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Nine novel coordination polymers, namely, [ZnL(bpmp)0.5]·3H2O (1), [Zn2L2(bibp)2]·H2O (2), 

[ZnL(bpp)]·7H2O (3), [Zn2L2(bidpe)2]·2H2O (4), [Zn3L3(bpmp)0.5·(H2O)2] (5) [ZnL(bibpip)2]·3H2O (6), 

[ZnL(bpmb)] (7), [ZnL(bib)]·DMF·4H2O (8) and [ZnL(bibp)]·2DMF (9) [H2L = 4,4'-

(phenylazanediyl)dibenzoic acid, bpmp = 1,4-bis(pyridin-4-ylmethl)piperazine, bibp = 4,4'-bis(imidazol-10 

1-yl)biphenyl, bpp = 1,3-bis(4-pyridyl)propane, bidpe = 4,4'-bis(imidazol-1-yl)dipheny, bibpip = 1,4-

bis(4-(1H-imidazol-l-yl)benzyl)piperazine, bpmb = 1,4-bis(pyridin-4-ylmethoxy)benzene and bib = 1,4-

bis(imidazolyl)butane], have been synthesized under solvothermal and hydrothermal conditions. Their 

structures have been characterized by single-crystal X-ray diffraction analysis, elemental analysis, 

Infrared spectroscopy and thermogravimetric analysis. Compound 1 exhibits an infinite 3D structure  with 15 

{44∙610∙8} topology. Compound 2 features an unusual two-fold interpenetrating 3D framework with  {319

∙417∙59} topology. Compound 3 shows the interweaving helical chains. Compound 4 views of 2-fold 1D 

chains are mutually interpenetrate each other from 2D sheets. Compound 5 exhibits an unusual  2D wave-

like sheet. Compound 6 shows  the 5-fold interpenetrating framework. Compound 7 displays a 1D chain. 

Compound 8 is also (4,4) layer structure which can be split into interesting helixes. Compound 9 shows 20 

the three-fold interpenetrating sheets are stacked in ABAB fashion and form a 3D framework. Their 

photochemical properties were measured.
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INTRODUCTION 

 Metal-Organic Frameworks(MOFs), also known as more specilized subgroup of coordination polymers (CPs), are made by linking 
inorganic and organic units by strong bonds(reticular synthesis)1. Careful selection of MOF constituents can yield crystals of ultrahigh 
porosity and high thermal and chemical stability. These materials contain functional pores to direct their specific and unique recognition 
of small molecules through several types of interactions: van der Waals interactions2 of the framework surfaces with the substrate, 5 

metal−substrate interactions, and hydrogen bonding of the framework surface with the substrate3. These materials as a result of the high 
surface areas, tunable pore metrics, and high density of active sites within the very open structures, can be used to support homogeneous 
catalysts, stabilize short-lived catalysts, perform size selectivity, and encapsulate catalysts within their pores, offer many advantages to 
their use in catalysis4. These materials are composed entirely of strong bonds(e.g., C-C, C-H, C-O and M-O), they show high thermal 
stability ranging from 250° to 500°C5. At present, MOF chemistry has matured to the point where the composition, structure, 10 

functionality, porosity, and metrics of a metal organic structure can be designed for a specific application such as gas storage6, 
separation7, and sensing8. The chemistry and applications of MOFs have progressed substantially since their original inception more than 
decades ago9. To date, MOFs with permanent porosity are more extensive in their variety and multiplicity than any other class of porous 
materials. These aspects have made MOFs ideal candidates for storage of fuels(hydrogen6a,10 and methane11), capture of carbon dioxide12, 
catalysis applications13, biological and medical applications14, to mention a few. However, control-synthesizing MOFs and predicting 15 

their structures remain challenging. Proper organic bridging linkers are critical in constructing coordination polymers. 4,4’-
(phenylazanediyl)dibenzoic acid (H2L), which has advantages due to its different coordination modes lead to diverse multidimensional 
architectures15. In addition, a careful selection of N-donor ligands with different conformations as secondary auxiliary ligands, such as 
pyridine derivatives(bpp16, bpmp17, bpmb18, bpp = 1,3-bis(4-pyridyl)propane, bpmp =1,4-bis(4-pyridin-4-ylmethyl)piperazine, bpmb = 
1,4-bis(pyridine-4-ylmethoxy)benzene) and imidazole derivatives(bib19, bibp20, bidpe21, and bibpip.  bib = 1,4-bis(N-imidazolyl)butane, 20 

bib =1,4-bis(1-imidazolyl)benzene, bibp =1,4-bis(imidazol-1-yl)biphenyl, bidpe = 4,4’-bis(imidazol-1-yl)diphenyl ether, bibpip =1,4-
bis(4-(1H-imidazol-1-yl)piperazine), is a key step for the rational design of structures with specific physical and chemical properties22. In 
our previous work, we have demonstrated that the rational selection of organic ligands with specific conformation and geometry is an 
effective approach to the construction of MOFs23. In this article, our research interest is focused on the design, synthesis and structural 
characterization of new coordination compounds with nitrogen donor ligands. H2L was used to react with Zn(II) salts to fabricate nine 25 

new coordination polymers, i.e., [ZnL(bpmp)0.5]·3H2O(1), [Zn2L2(bibp)2]·H2O(2), [ZnL(bpp)]·7H2O (3), [Zn2L2(bidpe)2]·2H2O (4), 
[Zn3L3(bpmp)0.5·(H2O)2] (5) [ZnL(bibpip)2]·3H2O (6), [ZnL(bpmb)] (7), [ZnL(bib)] ·DMF·4H2O (8) and [ZnL(bibp)] ·2DMF (9). The 
details of their syntheses, structures and properties are reported below. 

 

Scheme 1  Molecular structure of ligands 30 

Experimental section 

Materials and methods 

The H2L was synthesized by 4,4'-dibromotriphenylamine and Copper(I) cyanide then hydrolyzing24. All other starting materials were of 
analytical grade and used as received without further purification. Elemental analyses (C, H, N) were performed with a Perkin-Elmer 
240c elemental analyzer. Thermogravimetric analysis(TGA) was performed on a Perkin-Elmer TG-7 analyzer heated from 30 to 650 °C 35 

under nitrogen. The luminescent properties of these compounds were measured on a HITACHI F-7000 spectrometer. Powder X-ray 
diffraction (PXRD) data were recorded on a Rigaku D/M-2200T automated diffractometer (Figures S1-S9 in the supporting information). 
IR spectra were obtained from KBr pellets on a Perkin–Elmer 580B IR spectrometer in the 400-4000 cm-1 region. 
Synthesis of  [ZnL(bpmp)0.5] ·3H2O (1)  
A mixture of Zn(NO3)2·6H2O (0.0297 g, 0.1 mmol), H2L(0.0333 g, 0.1 mmol), bpmp (0.0268 g, 0.1 mmol), DMF (8 mL) and H2O (2 40 

mL) was placed in a Teflon reactor (20 mL) and heated at 80 °C for 3 days. After gradually cooling to room temperature at a rate of 10 
°C h−1, large quantities of colorless block crystals were obtained and the crystals were filtered off, washed with ethanol, and dried under 
ambient conditions. Yield of the reaction was 72% based on bpmp. Anal. calcd for C28H23N3O7Zn (%): C, 58.10; H, 4.00; N, 7.26. 
Found: C, 57.94; H, 3.96; N, 7.22. FT-IR (4000–600 cm−1): 3064 (w), 2775(w), 1681 (s), 1588 (s), 1488 (s), 1377 (s), 1141 (m), 
1036(w), 1010 (m), 802 (w), 675 (m). 537(s). 45 

Synthesis of  [Zn2L2(bibp)2] ·H2O (2)  
A mixture of Zn(NO3)2·6H2O (0.0297 g, 0.1 mmol), H2L(0.0333 g, 0.1 mmol), bibp (0.0286 g, 0.1 mmol), H2O (10 mL) was placed in a 
Teflon reactor (20 mL) and heated at 160 °C for 3 days. After gradually cooling to room temperature at a rate of 20 °C h−1, Large 
quantities of colorless block crystals were obtained and the crystals were filtered off, washed with ethanol, and dried under ambient 
conditions. Yield of the reaction was 61% based on bibp. Anal. calcd for C76H54Zn2N10O9 (%): C, 66.04; H, 3.94; N, 10.13. Found: C, 50 
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65.64; H, 3.54; N, 10.48. FT-IR (4000–600 cm−1): 3473 (w), 3133(m), 1596 (s), 1516 (s), 1311 (s), 1258 (s), 1060 (s), 962 (m), 822 (s), 
781 (m), 655 (w), 647(m), 539.21(w). 
Synthesis of  [ZnL(bpp)]·7H2O (3)  
A mixture of Zn(NO3)2·6H2O (0.0297 g, 0.1 mmol), H2L(0.0333 g, 0.1 mmol), bpp (0.0198 g, 0.1 mmol), DMF (8 mL) and H2O (2 mL) 
was placed in a Teflon reactor (20 mL) and heated at 80 °C for 3 days. After gradually cooling to room temperature at a rate of 10 °C h−1, 5 

Large quantities of transparent block crystals were obtained and the crystals were filtered off, washed with ethanol, and dried under 
ambient conditions. Yield of the reaction was 63% based on bpp. Anal. calcd for C33H27ZnN3O8 (%): C,58.71; H, 4.03; N,6.22. Found: 
C, 59.42; H, 4.08; N, 6.30. FT-IR (4000–600 cm−1): 3417 (w), 1671 (w), 1593 (s), 1376 (s), 1316 (m), 1014 (w), 782 (w). 
Synthesis of [Zn2L2 (bidpe)2] ·2H2O (4)  
Compound 4  was prepared in the similar way as of 2 with bibp replaced by bidpe (0.0302 g,0.1 mmol). Large quantities of crystal-clear 10 

block crystals were obtained and the crystals were filtered off, washed with ethanol, and dried under ambient conditions. Yield of the 
reaction was 68% based on bidpe. Anal. calcd for C76H54Zn2N10O12 (%): C, 63.83; H, 3.81; N, 9.80. Found: C, 64.13; H, 3.92; N, 9.91. 
FT-IR(4000–600 cm−1): 3054 (w), 1592 (s), 1517 (s), 1312 (m), 1237 (s), 1063 (w), 834 (w), 784 (w), 709 (w), 655 (w). 
 Synthesis of [Zn3L3 (bpmp)0.5 (H2O)2] ·H2O (5)  
Similarly, the procedure of preparing compound 5 is equal to the procedure of 4 by replacement of bibp by bpmp (0.0268 g, 0.1 mmol). 15 

Large quantities of colorless block crystals were obtained and the crystals were filtered off, washed with ethanol, and dried under 
ambient conditions. Yield of the reaction was 63% based on bpmp. Anal. calcd for C136H98Zn5N10O28 (%): C, 61.70; H, 3.73; N, 5.29. 
Found: C, 61.54; H, 3.64; N, 5.33. FT-IR (4000–600 cm−1): 3063 (w), 1586 (s), 1489 (s), 1374 (s), 1175 (s), 1010 (w), 781 (s), 697 (s), 
677 (m), 527 (m). 
 Synthesis of [ZnL(bibpip)2]·DMF·4H2O  (6)  20 

Compound 6 was prepared in the same way as for Compound 1 by using bpmp to bibpip (0.0398 g, 0.1 mmol). Large quantities of 
transparent block crystals were obtained and the crystals were filtered off, washed with ethanol, and dried under ambient conditions. 
Yield of the reaction was 61% based on bibpip. Anal. calcd for C92H84N16O13 Zn2 (%): C, 63.05; H,4.83; N, 12.79. Found: C, 62.60; H, 
4.54; N, 11.69. FT-IR(4000–600 cm−1): 3422 (w), 3100 (w), 2935 (w), 2805 (w), 1668 (m), 1594 (s), 1527 (m), 1372 (s), 1266 (m), 1068 
(w), 843 (m), 782 (m), 660 (w). 25 

 Synthesis of [ZnL(bpmb)] (7)  

Compound 7 was prepared in the similar way as of 2 with bibp replaced by bidpe to bpmb (0.0296 g, 0.1 mmol). Large quantities of 
colorless block crystals were obtained and the crystals were filtered off, washed with ethanol, and dried under ambient conditions. Yield 
of the reaction was 59% based on bpmb. Anal. calcd for C58H42ZnN4O10 (%): C,68.27; H, 4.15; N, 5.49. Found: C, 68.31; H, 4.12; N, 
5.48. FT-IR (4000–600 cm−1): 3133 (m), 1665 (s), 1593 (s), 1532 (s), 1489 (m), 1362 (s), 1313(s), 1279 (s), 1070 (s), 960 (m), 784 (s), 30 

656(m). 
 Synthesis of [ZnL(bib)] ·DMF·4H2O (8)  
Similarly, the procedure of preparing compound 1 is equal to the procedure of (4) by replacement of bpmp by bib (0.0190 g. 0.1 mmol). 
Large quantities of colorlessblock crystals were obtained and the crystals were filtered off, washed with ethanol, and dried under ambient 
conditions. Yield of the reaction was 68% based on bib. Anal. calcd for C30H26ZnN5O4 (%): C, 54.82; H, 4.60; N, 11.62. Found: C, 35 

54.94; H, 4.54; N, 11.63. FT-IR (4000–600 cm−1): 3130 (w), 1596 (s), 1505 (m), 1360 (s), 1110 (m), 1091 (m), 841 (w), 784 (m), 696 
(w), 656 (m), 530(w). 
Synthesis of  [ZnL(bibp)] ·2DMF (9)  
Compound 9 was prepared in the same way as for Compound 1 by using bpmp to bibp (0.0286 g, 0.1 mmol). Large quantities of 
colorless block crystals were obtained and the crystals were filtered off, washed with ethanol, and dried under ambient conditions. Yield 40 

of the reaction was 56% based on bibp. Anal. calcd for C44 H36N7O6Zn (%): C, 64.12; H, 4.40; N, 11.90. Found: C, 64.74; H, 4.64; N, 
11.79. FT-IR (4000–600 cm−1): 3137 (w), 1592 (s), 1518 (s), 1371 (s), 1173 (m), 1068 (m), 824 (w), 785 (m). 

Scheme 2 Crystallographically established coordination modes of the carboxylic groups in compounds 1-9 

X-ray crystallography  
Single-crystal XRD data for compounds 1–9 were recorded on a Bruker Apex CCD diffractometer with graphite-monochromatized Mo 45 

Kα radiation (λ = 0.71073 Å) at 165(2) K. Absorption corrections were applied using the multiscan technique. All the structures were 
solved by Direct Method of SHELXS-9725 and refined by the full-matrix least-squares techniques by using the SHELXL-9726 program 
within WINGX. No-hydrogen atoms were refined with anisotropic temperature parameters.The hydrogen atoms of the organic ligands 
were refined as rigid groups. Detailed crystallographic data and structure refinement parameters for 1-9 are summarized in Table 1. 

Table 1. Crystal and Structure Refinement Data for Compounds 1-9.  50 

 
 

Results and discussion 

Structure description of (1)  

Compound 1 crystallizes in the monoclinic crystal system in space group C2/c. In the asymmetric unit, it contains an independent Zn(II) 55 
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cation, one L2- ligand, a half of a bpmp ligand and three H2O molecules (Fig. 1a). Coordination geometry for each Zn atom is a distorted 
octahedron with four O atoms from four different ligands forming the middle plane. One nitrogen atom and one Zn atom are in the axial 
position of the distorted octahedron. In this compound, the H2L ligand acts as a “V-shape” link and the carboxylate group adopts a 
bismonodentate coordination mode (Scheme. 2a) to bridge two Zn centers to form paddlewheel [Zn2(CO2)4] clusters. The distance of Zn–
Zn is 2.916(15) Å, Zn–O bond lengths are in the range of 2.022(3)–2.052(2) Å, and the Zn–N bond length is 2.024(2) Å27,28. All these 5 

distances and bond angles are within the normal range(Table S1 in the ESI† ). Each L2- ligand links two Secondary building units (SBUs) 
to form a 2D layered network (Fig. 1b), the rhombic lattice size is (22.798 Å× 16.584 Å). Then the bpmp ligand link the layers to further 
generate an infinite 3D framework (Fig. 1c). The dinuclear Zn(II) SBUs can be regarded as 6-connected nodes with the L ligand acting as 
linkers. A topology analysis reveals that the structure can be represented as the Schlafli symbol {44∙610∙8}15, as displayed in (Fig. 1d). 
 10 

Fig. 1 (a) Coordination environment of the Zn(II) ions in compound 1. The hydrogen atoms are omitted for clarity. Symmetry codes: #1= -x+1.5, -y-0.5, -
z+1; #2=-x+2, y-1, -z+1.5; #3= x, -y, z+0.5; #4=-x+2, -y+1, -z+1; #5=-x+2, y+1, -z+1.5; #6= x, -y, z-0.5. (b) views of 2D net structure. (c) views of the 

3D framework. (d) The { 44·610·8} topology net. 

Structure description of (2) 

The crystal structure determination reveals that compound 2 crystallizes in the monoclinic crystal system in space group P21/n. The 15 

asymmetric unit contains two Zn(II) cations, one bibp ligand and two half of a bibp ligands, two deprotonated L2- ligands and one H2O 
molecule, which is omitted for clarity (Fig. 2a). In the asymmetric unit, the Zn(II) cation is coordinated by two carboxylic O atoms from 
two L2- ligands and two nitrogen atoms from two bibp ligands to form a distorted tetrahedron geometry. In an asymmetric unit, the two 
carboxylate groups of the L2- ligand take the same coordination modes. They all take a monodentate coordination mode (Scheme 2 
b).The bond length of Zn-O bond distance vary in the range of 1.908(3)-1.975(3) Å and the Zn-N bond distance is 2.004(4)-2.030(4)Å. 20 

All these distances and bond angles are within the normal range(Table S1 in the ESI† ). The bibp ligands connect Zn atoms to form a 1D 
chain. Then the L2- ligands join all infinite 1D chains into a 3D framework. If L2- and bibp are considered as linkers ,Zn(II) centers can be 
clarified as four-connected nodes. Thus, the topology of the structure can be simplified as a 3D framework of {319∙417∙59} topology (Fig 
.2b). Because of the space nature of the single structure, two identical structure mutually interpenetrate each other into a 2-fold 
interpenetrated framework (Fig. 2c). The remaining vacuum space is occupied by some uncoordinated water molecules. Similar reports 25 

were found, but the result implies that the subtle difference in different solvents and decreased temperature rates has a great influence on 
the structure of the complexes. 

 

Fig. 2 (a) Coordination environment of the Zn(II) ions in compound 2. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=x, y, z+1; #2=x-1, 
y, z-1; #3=x+1, y, z+1; #4=x, y, z-1; #5=-x+1, -y, -z; #6=-x-1, -y+1, -z+1. (b) views of 3D framework structure. (c) Schematic view of the two-fold 30 

interpenetrating framework. 

Structure description of (3) 

The crystal structure determination reveals that compound 3 crystallizes in the monoclinic crystal system in space group C2/c. The 
asymmetric unit contains one Zn(II) cation, one bpp ligand, one deprotonated L2- ligand and seven H2O molecule, which is omitted for 
clarity (Fig. 3a). In the asymmetric unit, the Zn(II) ions is coordinated by two carboxylic O atoms from two L2−  ligands and two nitrogen 35 

atoms from two bibp ligands to form a distorted tetrahedron geometry. In an asymmetric unit, the two carboxylate groups of the L2- 

ligand take the same coordination modes. They all take a monodentate coordination mode (Scheme. 2b). The bond lengths of Zn-O bond 
distance vary in the range of 1.951(5)-1.955(4) Å, and the Zn-N bond distance is 2.045(5)-2.058(5) Å. All these distances and bond 
angles are within the normal range(Table S1 in the ESI† ). 
In the structure, neighboring Zn(II) atoms are connected by bpp ligands to generate 1D zigzag chains, the 1D zigzag chains are bridged 40 

by L2- ligands into 2D sheets by the diagonal direction. If bpp and L2- are considered as connecters, the Zn(II) centers can be clarified as 
four-connected nodes. Thus, the topology of the structure can be simplified as a (4,4) net the Schlafli symbol {42∙63∙8} (Fig. 3b.c). The 
sheets are in ABAB stacked fashion and form a 3D framework(Fig. 3d). 
Within the layer, there exists two 1D helical chains (-Zn(bpp)-Zn(bpp)-) running along the b axis, with a pitch of 18.709 Å based of the 
repeat unit of two bpp ligands and two Zn(II) motifs, and the other is {-L2--Zn(bpp)- Zn-L2--Zn(bibp)- L2-}, with a pitch of 37.418 Å 45 

based of the repeat unit of two bpp ligands four Zn(II) and three L2- motifs(Fig. 3g). Both of them exhibits the uniform hardness in one 
layer, the opposite hardness in the other layer(Fig. 3e, 3f, 3h). 

 

Fig. 3 (a) Coordination environment of the Zn(II) ions in compound 3. The hydrogen atoms are omitted for clarity. Symmetry codes: #1= x+, y-0.5, z; #2= 
-x+1.5, y-0.5, -z+0.5; #3=x-0.5, y+0.5, z; #4=-x+1.5, y+0.5, -z+0.5. (b, c) views of 2D net structure. (d) view of the sheets are stacked in ABAB fashion, a 50 

3D framework. (e, f, g) views of the helical chains with uniform or opposite hardness. (h) views of the helical chains in the (4,4) layer.  

  

Structure description of (4) 

Compound 4 crystallizes in the triclinic crystal system in space group Pī. In the asymmetric unit, there exists two crystallographically 
unique Zn(II) atoms, two L2− ligands, two bidpe ligands and two uncoordinated H2O molecule. In the asymmetric unit, the Zn1 cation is 55 
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coordinated by two carboxylic O atoms from two L ligands and two nitrogen atoms from two bidpe ligands to form a distorted 
tetrahedron geometry; while the other Zn2 cation is coordinated by three carboxylic O atoms from two L2− ligands and two nitrogen 
atoms from two bidpe ligands to form a distorted trigonal bipyramid environment(Fig. 4a). In the structure, there exists two L2− ligands, 
which exhibit two different coordination modes, one the two carboxylate groups take the same coordination modes.They all take a 
monodentate coordination mode (Scheme 2b), the other, one carboxylate group takes a monodentate coordination mode to bridge Zn 5 

center while the other carboxylate group adopts a chelating in bidentate mode (Scheme 2d). The bond lengths of Zn-O bond distance 
vary in the range of 1.949(7)-2.410(6) Å and the Zn-N bond distance is 2.033(6)-2.050(5) Å. All these distances and bond angles are 
within the normal range(Table S1 in the ESI† ). 
 

Fig. 4 (a) Coordination environment of the Zn(II) ions in compound 4. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=x-1, y, z; #2= 10 

x+1, y, z. (b) views of the 1D chain. (c, d) views of 2-fold interpenetrated 1D chain.  (e) views of the 2D sheets. 

 
In the structure, neighboring two Zn(II) atoms are connected by two bidpe ligands to build a coordinative ring (Fig. 4a), These rings are 
combined together into a 1D chain by the L2− ligands(Fig. 4b). Because of the large size of the rhombic channel (about 51.06 Å × 10.92 
Å), two identical structures mutually interpenetrate each other into a 2-fold interpenetrated 1D chain(Fig. 4c, 4d). These 2-fold 1D chains 15 

are mutually interpenetrate each other from 2D sheets. Meanwhile, the sheets are stacked  to form a 3D framework. 
 

Structure description of (5) 

The crystal structure determination reveals that compound 5 crystallizes in the orthorhombic crystal system in space group P21212. The 
asymmetric unit contains three Zn(II) cations, which exhibits two different coordination geometries, as shown in Fig. 5a, the Zn1 cation 20 

is coordinated by two nitrogen atom from two bpmp ligand (Zn-N 2.045(6) Å ) and two oxygen atoms from two L2− ligand (Zn-O 
1.958(5) Å) to complete a distorted tetrahedron geometry. The Zn2 cation is coordinated by four carboxylic O atoms from four L 
ligands(Zn-O 1.906(6)-1.948(6) Å) to form a distorted tetrahedron geometry. While the Zn3 cation exists in a distorted trigonal 
bipyramid geometry, being ligated by five oxygen atoms from three L2− ligands and two H2O molecules(Zn-O 1.973(5)- 2.387(10) Å). 
All these distances and bond angles is within the normal range (Table S1 in the ESI† ). The L2- anions adopt three coordinationn modes: 25 

the first connects three Zn centers through one bismonodentate and one monodentate (Scheme 2c); the second links two Zn centers via 
one monodentate carboxylate and one chelate carboxylate (Scheme 2d); the third the carboxylate group takes a µ3-monodentate-bridging 
links two Zn centers (Scheme 2e). In this structure, Zn2 and Zn3 cations are coordinated by four L2− ligands  carboxylate groups and two 
oxygen atoms from H2O molecular to form(SBU: Zn2(CO)4 (H2O)2) clusters, the distance of Zn-Zn is 3.287 Å. The dinuclear Zn(II) SBU 
by two L2− ligands connected two SBUs, meanwhile the SBU connected Zn1 by a L2− ligands. The Zn1 atoms are connected by bpmp 30 

ligands to generate 2D wave-like sheets(Fig. 5c). The sheets are stacked fashion and formed a 3D framework. Within the framework, the 
O atoms(such as O1 or O2 in Fig. 5a) in uncoordinated carboxylate in the 2D sheets, exhibit a protruding arm to erect outer layer. 
Between O1 or O2 and the other uncoordinated carboxylic O atoms in the adjoining sheets(O1-O13 2.879 Å, O2-O13 3.176 Å), there 
exists a strong hydrogen bond interactions, which indicates the stability of the whole structure(Fig. 5d). 

 35 

Fig. 5 (a) Coordination environment of the Zn(II) ions in compound 5. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=-x+1, -y, z; #2= 
x+0.5, -y+0.5, -z+2; #3=-x+2, -y, z; #4=x-0.5, -y+0.5, -z+2. (b) views of the 1D chain. (c) views of 2D wave-like sheets. (e) views of the 3D framework. 

Structure description of (6) 

The crystal structure determination reveals that compound 6 crystallizes in the triclinic crystal system in space group Pī. The asymmetric 
unit contains one Zn(II) cation, two half of a bibpip ligand, one deprotonated L2- ligand and three H2O molecules, which is omitted for 40 

clarity (Fig. 6a). In the asymmetric unit, the Zn(II) cation is coordinated by two carboxylic O atoms from two L2- ligands and two 
nitrogen atoms from two bibpa ligands to form a distorted tetrahedron geometry. In an asymmetric unit, the two carboxylate groups of 
the L2- ligands take the same coordination modes. They all take a monodentate coordination mode (Scheme. 2b).The bond lengths of Zn-
O bond distance vary in the range of 1.908(3)-1.975(3) Å, and the Zn-N bond distance is 2.004(4)-2.030(4) Å. All these distances and 
bond angles are within the normal range(Table S1 in the ESI† ). In the structure, neighboring Zn(II) atoms are connected by bibpa 45 

ligands to generate 1D zigzag chains, by the diagonal adjacent 1D zigzag chains are bridged by L2- ligands into 2D wave-like sheets. If 
bibpa and L2- are considered as connecters, the Zn(II) centers can be clarified as four-connected nodes. Thus, the topology of the structure 
can be simplified as a (4,4) net the Schlafli symbol {44∙62} (Fig. 6d). Because of the space nature of the single net, five identical nets 
mutually interpenetrate each other form a 5-fold interpenetrate framework (Fig. 6e). 
 50 

Fig. 6 (a) Coordination environment of the Zn(II) ions in compound 6. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=-x+1, -y, -z+2;    
#2=-x+2, -y+2, -z+1; #3=x-1, y+1, z; #4=x+1, y-1, z; #5=-x+1, -y+1, -z. (b, c, d) views of 2D wave-like sheets. (e) Schematic view of the 5-fold 
interpenetrating framework. 

Structure description of (7) 

Compound 7 crystallizes in the monoclinic crystal system in space group C2/c. The asymmetric unit contains one Zn(II) cation, one 55 
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bpmb ligand, one deprotonated L2- ligand(Fig. 7a). In the asymmetric unit, the Zn(II) ions is coordinated with two carboxylic O atoms 
from two HL- ligands and two nitrogen atoms from two bpmb ligands, the unit adopts a distorted tetrahedron geometry. In an asymmetric 
unit, the one carboxylate group of H2L ligand takes a monodentate coordination mode (Scheme. 2f ). The bond lengths of Zn-O bond  
and the Zn-N bond are 1.977(3) Å and 2.043(3) Å, separately. All these distances and bond angles are within the normal range(Table S1 
in the ESI† ). 5 

In the structure, neighboring Zn(II) atoms are connected by bpmb ligands to generate 1D zigzag chains, the HL- ligand act as a terminal 
ligand to coordinate with one Zn(II) atom by monodentate coordination mode (Fig. 7b). The 1D zigzag chains are mutually interpenetrate 
each other shaping 2D sheets (Fig. 7c). Because of existing no coordinate carboxylic O atoms in the 1D zigzag chain, there are hydrogen 
bond interactions between the uncoordinated carboxylic O atom and the other uncoordinated  carboxylic O atoms of the other chain in 
the adjoining layer. Within this framework, the distance between two O atoms belong to different layers is 2.628 Å, which promotes the 10 

stability of the structure(Fig. 7d).  
 
 
Fig. 7 (a) Coordination environment of the Zn(II) ions in compound 7. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=-x+1.5, -y+3.5, -

z+2;    #2=-x+1, y, -z+1.5. (b) views of the 1D chain. (c) views of 2D sheets. (d) views of the distances between two O atoms. 15 

Structure description of (8) 

Compound 8 crystallizes in the Orthorhombic crystal system in space group Pbca. The asymmetric unit contains one Zn(II) cation, two 
half of one bib ligand, one deprotonated L2- ligand, one DMF molecule, and four H2O molecule, which is omitted for clarity (Fig. 8a). In 
the asymmetric unit, the Zn(II) cation is coordinated by two carboxylic O atoms from two L2- ligands and two nitrogen atoms from two 
bib ligands to form a distorted tetrahedron geometry. In an asymmetric unit, the two carboxylate groups of the L2− ligand take the same 20 

coordination modes. They all take a monodentate coordination mode (Scheme. 2b). The bond lengths of Zn-O bond vary in the range of 
1.970(5)-1.996(5) Å and the Zn-N bond distance is 1.991(6)-2.042(7) Å. All these distances and bond angles are within the normal 
range(Table S1 in the ESI† ). In this structure, neighboring Zn(II) atoms are connected by bib ligands to generate 1D zigzag chains, the 
diagonal adjacent 1D zigzag chains are bridged by L2- ligands into 2D wave-like sheets. If bip and L2- are considered as connecters, the 
Zn(II) centers can be clarified as four-connected nodes. Thus, the topology of the structure can be simplified as a (4,4)net (Fig. 8b, 8c). 25 

The sheets are stacked fashion and form a 3D framework. Within the layer, there exists 1D helical chains (-L2--Zn(bib)-Zn(bib)-) running 
along the b axis, with a pitch of 14.245 Å based of the repeat unit of one L2- and two [Zn(bib)]2+ motifs (Fig. 8d). In each layer, the 
adjoining helical chains exhibit the opposite hardness (Fig. 8d).  
 

Fig. 8 (a) Coordination environment of the Zn(II) ions in compound 8. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=-x+2, -y, -z; #2= 30 

-x+2, -y+1, -z; #3=x, -y+0.5,  z-0.5; #4=x, -y+0.5, z+0.5, #5=-x+1, y-0.5, -z-0.5; #6=-x+1, y+0.5, -z-0.5. (b, c) views of 2D net structure. (d) A view of the 
helical chains.   

Structure description of (9) 

The crystal structure determination reveals that compound 9 crystallizes in the monoclinic crystal system in space group P21/c. The 
asymmetric unit contains one Zn(II) cation, one deprotonated  L2− ligand, one bibp ligand, and two DMF molecules which is omitted for 35 

clarity (Fig. 9a). In the asymmetric unit, the Zn(II) cation is coordinated by two carboxylic O atoms from two  L2− ligands and two 
nitrogen atoms from two bibp ligands to form a distorted tetrahedron geometry. In an asymmetric unit, the two carboxylate groups of the 
L2- ligand take the same coordination modes. They all take a monodentate coordination mode (Scheme. 2b). The length of Zn-O bond 
vary in the range of 1.960(6)-1.961(5) Å and the Zn-N bond distance is 2.007(6)-2.048(7) Å. All these distances and bond angles are 
within the normal range(Table S1 in the ESI† ). The bibp ligand connect Zn atoms to form a 1D chain. The L2- ligands then join all 40 

infinite 1D chains into a 2D sheets. If L2- and bibp are considered as linkers, Zn(II) centers can be clarified as four-connected nodes(Fig. 
9b). Thus, the topology of the structure can be simplified as a (4,4) net (Fig. 9c). 
Because of the space nature of the single structure, three identical structure mutually interpenetrate each other into a 3-fold 
interpenetrated sheets (Fig. 9d). The 3-fold interpenetrated sheets are in ABAB stacked fashion and form a 3D framework (Fig. 9e). 
Within the layer, there exists 1D helical chains  (-L2--Zn(bibp)- L2--Zn(bibp)-) running along the z axis, with a pitch of 14.160 Å based of 45 

the repeat unit of one L2- and one [Zn(bibp)]2+ motifs. In each layer, the adjoining helical chains exhibit the opposite hardness (Fig. 9f). 
 

Fig. 9 (a) Coordination environment of the Zn(II) ions in compound 9. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=x+1, y, z+1; #2= 
x-1, -y+0.5, z+0.5; #3=x+1, -y+0.5, z-0.5; #4=x-1, y, z-1. (b, c) views of 2D net structure. (d) Schematic view of the three-fold interpenetrating sheets. (e) 
The sheets are stacked in ABAB fashion and form a 3D framework. (f) A view of the helical chains. 50 

 
Thermal Analysis. To characterize the thermal stabilities of compounds 1-9, their thermal behaviors were investigated by TGA (Fig. 
10). The experiments were performed on samples consisting of numerous single crystals of 1-9 under nitrogen atmosphere with a heating 
rate of 10°C/min. For 1, the destruction of the framework occurs at ca. 375°C. The remaining weight corresponds to the formation of 
ZnO (obsd 14.7%, calcd 14.1%). Compound 2  remains stable up to ca. 350°C, finally leading to the formation of the stoichiometric 55 

amount of  ZnO as residue (obsd 12.3%, calcd 11.78%). For 3, the decomposition of the compound occurs at ca. 280°C, and the 
remaining weight corresponds to the formation of ZnO  (obsd 12.6%, calcd 12.2%). Compound 4 is stable up to ca. 375°C with the 
remaining residue of ZnO  (obsd 11.1%, calcd 11.5%). For 5, the departure of organic ligand occurs at ca. 300°C and the remaining 
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weight corresponds to the formation of ZnO(obsd 16.9%, calcd 15.4%). For 6, the departure of organic ligand occurs at ca. 310°C and 
the remaining weight corresponds to the formation of ZnO(obsd 10.2%, calcd 9.29%). For 7, the departure of organic ligand occurs at ca. 
350°C and the remaining weight corresponds to the formation of ZnO (obsd 9.11%, calcd 8.0 %). For 8, the decomposition of the 
compound occurs at ca. 300°C and the remaining weight corresponds to the formation of ZnO(obsd 12.2%, calcd 11.3%). For 9, the 
decomposition of the compound occurs at ca. 350°C and the remaining weight corresponds to the formation of ZnO(obsd 12.9%, calcd 5 

9.9%). 
 

Fig.10 The TGA diagrams of complexes 1-9. 

 
Photoluminescence Properties. Because of excellent luminescent properties of d10 metal coordination polymers, the luminescent 10 

properties of compound 1-9 were investigated in the solid state at room temperature. As shown in  Fig. 11. The emission peaks at 424 nm 
for L(λex=396nm). the emission peaks were at 408 nm in compound 1 (λex =369nm), 410 nm in compound 2 (λex =338nm), 412 nm in 
compound 3 (λex =369nm), 433 nm in compound 4 (λex =357nm), 450 nm in compound 5 (λex =397nm), 420 nm in compound 6 (λex 
=377nm), 418nm in compound 7 (λex =371nm), 430 nm in compound 8 (λex =372nm) and 420 nm in compound 9 (λex =373nm). These 
emissions can probably be assigned to the intraligand (π–π* or π*–n) fluorescent emission within the molecular orbital manifolds of the 15 

N-donor moieties and phenyl rings of L moieties. These compounds may be suitable as excellent candidates for blue-fluorescent 
materials, since they are highly thermally stable and insoluble in common solvents.  
Particular attention should be paid to Compound 3, which exhibits an intense emission with a maximum at 412 nm upon excitation at 369 
nm, its emission characteristics are similar to those of the L ligand but shows an obvious blue shift of 12 nm as compared with that of the 
L ligand. The phenomenon is probably caused by a change in the HOMO and LUMO energy levels of the deprotonated L2- anions and 20 

neutral ligands coordinating to the Zn(II) centers, a charge-transfer transition between ligands and metal centers, and a joint contribution 
of the intraligand transitions or charge-transfer transitions between the coordinated ligands and the metal centers29. In addition, the blue 
shift is also attributed to the non-coplanar ligands and the different distortion among the benzene rings, which prevent the efficient 
electron transfer in compound 315.  

 25 

Fig. 11 The solid-state photoluminescent spectra of 1-9 and H2L at room temperature. 

Conclusions 

In this study, nine new coordination polymers with novel architectures have been synthesized successfully under hydrothermal conditions 
with different solvents and decreased temperature rates by using the flexible carboxylic acid and the various N-donor ligands as auxiliary 
ligands. Their structural differences indicate that the solvothermal conditions and the reaction temperature have remarkable influence on 30 

the resultant topologies. The results also show that the flexible carboxylic acid is good candidates for the construction of high 
dimensional MOFs. These nine compounds not only fill the aesthetic diversity of coordinative network chemistry, but also may provide a 
potential way for the selective design of versatile network-based materials. The photoluminescent behaviors show that these complexes 
may be good candidates for optical materials. 
 35 
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Scheme 2 Crystallographically established coordination modes of the carboxylic groups in compounds 1-9. 
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Table 1 Crystal and Structure Refinement Data for Compounds 1-9. 

Compound 1 2 3 4 5 
CCDC No. 1058540 1058542 1058543 1058545 1058546 
Formula C28H23N3O7Zn C76H54N10O9Zn2 C33H27N3O8Zn C76H54N10O12Zn2 C136H98N10O28Zn5 
Fw 578.86 1382.03  658.95 1414.03 2647.09 
Crystal system Monoclinic Monoclinic Monoclinic Triclinic Orthorhombic 
Space group C2/c P21/n C2/c P ī P21212  

a/Å 29.139(18) 9.3089(6) 21.483(2) 14.3887(18) 14.2821(17) 
b/Å 8.292(6) 50.079(3) 18.7268(19) 15.538(2) 42.185 (2) 
c/Å 22.798(15) 14.5655(9) 21.298(3) 17.003(2) 9.6119(5) 
α(°) 90.00 90.00 90.00 87.718(3) 90.00 
β(°) 94.970(11) 107.9530(10) 118.853 (2) 65.714(2) 90.00 
γ(°) 90.00 90.00 90.00 76.845(3) 90.00 
V(Å3) 5488(6) 6459.5(7) 7504.5(15) 3367.8(7) 5791.0 
Z 8 4 8 2 2 
Dc(g cm−3) 1.401 1.421 1.166 1.410 1.518 
µ/mm-1 0.945 0.812 0.701 0.785 1.106 
F(000) 2384 2848 2720 1473 2716 
Total,unique data 17578, 6927 39615, 15572 27489, 9365 25205, 16823 40776, 14151 
Rint 0.0431 0.0559 0.0423 0.0650 0.0766 
Observed data[I>2σ(I)] 4566 7850 5357 6927 8560 
Nrcf,Npar 6927, 337 15572, 869 9365, 394 16823, 896 14151, 807 
R1, wR2[ I>2σ(I)] 0.0527/0.1270 0.0610, 0.1374 0.0611, 0.1900 0.0798, 0.1798 0.0623, 0.1461 
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R1, wR2 (all data) 0.0936/0.1458 0.1526, 0.1802 0.1030, 0.2218 0.2109, 0.2577 0.1380, 0.1903 
s 1.049 1.038 01.013 0.964 1.017 
Largest diff. peak and 
hole /e·Å–3 

0.990, -0.523 0.377, -0.556 1.095, -0.487 0.699, -0.810 1.081, -1.367 

 

Compound 6 7 8 9 
CCDC No. 1058547 1058548 1058550 1058551 
Formula C92H84N16O13 Zn2 C58H44N4O10 Zn C30H26N5O4Zn C44H36N7O6Zn 
Fw 1752.49 1020.38 585.93 824.17 
Crystal system Triclinic Monoclinic Orthorhombic Monoclinic 
Space group P ī C2/c Pbca P21/c 

a/Å 10.6126(14) 28.327(4) 16.668(6) 14.7273(16) 
b/Å 13.0570(16) 6.0289(8) 16.256(6) 34.677(4) 
c/Å 18.873(2) 29.409(4) 28.596(10) 8.2504(9) 
α(°) 77.782(2) 90.00 90.00 90.00 
β(°) 81.567(2) 107.892(3) 90.00 104.498(2) 
γ(°) 73.826(2) 90.00 90.00 90.00 
V 2444.1(5) 4779.7(11) 7748(5) 4079.3(8) 
Z(Å3) 1 4 8 4 
Dc (g cm−3) 1.191 1.418 1.005 1.342 
µ/mm-1 0.555 0.582 0.666 0.659 
F(000) 912 2112 2424 1708 
Total,unique data 13712, 9520 16998, 5910 54960, 9851 24362, 7763 
Rint 0.0329 0.0845 0.1438 0.0700 
Observed data[I>2σ(I)] 5520 3163 3769 5027 
Nrcf,Npar 9520, 541 5910, 330 9851, 361 7763, 473 
R1, wR2[ I>2σ(I)] 0.0766, 0.2134 0.0554, 0.1234 0.0611, 0.1328 0.0968, 0.2404 
R1, wR2 (all data) 0.1370, 0.2394 0.1328, 0.1666 0.1700, 0.1617 0.1492, 0.661 
s 1.019 1.003 0.840 1.119 
Largest diff. peak and 
hole /e·Å–3 

0.912, -0.338 0.397, -0.554 0.540, -0.439 2.581, -0.661 
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Fig. 1 (a) Coordination environment of the Zn(II) ions in compound 1. The hydrogen atoms are omitted for clarity. Symmetry codes: #1= -x+1.5, -y-0.5, -
z+1; #2=-x+2, y-1, -z+1.5; #3= x, -y, z+0.5; #4=-x+2, -y+1, -z+1; #5=-x+2, y+1, -z+1.5; #6= x, -y, z-0.5. (b) views of 2D net structure. (c) views of the 
3D framework. (d) The { 44·610·8} topology net.  
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Fig. 2 (a) Coordination environment of the Zn(II) ions in compound 2. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=x, y, z+1; #2=x-1, 
y, z-1; #3=x+1, y, z+1; #4=x, y, z-1; #5=-x+1, -y, -z; #6=-x-1, -y+1, -z+1. (b) views of 3D framework structure. (c) Schematic view of the two-fold 
interpenetrating framework. 
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Fig. 3 (a) Coordination environment of the Zn(II) ions in compound 3. The hydrogen atoms are omitted for clarity. Symmetry codes: #1= x+, y-0.5, z; #2= 
-x+1.5, y-0.5, -z+0.5; #3=x-0.5, y+0.5, z; #4=-x+1.5, y+0.5, -z+0.5. (b, c) views of 2D net structure. (d) view of the sheets are stacked in ABAB fashion, a 
3D framework. (e, f, g) views of the helical chains with uniform or opposite hardness. (h) views of the helical chains in the (4,4) layer.  
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Fig. 4 (a) Coordination environment of the Zn(II) ions in compound 4. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=x-1, y, z; #2= 
x+1, y, z. (b) views of the 1D chain. (c, d) views of 2-fold interpenetrated 1D chain.  (e) views of the 2D sheets. 
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Fig. 5 (a) Coordination environment of the Zn(II) ions in compound 5. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=-x+1, -y, z; #2= 
x+0.5, -y+0.5, -z+2; #3=-x+2, -y, z; #4=x-0.5, -y+0.5, -z+2. (b) views of the 1D chain. (c) views of 2D wave-like sheets. (e) views of the 3D framework. 
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Fig. 6 (a) Coordination environment of the Zn(II) ions in compound 6. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=-x+1, -y, -z+2;    
#2=-x+2, -y+2, -z+1; #3=x-1, y+1, z; #4=x+1, y-1, z; #5=-x+1, -y+1, -z. (b, c, d) views of 2D wave-like sheets. (e) Schematic view of the 5-fold 
interpenetrating framework. 
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Fig. 7 (a) Coordination environment of the Zn(II) ions in compound 7. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=-x+1.5, -y+3.5, -
z+2;    #2=-x+1, y, -z+1.5. (b) views of the 1D chain. (c) views of 2D sheets.  (d) views of the distances between two O atoms in adjoining layers.  
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Fig. 8 (a) Coordination environment of the Zn(II) ions in compound 8. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=-x+2, -y, -z; #2= 
-x+2, -y+1, -z; #3=x, -y+0.5,  z-0.5; #4=x, -y+0.5, z+0.5, #5=-x+1, y-0.5, -z-0.5; #6=-x+1, y+0.5, -z-0.5. (b, c) views of 2D net structure. (d) A view of the 
helical chains.  
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Fig. 9 (a) Coordination environment of the Zn(II) ions in compound 9. The hydrogen atoms are omitted for clarity. Symmetry codes: #1=x+1, y, z+1; #2= 
x-1, -y+0.5, z+0.5; #3=x+1, -y+0.5, z-0.5; #4=x-1, y, z-1. (b, c) views of 2D net structure. (d) Schematic view of the three-fold interpenetrating sheets. (e) 
The sheets are stacked in ABAB fashion and form a 3D framework. (f) A view of the helical chains. 
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Fig. 10 The TGA diagrams of complexes 1-9. 
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Fig. 11 The solid-state photoluminescent spectra of 1-9 and H2L at room temperature. 
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