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Abstract
Employing tetracarboxylate and imidazole mixed ligands to react with different transition meat salts afford two new 3D 
coordination polymers, {[Zn2(BPTC)(BBI)2]·(H2O)3·DMSO}n (1) and {[Cd2(BPTC)(BBI)2]·H2O}n (2) (H4BPTC = biphenyl-
3,3′,4,4′-tetracarboxylic acid, BBI = 1,1′-(1,4-butanediyl)bis(imidazole)). Both these two coordination polymers are 4-con-
nected network topologies. Compound 1 features a unprecedented 3-nodal (4,4,4)-connected network topology with the 
point symbol {64·82}, and 2 displays a (4,4)-connected binodal network bearing new topology with the point symbol of 
{72·84}2{73·83}. Additionally, thermal stability and photoluminescence properties of 1 and 2 were investigated.
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1  Introduction

Coordination polymers (CPs) have attracted considerable 
attention because of their potential applications and their 
intriguing topologies [1–10]. Up to now, although a large 
number of CPs have been reported, the construction of 
novel architectures still remain a challenge [11–13]. Ingen-
ious designs and selection of organic ligands and the proper 
choice of metal ions are the main keys to achieve the target 
CPs [11]. The employment of mixed multidentate ligands 
has been demonstrated to be a facile strategy for the con-
struction of novel architectures because that combining 
different ligands in a complex offers greater tunability of 
structural frameworks than using single ligands, and the dif-
ferent ligands have variable coordination modes and confor-
mations [14–20]. On the other hand, the 4-connected topolo-
gies are concerned and very common in open-framework 

materials [21–27]. And numerous 4-connected nets such as 
dia, nbo, cds, pts, sra, sod, qtz,crb, gis, lon, irl, pcb, pcl, 
neb, unh, cag, gsi, mmt, zni, lvt, etc, have been explored 
[21–23]. Consequently, the assembly of 4-connected nets 
with new topologies will become increasingly difficult. In 
this study, we employed biphenyl-3,3′,4,4′-tetracarboxylic 
acid (H4BPTC) and 1,1′-(1,4-butanediyl)bis(imidazole) 
(BBI) as the mixed ligands to successfully construct two 
new 3D CPs, namely {[Zn2(BPTC)(BBI)2]·(H2O)3·DMSO}n 
(1) and {[Cd2(BPTC)(BBI)2]·H2O}n (2), which display two 
types of unprecedented network topologies, and their ther-
mal stability as well as photoluminescence properties were 
investigated.

2 � Experimental

2.1 � Materials and Physical Measurements

All reagents and H4BPTC were obtained commercially and 
used without further purification. The BBI ligand was pre-
pared according to the literature [28]. Elemental analysis 
for C, H, and N were performed on a Perkin-Elmer 240 
elemental analyzer. The FT-IR spectra were recorded from 
KBr pellets in the range from 4000 to 400 cm−1 on a Nico-
let-5700 FTIR spectrometer. Thermogravimetric analyses 
(TGA) were collected on a TA SDT-Q600 thermogravi-
metric analyzer from room temperature with a heating rate 
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of 10 °C min−1 under nitrogen. Powder X-ray diffraction 
(PXRD) were measured on a Puxi XD-3 diffractometer (Cu-
Kα, λ = 1.5406 Å) at room temperature. Fluorescence spec-
tra for the solid samples were measured on a Hitachi F–7000 
fluorescence spectrophotometer at room temperature.

2.2 � Syntheses of Compounds 1 and 2

2.2.1 � Synthesis of {[Zn2(BPTC)(BBI)2]·(H2O)3·DMSO}n (1)

Zn(NO3)2·6H2O (0.0178 g, 0.06 mmol), Biphenyl-3,3′,4,4′-
tetracarboxylic acid (0.010 g, 0.03 mmol), BBI (0.0057 g, 
0.03 mmol), N,N-Dimethylformamide (0.75 mL), DMSO 
(1.5 mL), and HNO3 (0.25 mL, 1.31 M in H2O) added 
respectively to a 25-mL vial, which was sealed and heated to 
85 °C for 72 h and then cooled to room temperature. Color-
less block crystals were collected. IR (KBr, cm−1): 3449(s), 
3116(s), 3033(w), 2943(m), 1614(s), 1343(s), 1295(w), 
1246(m), 1087(s), 1031(m), 949(s), 830(s), 789(m), 761(m), 
657(s), 588(w), 497(w).

2.2.2 � Synthesis of {[Cd2(BPTC)(bbi)2]·H2O}n (2)

Cd(NO3)2·4H2O (0.0344 g, 0.11 mmol), Biphenyl-3,3′,4,4′-
tetracarboxylic acid (0.0165 g, 0.05 mmol), BBI (0.0297 g, 
0.16  mmol), N,N-Dimethylformamide (2.45  mL), H2O 
(0.5 mL), and HNO3 (0.30 mL, 2.40 M in DMF) added 
respectively to a 25-mL vial, which was sealed and heated to 
85 °C for 24 h and then cooled to room temperature. Color-
less block crystals were collected. IR (KBr, cm−1): 3428(s), 
3122(s), 3026(w), 2936(m), 1641(m), 1558(s), 1391(s), 
1246(m), 1156(w), 1101(s), 941(s), 837(s), 789(m), 755(m), 
664(s), 582(w), 449(s).

2.3 � Crystal Structure Determination

Single-crystal X-ray diffraction Data collection was 
performed on a Bruker SMART CCD diffractometer 
equipped with a graphite monochromated Mo Kα radia-
tion (λ = 0.71073 Å). All calculations were carried out on a 
computer with the use of SHELXL-97 programs [29]. The 
structures were solved by direct methods and refinement 
on F2 using the full-matrix least-squares methods. Detailed 
crystallographic data and structure refinement parameters of 
compounds 1 and 2 are given in Table 1.

3 � Results and Discussion

3.1 � Description and Comparison of Crystal 
Structures

C o l o r l e s s  c r y s t a l s  o f  { [ Z n 2 ( B P T C )
(BBI)2]·(H2O)3·DMSO}n (1) were prepared via solvother-
mal reaction of Zn(NO3)2·6H2O with biphenyl-3,3′,4,4′-
tetracarboxylic acid and 1,4-bis(imidazol-1-ylmethyl)-ben-
zene (Scheme 1). Single-crystal X-ray structural analysis 
reveals that 1 crystallizes in orthorhombic, Pbca space 
group. Each asymmetric unit contains two crystallographi-
cally independent Zn atoms, one BPTC ligand, two BBI 
ligands, one DMSO, and three H2O molecules. As shown 
in Fig. 1a, Zn atoms are all tetrahedrally coordinated by 
two N atoms from BBI ligands and two O atoms from 
BPTC ligands. Each BPTC adopts the same cis conforma-
tion, and its four carboxylates coordinated to four distinct 
Zn atoms in a monodentate mode. Zn1 and Zn2 centers 
link with each other through BPTC ligands to form a her-
ringbone layer along the ac plane (Fig. 1b). The herring-
bone layers are supported by the BBI pillars in two dif-
ferent modes via the N-Zn coordination bonds into a 3D 
pillared-layer structure with 1D channels (Fig. 1c). These 
channels are actually filled by the DMSO and H2O mol-
ecules. When these extraframework species are not con-
sidered, the total accessible volume within the crystal is 
estimated as 19.2% as calculated by PLATON [30]. The 
topological method was applied to explore the nature of 
this fascinating structure. Zn1 and Zn2 atoms can be con-
sidered as two kinds of 4-connected nodes, the cis BPTC 
ligands serve as 4-connected T-shaped nodes, and the BBI 
ligands are simplified to be linear connectors. As a result, 
the structure of 1 shows a novel 3-nodal (4,4,4)-connected 
network topology with the point symbol {64·82}, as shown 
in Fig. 1d.

Under similar reaction conditions of 1, when using 
cadmium salt instead zinc salt, large block colorless 
crystals of 2 are obtained. Examination of the structure 
of 2 suggests that it shows an alternative unprecedented 
structural topology. 2 crystallizes in P21/c space group. 
The asymmetric unit contains two crystallographically 
nonequivalent Cd atoms (Cd1 and Cd2), one BPTC, two 
BBI and one lattice H2O. As illustrated in (Fig. 2a), Cd1 
is six-coordinated with distorted octahedral environment 
by two N atoms from two BBI ligands and four O atoms 
from two different BPTC ligands, and Cd2 is surrounded 
by two N atoms from two different BBI ligands and three 
O atoms from two individual BPTC ligands. Each BPTC 
ligand adopts a µ4-bridging mode using its four depro-
tonated carboxylate groups to link four Cd centers. As 
have been observed in Fig. 2b, Cd1 and Cd2 are bridged 
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respectively by 3,4- and 3′,4′-carboxylate groups of BPTC 
to give a herringbone layer. The herringbone layers are 
supported by the BBI pillars in two different modes via the 
N-Zn coordination bonds into a 3D pillared-layer structure 
with 1D channels (Fig. 2c), and the channels are filled by 
H2O. The porosity of 2 calculated by PLATON is 5.0% of 
the unit cell (with water molecules removed). It is worth 
mentioning that these BBI ligands show three connected 
modes, where two BBI ligands act as pillars between two 
adjacent layers, another one BBI act as ancillary terminal 
ligand to coordinate to Cd centers of metal-carboxylate 
layers. In a view of topology, Cd1 and Cd2 atoms can be 
considered as two kinds of 4-connected nodes, the trans 
BPTC ligands serve as 4-connected nodes, and the BBI 
ligands are simplified to be linear connectors. On the 
basis of simplification, 2 possesses a novel 3D binodal 
(4,4)-connected network topology with the point symbol 
of {72·84}2{73·83} (Fig. 2d). Although numerous 4-con-
nected networks have been reported, to our best knowl-
edge, the two kinds of topology defined by compounds 1 
and 2 have not been observed [21–27, 31–33].

The comparison of 1 and 2 reveals that they contain the 
same herringbone metal–carboxylate layer, but where BPTC 

Table 1   Crystal data and structure refinement for 1 and 2 

Compound 1 2

Empirical formula C38H36N8O12SZn2 C36H26N8O9Cd2

Formula weight 959.55 939.45
Crystal size (mm) 0.12 × 0.10 × 0.08 0.12 × 0.08 × 0.06
Temperature (K) 180 (2) 296 (2)
Radiation, λ (Å) Mo-Kα, 0.71073 Mo-Kα, 0.71073
Crystal system Orthorhombic Monoclinic
Space group Pbca P21/c
a/b/c (Å) 18.6965(12) / 16.8307(11) / 26.1709(17) 21.407(3)/10.8744(16)/16.502(2)
α, β, γ (°) 90 β = 109.459(3)
Volume (Å3) 8235.3(9) 3622.1(9)
Z 8 4
Density (calculated) (Mg m−3) 1.548 1.723
Abs. coeff. (mm−1) 1.288 1.241
F (000) 3936 1816
θ range for data collection 2.94–31.16 2.10–28.00
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Reflections collected 75,757 27,286
Unique 13,274 [R(int) = 0.0340] 8623 [R(int) = 0.0395]
Completeness to θ = 25.33 99.7% 98.5%
Limiting indices (h/k/l) − 26 ≤ h ≤ 27; − 14 ≤ k ≤ 24; − 38 ≤ l ≤ 38 − 28 ≤ h ≤ 27; − 13 ≤ k ≤ 14; − 21 ≤ l ≤ 18
Data/restraints/parameters 13,274/6/550 8623/762/542
Goodness-of-fit on F2 1.032 1.058
Final R indices [I > 2σ(I)]a R1 = 0.0651, wR2 = 0.1815 R1 = 0.0548, wR2 = 0.1082
R indices (all data) R1 = 0.0918, wR2 = 0.2083 R1 = 0.0820, wR2 = 0.1144
Largest diff. peak and hole 2.233 and − 2.062 e.Å−3 1.033 and − 1.719 e.Å−3

Scheme 1   The ligands H4BPTC and BBI
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ligands show different conformations, and the tetracarboxy-
late groups of BPTC present different coordination modes 
with metal centers. Notably, BPTC ligands in 1 exhibit rare 
cis conformation [34, 35]. Additionally, BBI ligands show 
difference connected modes, all BBI ligands in 1 only act as 
pillars to bridge the neighboring metal–carboxylate layers; 
However, different from 1, BBI ligands in 2 not only act as 
pillars, but also act as ancillary terminal ligands to consoli-
date the metal–carboxylate layers. On the other hand, 1 and 
2 were prepared under similar conditions only by varying 
metal salts, but they possess different structural topologies. 
The results imply that the metal centers have a remarkable 
impact on the structure of the compounds due to their dif-
ferent coordination geometric requirements.

3.2 � IR of Compounds 1 and 2

To find out more information about the organic moieties 
and their binding to the metal centers, the title compounds 
have been analyzed by FT-IR spectroscopy. The IR spectra 
of the two compounds are shown in Fig. 3. For 1, the broad 

band centered at 3441 cm−1 shows the presence of water 
molecules. The absorption bands in the region between 3101 
and 2867 cm−1 can be assigned to stretching vibrations of 
the ν(C–H) and ν(N–H) bonds of the aromatic rings. In the 
low-frequency range of 955–582 cm−1, the characteristic 
peaks of the aromatic ring are observed. The Zn-oxygen 
core vibrations are weak and observed at 443 cm−1. The 
strong characteristic absorptions at 1620 and 1364 cm−1 
can be assigned to the asymmetric stretching and symmetric 
stretching vibrations of the carboxylate groups, respectively. 
The separation (Δ) between νasym(COO) and νsym(COO) is at 
256 cm−1, suggests a monodentate binding of the carboxy-
late groups to the metal ions [36]. For 2, its characteristic 
peaks are similar to them of 1 except for carboxylate groups’ 
characteristic peaks. The bands at about 3428 cm−1 can be 
assigned to the characteristic peaks of water molecules. The 
ν(C–H) and ν(N–H) characteristic peaks of the aromatic 
rings are in the region of 3130–2860 cm−1. The character-
istic peaks of the aromatic ring appear in the 941–575 cm−1 
region, and the peak about 450 cm−1 corresponds to the Cd-
oxygen core vibrations. Compared with the characteristic 

Fig. 1   a Environments of metal centers and ligands in 1; b view of 
the 2D herringbone sheet of 1; c view of the 3D pillar-layer frame-
work of 1 (BBI with different conformations are marked as green and 
blue. The pink and yellow balls representation of H2O and DMSO, 

respectively); d view of the topological representation of the 3-nodal 
(4,4,4)-connected network of 1. All the hydrogen atoms are omitted 
for clarity
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absorptions of carboxylate groups, there is some difference 
between 1 and 2. In 2 the asymmetric stretching peaks locate 
at 1648 and 1550 cm−1, and the symmetric stretching peak is 
at 1406 cm−1. The Δ are at 242 and 144 cm−1, respectively, 

which is attributed to the co-existence of the monodentate 
and bridging modes of the carboxylate groups in 2 [36]. The 
IR spectra indicate that the BPTC4− carboxylate groups in 
1 and 2 function in different coordination modes, being in 
good agreement with crystal structural analyses.

3.3 � TGA and PXRD of Compounds 1 and 2

Thermogravimetric analysis (TGA) was carried out under N2 
atmosphere from room temperature to 800 °C, and results 
were showed in Fig. 4a. The TGA curve of 1 shows the 
first weight loss of 5.45% from 28 to 75 °C, which corre-
sponds to the loss of three lattice water molecules (calcu-
lated 5.58%). A weight loss of 8.15% occurs between 185 
and 256 °C, which corresponds to the loss of one DMSO 
molecule (calculated 8.05%), and decomposition of the 
organic ligands occurs above 295 °C. Finally, 1 was com-
pletely degraded into ZnO at 480  °C with total loss of 
83.21% (calcd. 83.45%). For 2, the weight loss of 2.52% 
was observed between room temperature and 202 °C, which 
is attributed to the release of the water molecules, but it is 
slightly higher than the calculated value of 1.90%. The rea-
son is that 2 adsorbed some water molecules on its crystal 

Fig. 2   a Environments of metal centers and ligands in 2; b view of 
the 2D herringbone sheet of 2; c view of the 3D pillar-layer frame-
work of 2 (BBI with different conformations are marked as green, 

blue, and gray. The pink balls representation of H2O); d view of the 
topological representation of the 3-nodal (4,4)-connected net work of 
2. All the hydrogen atoms are omitted for clarity

Fig. 3   FT-IR spectra of compounds 1 and 2 
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surface. The framework decomposed at 310 °C along with 
the release of the BPTC and BBI ligands, and then the com-
plex was converted to a mixture containing CdO at 800 °C 
with the residual weight of 30.61%, which is not in accord-
ance with the calculated value (27.05%). The reason is that 
the mixture contains C except for Cd and O as estimated by 
elemental analysis, and some similar examples have been 
reported [37, 38].

The powder X-ray diffraction (PXRD) patterns of com-
pounds 1 and 2 were also investigated. The simulated and 
experimental PXRD patterns of 1 and 2 are shown in Fig. 4b 
indicating the phase purity of the products. The peak posi-
tions of simulated and experimental patterns are in good 
agreement with each other; the differences in intensity may 
be due to the preferred orientation of the powder samples 
[39].

3.4 � Photoluminescence Properties of Compounds 1 
and 2

The solid-state photoluminescence spectrum of compounds 
1 and 2 were measured, and are compared with the free 
H4BPTC and BBI ligands (Fig. 5). The free H4BPTC and 
BBI ligands exhibit fluorescent emission peaks around 
393 nm (ex = 351 nm) and 411 nm (ex = 346 nm), respec-
tively, which are attributed to π*–n or π*–π (intraligand elec-
tron) transition. Upon excitation at 346 and 355 nm, com-
pound 1 and 2 show blue fluorescent emission band around 
397 and 423 nm, respectively. Comparing the emission peak 
of free H4BPTC and BBI ligands, the fluorescent emission 
of 1 and 2 can be tentatively assigned to intraligand trans-
fer π*−π transitions of H4BPTC because similar peak also 
appear for the CPs built from H4BPTC [40, 41]. The red 
shift of the emission in 1 and 2 in comparison to H4BPTC 

ligand should be ascribed to the metal–ligand coordinative 
interactions [40–42].

4 � Conclusions

Employing tetracarboxylate and imidazole mixed ligands, 
two new 3D CPs have been successfully obtained by varying 
metal salts. Compounds 1 and 2 contain the same herring-
bone metal–carboxylate layer, but they display two different 
unprecedented 4-connected network topologies. The results 
show that the metal centers have a remarkable impact on the 
structure of the compounds due to their different coordina-
tion geometric requirements. And 1 and 2 show fluorescence 
in the solid state, which result from intraligand transfer π*–π 

Fig. 4   a TGA curves of compounds 1 and 2; b PXRD patterns of compounds 1 and 2 

Fig. 5   Solid-state emission spectra for free H4BPTC, BBI, 1 and 2 at 
room temperature
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transitions of H4BPTC. This study demonstrates new types 
of structural topologies, which are essential for providing 
insight into topology motifs and complicated structures.

5 � Supplementary Materials

CCDC 1042391 and 1562852 contain the supplementary 
crystallographic data for this paper. These data can be 
obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via http://www.ccdc.cam.ac.uk/data_
reque​st/cif.
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