in an octahedral geometry, being ligated by four
carboxylic oxygen atoms (Zn3–O=2.243(4)–2.253(4) Å) from two
distinct BTEC ligands and two L ligands, two m3-O atoms (Zn3–
O=1.946(4) Å); similar to Zn1, the Zn4 atom also adopts a distorted
trigonal bi-pyramidal geometry, being finished by two carboxylic
oxygen atoms (Zn4–O=1.976(5)–2.078(4) Å) from two BTEC
ligands, two nitrogen atoms (Zn4–N=1.944(5)–2.363(6) Å) from
one L ligand, and one coordinated water molecule (Zn4–O2W=
2.008(5) Å). The L ligand adopts coordination fashion is same to
that of 2 (Scheme 2c). The BTEC ligand adopts two kinds of
coordination fashions. Firstly, the BTEC ligand acts as a tetradentate
ligand, two carboxyl groups adopt monodentate towards ZnII

centers with O atoms connecting Zn4 and the other two carboxyl
groups adopt bis-chelating fashions towards ZnII centers with O
atoms connecting Zn1 (Scheme 3d). Secondly, the BTEC ligand acts
as an octadentate ligand, two carboxyl groups adopt monodentate
towards ZnII centers with O atoms connecting Zn4 and the other
two carboxyl groups adopt tridentate fashions towards ZnII centers
with O atoms connecting Zn1, Zn2 and Zn3 (Scheme 3e).

It is interesting to note two m3-OH groups and six carboxylate
groups interlink three crystallographically unique ZnII ions to
construct a pentanuclear zinc cluster, with non-bonding Zn?Zn
distances of 3.185–3.387 Å (Supporting Information Fig. S3a).
Based on above connection modes, the L and BTEC ligands connect
the adjacent pentanuclear metal clusters and Zn4 centers to form
a 3D framework, as shown in Fig. 5b. From the topological point of
view, each pentanuclear metal cluster is surrounded by 10 organic
ligands-four bridging BTEC and six L ligands (Supporting Informa-
tion Fig. S3b). Due to two pairs of L ligands linking two adjacent
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Fig. 6. Solid-state photoluminescent spectra of L ligand, and compounds 1–5 at

room temperature.
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pentanuclear metal clusters, therefore, pentanuclear metal cluster
is defined as an eight-connected node, while each Zn4 connecting
two BTEC ligands and one L ligand acts as a 3-connected node,
each BTEC ligand bridging two pentanuclear metal clusters and
two Zn4 ions acts as a 4-connected node. So the whole framework
can be described as a (3,4,8)-connected network with the Schläli
symbol of (4 �62)(42

�63
�8)(42

�64)(42
�618
�7 �86

�10), as shown in
Fig. 5c. Although a large number of high-connected structures
have been documented [44–47], to our knowledge, (3,4,8)-
connected framework has been not reported until now.

3.3. Auxiliary aromatic-acid effect on the structure of the

compounds

The effects of auxiliary aromatic-acid ligands on the molecular
structures of the resulting compounds 2–5 have been clearly
demonstrated. Through varying auxiliary aromatic-acid ligands
under similar synthesis conditions, four related zinc compounds
were successfully isolated and they exhibit significant differences
in their molecular architecture. It is well-known that the role of
organic ligands can be explained in terms of their differences in
shape, size, and flexibility. In this study, diverse polycarboxylate
aromatic acids were used to investigate their influence on the
structure of the zinc compounds. It is obvious from the above
descriptions that the auxiliary ligands (1,3-benzenedicarboxylic
acid, 1,4-benzenedicarboxylic acid, 1,3,5-benzenetricarboxylic acid,
1,2,4,5-benzenetetracarboxylic acid) have significant effects on the
final structures of the resulting compounds. When m-H2BDC
ligands were introduced, a 3D a-Po framework 2 was formed.
When p-H2BDC ligands were used instead of m-H2BDC ligands,
structurally different 3D bcu framework 3 was formed under
similar reaction conditions. The structural differences between 2
and 3 showed the importance of the dicarboxylic acid position on
the compound construction, even though the coordination modes
of L and auxiliary aromatic-acid ligands are the same (L ligand
adopts chelate-bis(monodentate) coordination fashions, and m-
BDC/p-BDC ligand adopts monodentate-bidentate coordination
fashion). Compound 4 or 5 was also constructed when H3BTC or
H4BTEC ligands were used instead of m-H2BDC ligands under
similar reaction conditions, respectively. The structural differences
between compounds 4 and 5 showed the importance of the
carboxylic unit numbers on the compound construction. In
compounds 4 and 5, L ligand also adopts chelate-bis(monodentate)
coordination fashions, while auxiliary aromatic-acid ligands adopt
obviously different coordination fashion. In 4, the H3BTC ligand
adopts monodentate, bidentate and monodentate-bridging to two
metal centers coordination modes. In 5, the H4BTEC ligand shows
an intricate coordination fashions: (i) the BTEC ligand acts as a
tetradentate ligand, adopt bis(monodentate)-bis(chelating) fash-
ions; (ii) the BTEC ligand acts as an octadentate ligand, adopt
bis(monodentate)-bis(tridentate). These results indicate that the
formation of 2–5 under similar reaction conditions depends
primarily on the chemical nature of the auxiliary aromatic-acid
ligands. These may be attributed to the different shapes of the
polycarboxylate ligands. The m-H2BDC, p-H2BDC, H3BTC and
H4BTEC ligands are with different angles between the two
carboxylate groups and different carboxylate units, which favor
the formation of coordination polymers. Using the proper choice of
the diversely shaped ligands and central metal ions, various
dimensional networks can be developed.

3.4. Thermal stability properties of the compounds

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 compounds 1–5 under N2 atmosphere
with a heating rate of 10 1C/min (Supporting Information Fig. S4).
The TGA curve of compounds 1–2 both indicate that one weight
loss stage exists in the region of 342–458 1C for 1 and 312–489 1C
for 2, the anhydrous compound decomposes with a step-wise loss
of the organic composition, respectively. The TGA curve of 3
shows that it undergoes dehydration in the temperature range of
15–102 1C. This corresponds to the loss of water molecules (obsd.
2.96%, calcd. 3.12%). From 334 to 485 1C, the anhydrous com-
pound decomposes with a step-wise loss of the organic composi-
tion. TGA curve of 4 shows that a weight loss of 9.48% (calcd.
9.27%) corresponding to the loss of two solvent water molecules
and one coordinated water molecule was observed between 18
and 110 1C, and the anhydrous compound decomposes with a
step-wise loss of the organic composition above 368 1C. TGA curve
of 5 shows that a weight loss of 3.38% (calcd. 3.20%) correspond-
ing to the loss of one solvent water molecule and one coordinated
water molecule was observed between 25 and 118 1C, and the
anhydrous compound decomposes with a step-wise loss of the
organic composition above 343 1C.

3.5. Solid-state fluorescence spectroscopy

Luminescent compounds are of great current interest because
of their various applications in chemical sensors, photochemistry
and electroluminescent display [48,49]. The photoluminescent
spectra of compounds 1–5 and free ligand L measured at room
temperature are depicted in Fig. 6, and the wavelengths of the
emission maximums and excitation are listed in Table S3
(Supporting Information). It can be observed that intense
emissions occur at 388 nm (lex=350 nm) for 1, 398 nm
(lex=350 nm) for 2, 390 nm (lex=340 nm) for 3, 386 nm
(lex=340 nm) for 4 and 384 nm (lex=350 nm) for 5. To
understand the nature of the two emission bands, we analyzed
the photoluminescence properties of the L ligand and found that
the strongest emission peak for L is at about 404 nm
(lex=344 nm). Moreover, solid-state aromatic carboxylate
ligands can also exhibit fluorescent properties at room
temperature reported by the literature, the main emission peak
for 1,3-H2BDC is located at 370 nm (lex=327 nm) [50], 1,4-H2BDC
is located at 380 nm (lex=350 nm) [51], H3BTC is located at
380 nm (lex=334 nm) [52], H4BTEC is located at 370 nm
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(lex=327 nm) [53]. The emission bands of aromatic carboxylate
ligands may be attributable to the p*-n transitions. Interestingly,
the emission spectra for the zinc coordination polymers show the
main peaks at �390 nm. These peaks correspond to the intra-
ligand fluorescent emission [54]. These results imply that the
coordination of the L and aromatic aromatic carboxylate ligands
with the zinc ions, although yielding different topological
structures, has no influence on the emission mechanism of the
MOFs [55–57].
3.6. IR spectra

In their IR spectra, the absorption bands resulting from the
skeletal vibrations of the aromatic ring were observed in the
1400–1600 cm�1 region. The absence of the characteristics bands
at 1715–1680 cm�1 indicates the complete deprotonation of the
five carboxylic acids by NaOH upon reaction with Zn ions, which
is also consistent with the X-ray diffraction results. Moreover, the
strong vibrations appearing around 1614 and 1416 cm�1 corre-
sponding to the asymmetric and symmetric stretching vibrations
of the carboxylate group, respectively. The separations (D)
between nasym (CO2) and nsym (CO2) indicate that the presence
of bridging monodentate coordination mode of the carboxylate
group in compounds 1–5 [58,59], which is also confirmed by
single-crystal structure analysis. In addition, the FT-IR spectra of
2–4 have strong peaks at 3742–3113 cm�1, respectively, which
can be attributed that O–H stretch of lattice and coordinated
water molecules.
3.7. XRPD results

In order to substantiate the phase purity of the as-synthesized
compounds 1–5, their X-ray powder diffraction (XRPD) measure-
ment also was performed. The XRPD experimental and computer-
simulated patterns of the corresponding compounds are shown in
Supporting Information, Fig. S5. The experimental XRPD patterns
are in good agreement with the corresponding simulated ones
except for the relative intensity variation because of preferred
orientations of the crystals.
4. Conclusions

In summary, we have successfully isolated five interesting
polymeric networks constructed from the zinc ions and L ligands
under hydrothermal conditions. We have indicated our aim of
coordination polymer synthesis. Compounds 2–5 with 3D net-
work were formed in the presence of auxiliary aromatic-acid
ligands, while compound 1 with 1D chain was obtained in the
absence of auxiliary aromatic-acid ligands. The structural dis-
crimination among 2–5 indicates the influence of carboxylate
numbers and carboxylate position of aromatic-acid ligands on
structure formation of their compounds. The difference in
coordination modes of the aromatic polycarboxylic acids and
the versatile conformation of L exert an important influence on
the resulting frameworks. The results also present a feasible
strategy for controlling the synthesis of framework architectures
by organic ligand design. Moreover, compounds 1–5 display blue
emissions at room temperature; therefore, they may appear to be
candidates for novel hybrid inorganic-organic photoactive mate-
rials. Further studies are now under way in our laboratory.
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