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ABSTRACT 

Seven zinc and cadmium coordination frameworks, {[Zn2(TE)2]·H2O} (1a); {[Cd2(TE) 

(SO4)(OH)(H2O)]} (1b); TE = 2-(1H-Tetrazol-5-yl)-ethanol, {[Zn1.5(TA)(INA)]·4H2O} (2a); 

{[Cd4.5(TA)3(N3)(OH)2(H2O)2]·H2O} (2b); {[Zn(MT)(INA)]·H2O} (2c); TA = 

(1H-Tetrazol-5-yl)-acetic acid, MT = 5-methyl-tetrazole, INA = isonicotinic acid, 

{[Cd(BTMA)]·H2O} (3a); [Cd2(TTMA)(OH)] (3b); BTMA = bis-(1H-tetrazol-5- ylmethyl)-amine; 

TTMA = tris-(1H–tetrazol-5-ylmethyl)-amine, were obtained through in situ tetrazole synthesis and 

have been structurally characterized by single crystal and powder X-ray diffraction, as well as 

elemental analyses, FT-IR spectroscopy and thermal studies. Interestingly, by varying the reaction 

conditions of hydrothermal synthesis, the unprecedented in situ generation of TA and MT for 2 

based on cyanoacetamide or BTMA and TTMA for 3 based on iminodiacetonitrile was observed, 

respectively. Compound 1a represents a very interesting example of three-dimensional (3D) 

frameworks containing hexagonal channels and meso-helical chains (P + M) alternately trapped by 

Zn-TE coordination interactions; Compound 1b possesses a two-dimensional (2D) layered structure 

constructed from infinite organic chains and sulfate anions. Compounds 2a and 2b both crystallize 

in 3D frameworks containing infinite rod-shaped SBUs; Compound 2c displays a two-fold 

diamondoid network constructed by the interconnection of Zn-MT-INA honeycomb layers and INA 

ligands. Compound 3a shows a 3D framework consisting of cyclic [Cd2(BTMA)2] dimer subunits, 

possessing a 8-connected network topology. Compound 3b shows a 3D binodal (4,8)-connected net 

based on tetranuclear [Cd4O2] polyoxometalates (POMs) as nodes. Furthermore, the luminescent 

properties of these compounds were investigated. Notably, compound 1b crystallizes in an acentric 

space group representing significant second harmonic generation (SHG) efficiencies. 
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Introduction 

Over the past decades, extensive attention has been paid to the design and synthesis of the 

metal-organic hybrid compounds due to their fascinating structural properties and potential 

applications in fluorescence, catalysis, magnetism, molecular recognition, and enantioselective 

separation.1-2 Crystal engineering based on coordination polymer is an efficient strategy for 

designing and synthesizing metal-organic frameworks (MOFs) with elegant topologies and potential 

applications. The tetrazole possessing four nitrogen atoms have been extensively utilized in 

coordination chemistry.3 5-substituted-1H-tetrazole are among the most important and popular 

species used to construct MOFs.4-5 It is a landmark breakthrough that Demko and Sharpless 

pioneered a safe, convenient and environmentally friendly synthetic method for the synthesis of 

5-substituted 1H-tetrazoles derivatives via a [2+3] cycloaddition reaction of azide anions and 

nitriles in water with the aid of Lewis acid as a catalyst.6 With the development of this method, a 

variety of such in situ generated 5-R-tetrazoles (R=alkyl-,7 pyrazinyl-,8 pyrimidyl-,9 pyridyl-,10 

phenyl-,11 amino-,12 etc.) have been employed as excellent chelating and/or bridging ligands to 

construct novel metal coordination polymers, which were not only found to possess intriguing 

architectures as well as potential applications as functional materials, but also confirmed the 

significance of the selection of organic linkers in the assembly of MOFs as well.13 In our previous 

work, novel tetrazole frameworks have been successfully in situ synthesized by tuning the organic 

ligands.14  

Among the reported 5-R-tetrazole-related in situ synthesis examples, it is often the case that 

the ligand components generally retain the structural integrity, and intensive effort has been 

reported trying to approach structural and property diversities by varying the nitriles, which in turn 

give different 5-R-tetrazole ligands.9-11,15 However, during our previous exploration of the 

coordination compounds based on MT (MT = 5-methyl-tetrazole), we have observed that the MT 

was unexpectedly generated via the in situ hydrothermal decarboxylation reaction of cyanoacetic 

acid and NaN3.
14a This has encouraged us to explore the coordination chemistry with nitriles which 

may not retain the structural integrity in hydrothermal in situ metal-catalyzed reaction and thus to 

form unexpected 5-R-tetrazole ligands. In other words,, under proper conditions, the significant 

structure transformation may be realized by tuning in situ generated ligands, however, from the 

same nitriles. An extended literature survey shows that, few such efforts utilizing the same nitriles 

under different reaction conditions have been carried out so far. While some unique hydrothermal 

reactions may occur that involves in situ hydrolysis,16 carbon-carbon coupling,17 cleavage and 
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formation of disulfide bonds,18 and decarboxylation of aromatic groups,19 etc.20 In light of this, we 

were intrigued by the possibility of using same precursors that would allow unique hydrothermal 

reactions approaching the in situ generation of disparate tetrazole ligands to alter the structures of 

compounds. 

Based on the above considerations and as part of our ongoing efforts in the design and 

synthesis of tetrazole-based MOFs,14,21 we chose herein 3-hydroxy-propionitrile, cyanoacetamide 

and iminodiacetonitrile, sodium azide with different Zn(II) and Cd(II) salts as catalysts to 

synthesize novel metal-organic coordination frameworks for several considerations: (1) The d10 zinc 

and cadmium metal cation not only are able to tolerate various coordination numbers and 

geometries, but also exhibit luminescent properties when bound to functional ligands;22,14a (2) their 

expected in situ generated ligands can exhibit excellent coordination capacities with five, six and 

eight coordination sites of tetrazolate rings and O donors; (3) as we all know, cyanoacetamide 

contains an amide group which can be easily hydrolyzed under the condition of heating for a long 

time, 23 and iminodiacetonitrile containing two cyan groups can be very active in nucleophilic 

reactions and susceptible to nucleophilic attack.24 This prompted us to select cyanoacetamide and 

iminodiacetonitrile as potential sources for the formation of unexpected tetrazolate ligands by 

varying reaction conditions; (4) the presence of −CH2−CH2−OH, −CH2−COOH and 

−CH2−NH−CH2− groups offers flexible orientations, thus the conformational freedom may better 

satisfy the geometric requirement for metal ions to construct diversified and intriguing architectures 

and topologies.25  

In this context, we report seven novel tetrazole coordination frameworks including one 2D 

layers and six 3D frameworks. To our knowledge, all in situ generated ligands have never been 

explored in the construction of coordination polymers, although a few coordination polymers 

associated with flexible 5-substituted tetrazole ligands were reported.26,25b-d By varying the 

hydrothermal synthesis conditions we have achieved the unprecedented in situ generation of 

tetrazole ligand TA, MT both based on cyanoacetamide and BTMA, TTMA both based on 

iminodiacetonitrile for 2 and 3. In particular, to the best of our knowledge, the ligand TTMA in 3b 

was first prepared by hydrothermal technique involving both [2+3] cycloaddition and nucleophilic 

substitution as well as used for constructing coordination compounds. The thermal stabilities and 

the solid-state photoluminescence properties of the seven compounds and preliminary SHG 

investigation of 1b are also reported. 

 

Experimental Section 
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Materials and instruments  

All the materials and reagents were obtained commercially and used without further purification. 

Elemental (C, H, N) analyses were performed on a Perkin−Elmer 2400 element analyzer. Infrared 

(IR) samples were prepared as KBr pellets, and spectra were obtained in the 4000−400 cm-1 range 

using a Nicolet Avatar 360 FT-IR spectrophotometer. ESI-MS spectrum was carried out on a 

Thermo Finnigan LCQ Deca XP Max LC/MSn instrument. Thermogravimetric analysis (TGA) 

experiments were carried out on a Perkin-Elmer TGA 7 thermogravimetric analyzer with the 

heating rate of 10 oC/min from 50 to 800 oC under dry air atmosphere. Powder XRD investigations 

were carried out on a Philips PW-1830 X-ray diffractometer with Cu Kα radiation. Fluorescence 

spectra were recorded with an F-4600 FL spectrophotometer analyzer. The second-order nonlinear 

optical effect was determined on a LAB130 Pulsed Nd:YAG laser. 

Synthesis of {[Zn2(TE)2]·H2O} (1a)  

A mixture of ZnCl2 (0.136 g, 1mmol), 3-hydroxy-propionitrile (2ml), and NaN3 (0.130 g, 2 mmol) 

in H2O (10 mL) was stirred for 30 min at room temperature and then sealed in a 23 mL Teflon-lined 

autoclave at 150 °C for 72 hours. After the mixture was cooled to room temperature at a rate of 

5°C/h, colorless rod-like single crystals of 1a were obtained (yield: 70% based on Zn). Anal. Calcd 

(%) for C18H19.98 N24O7Zn6: C, 20.07; H, 18.70; N, 31.22. Found: C, 20.05; H, 18.72; N, 31.17. IR 

data (KBr, cm-1): 3650(m), 3604(w), 3433(s), 2954(w), 2900(m), 2854(m), 2375(m), 1720(s), 

1579(s), 1498(m), 1318(w), 1190(m), 1073(s), 720(w), 576(w), 522(s). 

Synthesis of [Cd2 (TE) (SO4)(OH)(H2O)] (1b) 

A mixture of CdSO4 (0.208 g, 1mmol), 3-hydroxy-propionitrile (2ml), and NaN3 (0.130 g, 2 mmol) 

in H2O (10 mL) was stirred for 30 min at room temperature and then sealed in a 23 mL Teflon-lined 

autoclave at 150 °C for 72 hours. After the mixture was cooled to room temperature at a rate of 

5°C/h, yellow block single crystals of 1b were obtained (yield: 80% based on Cd). Anal. Calcd (%) 

for C2.56H7Cd2N4O7.44S: C, 6.55; H, 1.50; N, 11.93. Found: C, 6.57; H, 1.48; N, 11.91. IR data (KBr, 

cm-1): 3647(w), 3421(s), 2964(w), 2340(w), 1716(m), 1604(m), 1395(m), 1282(m), 1188(s), 1111(s), 

1033(s), 952(s), 859(m), 781(w), 674(m), 617(s), 497(w). 

Synthesis of {[Zn1.5(TA)(INA)]·4H2O} (2a) 

A mixture of ZnCl2 (0.136 g, 1mmol), cyanoacetic acid (0.085 g, 1mmol), isonicotinic acid (0.061 g, 

0.5mmol) and NaN3 (0.130 g, 2 mmol) in H2O (10 mL) was stirred for 30 min at room temperature 

and then sealed in a 23 mL Teflon-lined autoclave at 150 °C for 72 hours. After the mixture was 

cooled to room temperature at a rate of 5°C/h, colorless rod-like single crystals of 2a were obtained 

(yield: 80% based on Zn). Anal. Calcd (%) for C18H20N10O12Zn3: C, 28.27; H, 2.64; N, 18.32. 
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Found: C, 28.25; H, 2.70; N, 18.29. IR data (KBr, cm-1): 3394(m), 3082(m), 2991(w), 2356(w), 

2079(s), 1597(s), 1573(s), 1487(w), 1442(s), 1381(m), 1250(m), 1120(w), 827(m), 763(s), 725(m).  

Synthesis of {[Cd4.5(TA)3(N3)(OH)2(H2O)2]·H2O} (2b) 

A mixture of Cd(NO3)2·2.4H2O (0.236 g, 1mmol), cyanoacetic acid (0.085 g, 1mmol) and NaN3 

(0.130 g, 2 mmol) in H2O (10 mL) was stirred for 30 min at room temperature and then sealed in a 

23 mL Teflon-lined autoclave at 150 °C for 72 hours. After the mixture was cooled to room 

temperature at a rate of 5°C/h, colorless rod-like single crystals of 2b were obtained (yield: 35% 

based on Cd). Anal. Calcd (%) for C18H23.66Cd9N30O21.83: C, 10.70; H, 1.18; N, 20.79. Found: C, 

10.68; H, 1.20; N, 20.77. IR data (KBr, cm-1): 3425(s), 3209(w), 2987(m), 2363(w), 2102(s), 

1732(s), 1573(s), 1481(m), 1419(m), 1372(m), 1127(w), 929(m), 843(m), 705(m), 589(m). 

Synthesis of {[Zn(MT)(INA)]·H2O} (2c) 

Yellow block single crystals of 2c were obtained under similar reaction conditions as 2a, except that 

the isonicotinic acid was added to 1mmol (0.123 g) (yield: 53% based on Zn). Anal. Calcd (%) for 

C8H9N5O3Zn: C, 33.29; H, 3.14; N, 24.27. Found: C, 33.27; H, 3.16; N, 24.23. IR data (KBr, cm-1): 

3340(s), 2971(s), 2640(w), 2356(m), 1934(w), 1557(m), 1365(m), 1220(w), 1091(s), 1049(s), 

998(w), 879(s), 820(w), 712(m). 

Synthesis of {[Cd(BTMA)]·H2O} (3a)  

A mixture of CdCl2·2.5H2O (0.228 g, 1mmol), iminodiacetonitrile (0.096 g, 1mmol), and NaN3 

(0.130 g, 2 mmol) in H2O (10 mL) was stirred for 30 min at room temperature and then sealed in a 

23 mL Teflon-lined autoclave at 150 °C for 72 hours. After the mixture was cooled to room 

temperature at a rate of 5°C/h, colorless rod-like single crystals of 3a were obtained (yield: 25% 

based on Cd). Anal. Calcd (%) for C4H5CdN9O: C, 15.62; H, 1.64; N, 40.99. Found: C, 15.60; H, 

1.61; N, 40.95. IR data (KBr, cm-1): 3631(m), 3456(m), 3339(s), 2967(w), 2916(m), 1618(s), 

1500(s), 1433(s), 1352(s), 1298(s) 1239(s), 1128(m), 1083(m), 898(s), 770(m), 677(s), 524(m). 

Synthesis of [Cd2(TTMA)(OH)] (3b) 

A mixture of CdCl2·2.5H2O (0.228 g, 1mmol), iminodiacetonitrile (0.096 g, 1mmol), NaN3 (0.130 g, 

2 mmol) and 2,2'-bipyridyl (0.156 g, 1 mmol) in H2O (10 mL) was stirred for 30 min at room 

temperature and then sealed in a 23 mL Teflon-lined autoclave at 180 °C for 72 hours. After the 

mixture was cooled to room temperature at a rate of 5°C/h, colorless prismy single crystals of 3b 

were obtained (yield: 38% based on Cd). Anal. Calcd (%) for 3b, C6H7Cd2N13O: C, 14.35; H, 1.41; 

N, 36.27. Found: C, 14.29; H, 1.37; N, 36.23. IR data (KBr, cm-1): 3674(s), 3437(s), 2893(w), 

2063(s), 1734(w), 1643(w), 1600(s), 1521(m), 1438(s), 1365(m), 1218(m), 1180(w), 1147(m), 

920(w),773(s), 673(m). 
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Crystal Structure Determination  

Single crystal X-ray diffraction data collections of 1-3 were performed on a Bruker Apex II CCD 

diffractometer operating at 50 kV and 30 mA using Mo Kα radiation (λ = 0.71073 Å) at room 

temperature. Data collection and reduction were performed using the APEX II software.27 

Multi-scan absorption corrections were applied for all the data sets using the APEX II program.27 

The structures were solved by direct methods and refined by full-matrix least-squares on F2 using 

the SHELXL program package.27 All non-hydrogen atoms were refined with anisotropic 

displacement parameters. Hydrogen atoms attached to carbon were placed in geometrically 

idealized positions and refined using a riding model. Hydrogen atoms on water molecules and 

nitrogen atom were located from difference Fourier maps and were also refined using a riding 

model. The disordered guest molecules for compounds 2a and 3a were removed by SQUEEZE28 in 

structural refinement. The elemental analysis and TGA studies indicate the existence of four H2O 

molecules in 2a and one in 3a respectively. Crystallographic data for compounds 1-3 were listed in 

Table 1, and selected bond lengths and angles were given in the Table S1, Supporting Information. 

CCDC numbers: 1040503-1040507, 901623-901624 for compounds 1-3, respectively. 

 

Results and Discussion 

Synthesis  

Hydrothermal treatment of nitriles (R-CN) and sodium azide with the aid of different zinc and 

cadmium salts resulted in the formation of Zn/Cd-tetrazole coordination compounds (Scheme 1). 

Two pairs of compounds (1a and 1b, 2a and 2b) were successfully obtained by changing the metal 

ions coordinating to the tetrazole ligands, while the syntheses of 2c were carried out under the same 

synthetic condition as that of 2a except for the amount of INA. It should be noted that only the pH 

value is different during the preparation of 2a and 2c, indicating that the pH value may have an 

important effect on the structural assembly of zinc compounds based on cyanoacetamide. By 

exploitation of the in situ hydrothermal reactions, compound 3a and 3b were synthesized using the 

precursor iminodiacetonitrile, NaN3 and suitable cadmium salts. In this work, there are three 

rather important determinants in the formation of them: one is the reaction temperature, the 

second is the presence of 2,2'–bipyridyl in synthesizing 3b, and the last one is the suitable 

cadmium(II) salts. The reaction temperature should be kept at 170 °C and 180°C for 3a and 3b, 

respectively. When the temperature was adjusted, the final products didn’t present any crystallinity. 

It is noteworthy that 2,2'–bipyridyl plays a critical role in the formation of 3b, although 

2,2'–bipyridyl is not present in compound 3b. Control experiments show that if 2,2'–bipyridyl was 
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removed from reaction in the reaction system, the final products did not present any crystallinity, 

which indicate that 2,2'–bipyridyl plays a critical role in the formation of 3b, although 

2,2'–bipyridyl is not present in compound 3b. Finally, the selection of suitable Cd(II) salts is the 

third crucial factor in synthesizing these compounds. Some other Cd(II) salts such as CdBr2, CdI2 

and Cd(ClO4)2 were employed to replace CdCl2 as the cadmium source in the reaction system of 3a, 

and the final products present the same crystallinity as 3a, but no crystals form in the reaction 

system of 3b. Owing to this characteristic, CdCl2 is selected as the reactant.  

 

Structure of 1a. X-ray single crystal diffraction reveals that 1a indicates a 3D framework 

crystallizing in the hexagonal space group R-3. It is interesting that 3D frameworks containing 

hexagonal channels and meso-helical chains (P + M) are observed in the structure of 1a. The 

asymmetric unit of 1a contains two crystallographically different TE ligands, one lattice water 

molecule and two Zn(II) cations, both of which adopt distorted trigonal bipyramidal coordination 

environment (Fig. 1a). The Zn1 cation is coordinated by three N atoms and two O atoms from three 

unique TE ligands. Of the five atoms, N1, O1, N8 and O2, adopting the bis-N,O-chelating 

coordination mode, are from two TE ligands, while the rest one [N4(a)] is from another 

crystalgraphically independent TE tetrazole ring. The Zn2 cation is five-coordinated by three N 

atoms and two O atoms from five different TE ligands and thus to form a nearly ideal [ZnN3O2] 

trigonal bipyramid constructed from two hydroxy oxygen atoms from two TE ligands, one tetrazole 

nitrogen atom from another QTZ ligand in the equatorial plane and two nitrogen atoms from other 

two crystalgraphically independent TE ligands located at the axial positions. The Zn-N and Zn-O 

bond lengths are in the range of 2.033(3)-2.248(3) Å and 1.953(2)-2.071(2) Å respectively. In 

compound 1a, Each TE ligand adopts one single coordination mode (mode I in Scheme 2), acting as 

a quadridentate linker to connect four Zn cations. One pair of TE ligands incorporate one Zn1 and 

one Zn2 cations to form a repeat unit [Zn2(TE)2]. Simultaneously, two repeat units are 

interconnected via Zn2-TE coordination interactions to give a chain structure along c-axis as seen in 

Fig. 1b, with the separation of the adjacent being Zn1…Zn2 3.54 Å. As illustrated in Fig. 1c, such 

six chains constitute a unique metal-TE coordinated hexagonal channel via Zn1-TE coordination 

interactions containing a crystallographic 3-fold rotation axis along the c-axis as secondary building 

unit (SBU). Through the Zn2-TE coordination interactions, these SBUs are linked into 3D 

supramolecular framework (Fig. 1d). Meanwhile, water molecules are situated on the 3-fold rotation 

axes of hexagonal channels. It is interesting that two types of tube-like helical chains are generated 

between three arbitrary adjacent hexagonal SBUs, namely, right-handed P and left-handed M, 
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although they have the same components and linking sequence (Fig. S1). Each repeated helical unit 

includes two Zn atoms and one TE ligand with a helical pitch (Hp) of 6.77 Å, and the helix is 

generated from the crystallographic 31 axis. More interestingly, six infinitely right-handed and 

left-handed helical chains are arranged alternately around the hexagonal channels to form a 3D 

meso compound, where the neighboring Zn1 atoms of different helical chains are interlinked by the 

TE ligands (Fig. 1d). Obviously, the resulting complexes 1a represents a very interesting example 

of 3D frameworks containing hexagonal channels and meso-helical chains (P + M) alternately 

trapped by the cooperative association of Zn1-TE coordination interactions in the solid state. To 

better understand of the nature of the intricate framework, a topological approach to simplification 

of 3D structures can be accomplished by reducing them to simple nodes and links. Therefore, if the 

[Zn2(TE)2] units are regarded as four connected nodes (Fig. 1e) , the 3D framework of compound 

1a can then be seen in a simplified way as a smd net with point symbol {411.64}. 

 

Structure of 1b. Structure determination indicates that compound 1b possesses a 2D layered 

structure constructed from infinite organic chains and sulfate anions. The asymmetric unit of 

compound 1b is shown in Fig. 2a, which crystallizes in an orthorhombic space group Fdd2. There 

are two Cd(II) cations, one TE ligand, one sulfate anion, one hydroxide anion, one coordination 

water molecule in an asymmetric unit. The two unique Cd(II) cations, Cd1 and Cd2, both have a 

distorted octahedral coordination geometry. The Cd-N bond lengths fall between 2.208 (4)-2.340 (3) 

Å and the Cd-O bond lengths range from 2.313 (7) to 2.461 (10) Å. Cd1 cation is coordinated by 

two oxygen atoms from two independent sulfate anions, two oxygen atoms from two hydroxide 

anions and two nitrogen atoms from two different TE ligands; Compared with Cd1 coordination 

geometry, there is only one oxygen atom from hydroxide anion as well as a coordinated water as a 

terminal ligand coordinated to Cd2 center. The sulfur sites show [SO4] tetrahedron geometry, which 

have one terminal oxygen atom and share three oxygen atoms with [CdN2O4] octahedra (mode IX 

in Scheme 2). In the sulfate anions containing S1, the terminal S1-O6 distances are 1.451 (4) Å, 

whereas the bridging distances S1-O3,O4 and S1-O5 have bond distances of 1.476 (5) Å and 1.503 

(3) Å, respectively. It is observed that the S-O bond lengths for oxygen atoms bound to [CdN2O4] 

octahedra are longer than those of the terminal ones. The TE ligands are formally quadridentate, 

using four tetrazole nitrogen atoms N1, N2, N3, N4 coordinating to four different cadmium cations 

(mode II in Scheme 2). As can be seen from Fig. 2b, [CdN2O4] octahedra share O7 corners from 

µ3-OH- anions with each other, and thus to form a chain with separation of the adjacent Cd1-Cd1 

3.55 Å, which is reinforced by TE ligands to form a one-dimensional ribbon structure along c-axis. 
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Further, the adjacent ribbons are connected by sulfate anions via coordination bonds of O3, O4-Cd1 

and O5-Cd1, Cd2 with the Cd-O distances ranging from 2.269(5) to 2.340(3) Å, which further 

consolidate the structure, leading to a two-dimensional wave-like layered structure through the 

ac-plane (Fig. 2c). All the sulfate anions act in the quadridentate bridging mode, using O3, O4 

coordinated to two adjacent Cd1 cations in the same chains and O5 coordinated to two Cd2 cations 

from adjacent chains (mode IX in Scheme 2). Simultaneously, hexanuclear units [Cd6S2O12] are 

generated between two adjacent ribbons (Fig. 2d). If the hexanuclear units [Cd6S2O12] are 

considered as six connected nodes and the TE ligands as links, the 2D layer can be described as a 

hxl net (Fig. 2e). Furthermore, the strong O8—H8A…O4 and O8—H8B…O6 hydrogen bonds 

(Table S2) between adjacent layers assemble neighboring wavelike layers to form a 3D 

supra-molecular network along the b direction (Fig. 2f). 

 

Structure of 2a. The single-crystal structure analysis of 2a indicates a 3D framework crystallizing 

in the monoclinic space group C 2/c. The asymmetric unit contains two crystallographically 

independent Zn(II) cations, one TA ligand, one INA ligand and four lattice water molecule (Fig. 

3a).The two categories of Zn(II) ions (Zn1 and Zn2) are in different coordination environments: 

Zn1 adopts distorted octahedral geometry, while Zn2 exhibits tetrahedron coordination geometry. 

The Zn1 cation is octahedrally coordinated by four N atoms and two O atoms from four unique TA 

ligands. Of the six atoms, N5, O4, N5(c) and O4(c), adopting the bis-N,O-chelating coordination 

mode, are from two TA ligands, while the rest two [N4(a), N4(b)] are from two other 

crystalgraphically independent TA tetrazole rings. The Zn2 atom is located on a general position, 

defined by two N atoms from one TA ligand and one INA ligand, two O atoms from two 

carboxylate groups of two unique INA ligands, respectively. The Zn–N bond lengths fall between 

1.363(5)–2.206(3)Å and the Zn–O bond lengths range from 1.941(3) to 2.206(3)Å. In compound 2a, 

all INA ligands are µ2-INA− anions which possess the same bridging coordination mode (mode X in 

Scheme 2). The TA ligands adopt one single coordination fashion (mode III in Scheme 2), acting as 

a quadridentate linker to chelate one Zn atom and bridges the other Zn atoms in a 

µ4-κN2:κN4:κO3:κN5, O4 coordination mode. Two Zn1 cations are joined together by a pair of TA 

ligands to form a [Zn2(TA)2] dimer with the Zn1…Zn1 distance of 4.25 Å (Fig. 3b). The [Zn2(TA)2] 

dimers are interconnected by sharing Zn1 cations in a perpendicular alternative arrangement, 

resulting in an undulating pearl-necklace-like chain running in the bc-plane (Fig. 3c). 

Simultaneously, each [Zn2(TA)2] dimer is further linked to the adjacent dimers in the same direction 

by sharing two Zn2 cations to form an infinite rod-shaped Zn-TA SBU along the b-axis (Fig. 3d). 
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Finally, the INA ligand linkers interconnect the Zn2 metal ions from adjacent SBUs to construct a 

3D network (Fig. 3e). The interlinked infinite rod-shaped SBUs are stacked in parallel and 

connected in the [110] directions by INA links to give one-dimensional (1D) rhombic channels of 

8.4 Å along an edge and 12.4 Å along the diagonal into which four lattice water molecule per 

formula unit reside as guests. Despite there are plenty of INA ligands, the π,π-interactions does not 

occur obviously between the pyridine rings for the long distance of each other. However, hydrogen 

bonding (O(5)--H(5a)..O(2))is in evident to further consolidate the gross structure. It is difficult to 

assign a topological network to this structure. Since a series of metal carboxylate coordination 

frameworks in terms of the packing and interconnection of 1D rods are proposed by Yaghi and 

O’Keeffe,40 the whole structure of 2a can also be described as an sql net when the rod-shaped 

Zn-TA SBUs are considered as finite four-connected nodes (Fig. 3f). 

 

Structure of 2b. Compound 2b represents an extremely rare example of incorporating both 

Cd1,2,3-ligands rod-shaped SBUs and Cd4,5-ligands 2D layer motifs in one tetrazolate 

coordination polymer. As revealed by single-crystal X-ray diffractions, Compound 2b is a 3D 

structure and crystallizes in triclinic space group P-1. As displayed in Fig. 4a, the asymmetric unit 

of compound 2b contains four and a half Cd(II) cations, three TA ligands and one azide anion, two 

independent hydroxide anions, two coordination and one lattice water molecules. All Cd(II) cations 

adopt slightly distorted octahedron coordination environments with the Cd-O distances being in the 

normal range of 2.226(4)-2.355(5) Å and Cd-N distance varying from 2.197(5) to 2.458(5) Å. 

Among the five unique Cd(II) cations, Cd1 center locates on an inversion center, so it is 

half-occupied in the asymmetric unit coordinated by two oxygen atoms of two carboxylate groups 

and two nitrogen atoms of two tetrazole rings from four different TA ligands, two oxygen atoms 

from two µ3-OH- anion; Cd2 adopts a [CdN2O4] coordination environment with the coordination 

sphere taken up by two oxygen atoms from two µ3-OH- anion and four atoms from two TA ligands, 

with N1, O1 atoms as well as N8g and O4g atoms being in a chelated fashion; Cd3 cation is 

surrounded by two nitrogen atoms and one oxygen atom from three different TA ligands, one 

oxygen atom from one OH- anion and two coordination water molecules; Cd4 cation are 

coordinated by three oxygen atoms of three carboxylate groups and one nitrogen atoms of one 

tatrazole ring from four different TA ligands, one oxygen atom from one µ3-OH- anion and one 

nitrogen atom from the azide anion; Cd5 cation is located on general position, defined by one O 

atom from one OH- anion, one N atom from the azide anion, and other four atoms. Of the four 

atoms, two O atoms are from two carboxylate groups of two different TA ligands while the rest two 
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N atoms are from two TA tetrazole rings of two other crystalgraphically independent TA ligands. In 

compound 2b, TA ligand adopts two different coordination modes (mode IV, V in Scheme 2): Each 

TA ligand acts as a pentadentate linker to connect five Cd cations, respectively exhibiting 

µ5-κN3:κN4:κO1:κO2:κO1,N1 (mode IV), µ5-κN5:κN6:κO3:κO4:κN8,O4 (mode IV) and 

µ5-κN9:κN10:κN12:κO5:κO6 (mode V) coordination mode. Whereas hydroxide ligand adopts the 

same type of coordination fashion: µ3-OH-; and the azide anion acts a monodentate bridging 

coordination mode, using one nitrogen atom to link Cd4 center and Cd5 center (mode XI in Scheme 

2). As shown in Fig. 4b, Cd2, Cd3 and Cd1 as well as Cd1 and Cd2A, Cd3A are strengthened by 

two µ3-O4 atoms to generate a pentanuclear [Cd5O2] POM with the bond angle of Cd1-O4-Cd2, 

Cd1-O4-Cd3 and Cd2-O4-Cd3 being 103.83(18), 104.26(18) and 126.89(19) respectively, and the 

alternating [Cd5O2] POM are offset and symmetry-related by an inversion Cd1 center. In the 

pentanuclear cluster unit, five Cd atoms are not on a plane, while Cd1, Cd2, Cd2A and two O7 

atoms define an ideal parallelogram. Cd3 and Cd3A, above and below the parallelogram plane, 

respectively, graft onto the parallelogram by sharing µ3-O7. The pentanuclear units are linked 

together by TA ligands adopting mode I, each of which coordinates two different pentanuclear units. 

As shown in Fig. 4c, each pentanuclear unit is surrounded by four TA ligands, each pair of which 

connecting two pentanuclear units to form ‘double-bridges’.29 As a result, each pentanuclear cluster 

unit is linked by two ‘double-bridges’, relating to two adjacent pentanuclear cluster units. With the 

alternating [Cd5O2] POM connected by pairs of TA ligands, Cd1,2,3-ligands rod-shaped SBU in 

compound 2b is constructed running along the a-axis. The formation of such an interesting 

rod-shaped SBU for 2b constructed by pentanuclear [Cd5O2] POMs and tetrazolate groups as 

‘double-bridges’ may be ascribed to the unusual coordination mode of the TA ligand. It is 

noteworthy that Cd4 and Cd5 cations are alternatively bridged by µ3-OH- anions and azide ligands 

to construct the linear skeleton of a 1D chain running along the a-axis. And the skeleton is 

reinforced between adjacent Cd(II) cations to give the 1D chain in two ways: (i) by being bonded to 

four nitrogen atoms from two tetrazolate rings of two TA ligands; (ii) by being bonded to two amide 

groups of two TA ligands in bis-monodentate mode. Neighboring chains are further interconnected 

by TA ligands to give rise to the Cd4,5-ligands layer motif on crystallographic ab-plane (Fig. 4d). 

The Cd4,5-ligands layers, each having its N8, O4 atoms (from TA in mode II) chelating Cd2 cations 

whilst its N12 atoms (from TA in mode III) binding Cd3 cations of the Cd1,2,3-ligands chains to 

generate the 3D structure (Fig. 4e). The Cd4,5-ligands layers propagate along the ab-plane, while 

the Cd1,2,3-ligands chains propagate in the parallel direction along the a-axis. To the best of our 

knowledge, Compound 2b represents a rare example of incorporating Cd1,2,3-ligands chains and 
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Cd4,5-ligands layers in such an arrangement into one tetrazolate coordination polymer. It is noted 

that the structure of 2b contains a [Cd2O] dimer unit which is built by the interconnection Cd4, Cd5 

cations and O8 atom. From the topological point of view, both the [Cd5O2] POMs and [Cd2O] 

dimer units can be regarded as 10-connected nodes. Thus, the overall structure of 2b can be 

simplified as a 3D (10, 10)-connected net with {314.418.511.62}{317.421.57}2 topology (Fig. 4f). 

 

Structure of 2c. Compound 2c represents a two-fold interpenetrating network constructed by the 

interconnection of numerous Zn–MT and Zn–INA chains, exhibiting the monoclinic space group C 

2/c. As shown in Fig. 5a, in the asymmetric unit of 2c, there are one crystallographically 

independent Zn(II) ion, one MT ligand, one INA ligand and one lattice water molecule. Each Zn (II) 

ion is coordinated in a slightly distorted tetrahedron with the coordination sphere taken by three 

nitrogen atoms from two different MT ligands and one INA ligand and one oxygen atom from 

carboxyl group of the MT ligand. The Zn–N and Zn–O bond lengths range from 1.958(3)-2.048(4) 

Å, and the N–Zn–N/O bond angles fall between 97.07(15)-121.05(15) °. The MT ligands acting in 

µ2-κN1:κN4 coordination mode are connected to two Zn(II) ions (mode VI in Scheme 2). Whereas 

the INA ligand is introduced in bridging coordination mode with the pyridine group and the 

carboxyl group each connecting one Zn(II) ion (mode X in Scheme 2). It is very interesting that the 

MT ligands ligate Zn(II) ions to form an infinite zigzag zinc chain running along the 

crystallographic b-axis (Fig. 5b). The Zn(II) centers are spanned by a MT ligand with a distance of 

6.10 Å between each other. Such chains are interconnected through INA ligands roughly in the [0 1 

1] direction to complete a 2D Zn–MT–INA honeycomb layer (Fig. 5c). The adjacent layers are 

pillared by INA linkers to form a 3D network (Fig. 5d). The single net of 2c possesses large 

channels, which are able to be filled with solvents or be penetrated by another net in order to 

consolidate stability of the frameworks. In this case, two same 3D networks self-penetrate together 

to furnish a twofold interpenetration leaving only small cavities [a total of 576.8 Å3 (23.5 % of the 

total cell volume calculated by the PLATON program30)] created by the formal removal of the 

uncoordinated water molecules. If the Zn(II) ions are considered as four-connected nodes and the 

MT and INA ligands both as linkers, the whole structure of compound 2c can be described as a 

two-fold interpenetrating diamondoid net (Fig. 5e). 

 

Structure of 3a. Crystal structure analysis revealed that compound 3a crystallizes in the hexagonal 

system with space group R-3. As shown in Fig. 6a, there are one unique Cd(II), one BTMA anion 

and one lattice water molecule in the asymmetric unit in 3a. The Cd(II) adopts the distorted 
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octahedral geometry surrounded by six nitrogen atoms from four BTMA anions with the Cd-N bond 

distances being 2.291(3) and 2.504(3) Å. In 3a, there is only one type of BTMA anion, each BTMA 

anion adopts a µ4-κN2:κN4:κN5, N6, N7:κN9 bridging mode to link four cadmium atoms (mode 

VII in Scheme 2). Interestingly, the N4 and N5 atoms of BTMA anion bridge two metal atoms to 

construct a cyclic [Cd2(BTMA)2] dimer subunit (Fig. 6b). Further, each dimer subunit is surrounded 

by eight dimer subunits via the Cd-N9 and Cd-N2 bonds to form an infinite 3D framework (Fig. 6c 

and 6d). When viewed along the c axis, 1D hexagonal channels can be observed (Fig. 6d). From the 

topological view, if the dimer subunits are considered as eight-connected metal nodes, the structure 

of 3a can be simplified as a 3D 8-connected framework with {44·616·88} topology (Fig. 6e). 

 

Structure of 3b. Crystal structure determination revealed that compound 3b also displays a 3D 

framework in the monoclinic crystal system of space group P21/n. In 3b, the asymmetric unit 

contains two crystallographically independent Cd(II) centers that adopt different coordination 

environments, one TTMA ligand and one µ3-OH anion (Fig. 7a). Cd1 is in a distorted octahedral 

geometry, coordinated by four nitrogen atoms from four TTMA anions and two oxygen atoms from 

two hydroxyl anions; Cd2 is also six-coordinated but by five nitrogen of three different TTMA 

anions and one oxygen atom of hydroxyl anion. The Cd-N bond lengths vary in the range of 

2.311(9)-2.542(10) Å, and the Cd-O bond lengths vary from 2.277(7) to 2,298(7) Å, both falling 

into normal ranges. The coordination mode of TTMA anion in 3b is shown in Scheme 2 (mode VI). 

It should be noted that the structure of 3b contains tetranuclear [Cd4O2] POMs (Fig. 7b), which are 

constructed through interconnection of Cd(II) cations by µ3-OH-. Each tetranuclear Cd(II) unit is 

surrounded by eight TTMA anions (Fig. 7c), and each TTMA anion is connected to four 

tetranuclear [Cd4O2] POMs (Fig. 7d). In this way, the TTMA anions link the tetranuclear units to 

form a 3D framework (Fig. 7e). From the topological point of view, the tetranuclear [Cd4O2] POMs 

can be defined as 8-connected nodes, the organic ligands can be regarded as 4-connected nodes. 

Thus, the overall structure of 3b can be simplified as a 3D (4, 8)-connected framework with 

{410·614·84}{45·6}2 alb topology (Fig. 7f). 

 

Structural Diversity Tuned by Changing In Situ Generated Tetrazole Ligands From the 

Same Nitriles 

In our synthesis, the cyanoacetamide failed to react to get the 2-(1H-tetrazol-5-yl)-acetamide but 

was instead in situ hydrolyzed to (1H-Tetrazol-5-yl)-acetic acid (TA) in 2a and 2b, as well as 

further in situ reduced to 5-methyl-tetrazole (MT) in 2c
 (Scheme 3). Due to the different in situ 
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generated tetrazole ligands, the structure changes from 3D frameworks containing infinite 

rod-shaped SBUs in 2a to two-fold diamondoid network in 2c. Compared the structure of 

compound 3a with 3b, two different tetrazole ligands were also obtained with different 

reaction mechanism. One was bis-(1H-tetrazol-5-ylmethyl)-amine, the other was 

tris-(1H-tetrazol-5-ylmethyl)-amine. The change of in situ generated ligands resulted in 

dramatically structural divergence from a 3D 8-connected framework based on cyclic 

[Cd2(BTMA)2] dimer subunits to a 3D (4,8)-connected framework based on tetranuclear [Cd4O2] 

POMs. The BTMA anion was prepared only by hydrothermal in situ [2+3] cycloaddition. But the 

in situ formation of TTMA anion was very different which may involve both in situ [2+3] 

cycloaddition and nucleophilic addition. In order to get insight into the mechanism, 

comparative experiments were carried out, which showed that 3b was only available in the 

presence of 2,2’-bipyridyl under 180°C with aid of CdCl2. Although an exact mechanism is 

unclear at present, the main steps for the TTMA anion are proposed based on the common 

knowledge of nitriles, nucleophilic substitution31 and the ESI-MS spectrum (Fig. 8) in negative 

mode for the obtained filtrate of the in situ reaction (Scheme 4). First, the reaction starts with 

N(CH2CN)2 ion obtained from protonation and expulsion of volatile HN3 in the aid of NaN3.
32 

Second, the nucleophile N(CH2CN)2 ion undergoes nucleophilic substitution with 

HN(CH2CN)2 to form N(CH2CN)3, and bond cleavage of the leaving group H2NCH2CN was 

occurred at the same time. Then, H2NCH2CN is hydrolyzed to produce H2NCH2COOH. The 

single at m/z 75.49 of the ESI-MS spectrum is in agreement with glycine. Finally, the TTMA 

anion was synthesized by in situ [2+3] cycloaddition reaction of N(CH2CN)3 and NaN3 with 

the aid of CdCl2. However, due to the complexities involved in the in situ ligand synthesis and 

supermolecular assemblies, it is difficult to explain the exact reaction mechanism in the one-pot, 

black-box-like hydrothermal metal/ligand reactions.33 

 

Thermal Stability and Powder X-ray diffraction (PXRD) 

To study the thermal stability, thermogravimetric analyses of 1-3 were performed from 35 to 750 °C 

at a heating rate of 10 °C/min in dry air atmosphere. As shown in Fig. S2 to S4 (ESI†), for 

compound 1a, the weight loss begins at 100 °C and one lattice water molecule is evacuated 

(calc./found: 5.02/5.01%) before 370 °C. Above 370 °C, the framework starts to decompose. For 

compound 1b, one coordinated water molecule was removed from 100 to 230 °C (calc./found: 

3.83/3.99%). The framework starts to collapse at about 230 °C. For compound 2a, four lattice water 

molecules were removed from 35 to 319 °C (calc./found: 20.79/20.60%). The framework starts to 

Page 14 of 34CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



collapse at about 319 °C. Compound 2b gradually loses one lattice and two coordination water 

molecules from 35 to 290 °C (calc./found: 5.34/5.67%) and the weight loss upon further heating is 

due to the collapse of the coordination polymer. Compound 2c loses one lattice water from 100 to 

310 °C (calc./found: 6.24/6.13%) and decomposes above 310 °C. The TGA curves of 3a and 3b 

indicate that they are stable up to approximately 290°C and 320°C, respectively. Above these 

temperatures, their networks start to decompose. A first weight loss for compound 3a occurs 

between room temperature and 290°C, corresponding to the loss of interstitial water molecules 

(calc./found: 6.17/6.25%). And upon further heating, the weight losses are due to the decomposition 

of organic ligands and backbone collapse of the coordination polymer. PXRD measurements were 

carried on the compounds 1-3 to confirm the purity of these coordination polymers. The Simulated 

PXRD patterns are in fairly good agreement with the experimental patterns (Fig. S5 to S11, ESI†)，

which clearly confirms the phase purity of the as-synthesized products. 

 

Photoluminescence 

It is universally acknowledged that metal coordination frame-works with a d10 configuration 

possess excellent luminescence property.34, 35, 21e The solid-state emission spectra of the complexes 

1-3, have been studied at room temperature, as shown in Fig. 9-11. The emission spectra have broad 

peaks with maxima at 406, 426, 439, 435, 457, 452 and 455 nm for compounds 1-3, respectively, 

with the excitation upon 340 nm for 1a, 360 nm for 1b, 360 nm for 2a, 349 nm for 2b, 324 nm for 

2c, 396 nm for 3a and 397 nm for 6. As we know, it is usually believed that the energy transition of 

d10 complexes can be assigned as metal-to-ligand charge transfer, intraligand emission and 

ligand-to-metal charge transfer. From reported literatures, the free tetrazole ligand presents a very 

weak photoluminescence emission centered at 325 nm at room temperature.36 Therefore, the strong 

fluorescence emission and distinct red-shift may be ascribed to the cooperative effects of intraligand 

emission and ligand-to-metal charge transfer (LMCT).36,37 The emission of 1 (406-426 nm) is 

blueshifted relative to the emissions of 2-3 (435-457 nm), which may be due to the long flexible 

hydroxyethyl chains with stronger vibrations of the frameworks and more radiationless energy 

decay. The variations of photoluminescence of these compounds may be attributed to the difference 

in the substituting groups at the 5-position of the tetrazole ligands to zinc/cadmium metal ions 

and/or their local coordination environments. In other words, the emissions can be tuned upon 

different ligands to same metal coordination environments (see 1a, 2a and 2c; 1b, 2b, 3a and 3b), 

as well as the cluster-based metal ions.38 These emission bands in the blue region suggest that these 

complexes may be potential candidates as blue-light emitting materials. 
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Nonlinear optical properties 

The nonlinear optical (NLO) properties of the compound 2b have also been investigated. The 

second harmonic generation experimental result shows that compound 2b has SHG intensity of 0.5 

versus that of urea, which confirms its acentric symmetry.39 

 

Conclusion 

In summary, we have successfully isolated seven novel 3D and 2D metal-organic coordination 

polymers based on zinc and cadmium metal cations with different tetrazole ligands. All compounds 

exhibit diverse intriguing frameworks: Compound 1a represents a very interesting example of 3D 

frameworks containing hexagonal channels and meso-helical chains (P + M) alternately trapped by 

Zn-TE coordination interactions; Compound 1b possesses a 2D layered structure constructed from 

infinite organic chains and sulfate anions; Compounds 2a and 2b both crystallize in 3D frameworks 

containing infinite rod-shaped SBUs; Compound 2c displays a two-fold diamondoid network. 

Compound 3a shows a 3D framework consisting of cyclic [Cd2(BTMA)2] dimer subunits, 

possessing a 8-connected network topology; Compound 3b shows a 3D binodal (4,8)-connected net 

based on tetranuclear [Cd4O2] POMs as nodes. It is noteworthy that tuning the hydrothermal 

synthesis conditions, either changing pH or temperature, is a key step in the formation of 

coordination polymers with unexpected tetrazolate ligands. This observation is fascinating and this 

type of adaptation in the design of tetrazole coordination polymers has never been addressed to 

date. 
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Table 1 Crystallographic data and structure refinement summary for complexes 1–3. 

 

 

a R1=∑||F0|-|Fc||/∑|F0|. 
b 

WR2={∑[W(F0
2- Fc

2)2]/ ∑(F0
2)2}1/2

 1a 1b 2a 2b 2c 3a 3b 

Formula 

Mr 

Crystal system 

Space group 

a (Å) 

b (Å) 

c (Å) 

α (°) 

β (°) 

γ (°) 

V (Å3) 

Z 

DC(g/cm3) 

µ(mm-1) 

F (000) 

Goodness-of-fit 

R1 [I > 2σ(I)]a 

wR2 (all data)b 

C18H19.98N24O7Zn6  

1076.90 

hexagonal

R-3  

30.095(5) 

30.095(5) 

6.7707(11)  

90.00 

90.00 

120.00 

5310.7(15)

6 

2.020 

4.076 

3192.0 

1.026 

0.0363 

0.0945 

C2.56 H7 Cd2 N4 O7.44 S 

469.76 

orthorhombic

Fdd2 

17.501(3) 

33.436(6) 

7.1042(12) 

90.00 

90.00 

90.00 

4157.0(12) 

16 

3.002 

4.328 

3549.8 

1.058 

0.0239 

0.0572 

C18H20N10O12Zn3 

764.49  

monoclinic 

C2/c   

25.319(5)  

14.309(3) 

7.0137(14)  

90.00 

96.379(3) 

90.00 

2525.3(9) 

4 

1.821 

2.891  

1376.0 

1.045  

0.0326  

0.0730 

C18H23.66Cd9N30O21.83 

2021.26 

triclinic 

P-1 

7.3781(13) 

13.574(2) 

13.578(2) 

113.181(2) 

103.841(2) 

90.00 

90.952(2) 

1 

2.787 

3.997 

948.0 

1.035 

0.0346 

0.0844 

C8H9N5O3Zn 

288.57 

monoclinic 

C2/c 

16.852(2) 

17.116(2) 

9.7103(14) 

90.00 

118.683(2) 

90.00 

2457.2(6) 

8 

1.560 

2.003 

1168.0 

1.088 

0.0453 

0.1601 

C4H5CdN9O2 

323.58 

hexagonal 

R-3 

20.8197(13) 

20.8197(13) 

11.5581(15) 

90 

90 

120 

4338.8(7) 

18 

2.009 

2.243 

2520 

1.032 

0.0158 

0.0384 

C6H7Cd2N13O 

502.07 

Monoclinic 

P21/n 

9.8747(8) 

6.7895(6) 

17.9044(15) 

90 

101.9580 

90 

1174.34(17) 

4 

2.840 

3.652 

952 

1.105 

0.0488 

0.1183 
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Scheme 1 In Situ Hydrothermal Syntheses of Compounds. 
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Scheme 2 Coordination modes of ligands. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 23 of 34 CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



Scheme 3  In Situ hydrolization and decarboxamidation reaction 
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Scheme 4 Possible pathway for Tris-(1H–tetrazol-5-ylmethyl)-amine from HN(CH2CN)2, CdCl2 

and NaN3. 
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Figures and Captions 

 

 

Fig. 1 (a). View of the coordination environment of the zinc ions. All H atoms and the solvent 

molecules are omitted for clarity. Symmetry code: a: x - y, x, 1 - z; b: x, y, 1 + z; c: 2/3 - y, 1/3 + x - 

y, 1/3 + z. (b). View of the a 1D chain structure along c-axis constructed by [Zn2(TE)2] units. (c). 

View of the hexagonal SBU along the c-axis. (d). View of 3D framework of compound 1a formed 

by hexagonal SBUs along the c-axis. (e). View of the smd net of compound 1a. 

Page 26 of 34CrystEngComm

C
ry

st
E

ng
C

om
m

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Fig. 2 (a). View of the coordination environment of the cadmium ions. All H atoms are omitted for 

clarity. Symmetry code: a: 0.5 - x, 2 - y, 0.5 + z; b: 0.5 + x, y, 0.5 + z ; c: x, y, 1 + z. (b). View of the 

a 1D organic chain structure along c-axis. (c). View of the two-dimensional layered structure of 1b 

constructed from infinite organic chains and sulfate anions through the ac-plane. (d). View of the 

hexanuclear units [Cd6S2O12] generated between two adjacent ribbons. (e).View of the hxl net of 

compound 1b. (f). View of the 3D supra-molecular network of 1b. 
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Fig. 3 (a). View of the coordination environment of the zinc ions. All H atoms are omitted for 

clarity. Symmetry code: a: x, 1 - y,0.5 + z; b: - x, 1 - y, 1 - z; c: - x, y, 1.5 - z; d: 0.5 - x, 0.5 + y, 0.5 - 

z; e: x, y, -1 + z. (b). View of the [Zn2(TA)2] dimer constructed by two Zn1 cations and a pair of TA 

ligands. (c). View of the pearl-necklace-like chain constructed by [Zn2(TA)2] dimers. (d). View of 

the rod-shaped Zn-TA SBU along the b-axis. (e). View of channels and 3D supramolecular 

framework of compound 2a formed by Zn-TA SBUs and isonicotinate ions along the c-axis. (f) 

View of the sql type net when 1D rod-shaped Zn-TA SBUs are regarded as finite nodes. 
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Fig. 4 (a) View of the coordination environment of the cadmium ions. All H atoms are omitted for 

clarity. Symmetry code: a: 1 - x, 1 - y, 1 - z; b: 2 - x, 1 - y, 1 - z; c: -1 + x, y, z; d: 2 - x, - y, - z; e: 1 - 

x, - y, - z; f: 1 + x, y, z; g: 1 - x, 1 - y, - z; h: 2 - x, 1 - y, - z. (b) View of the pentanuclear 

[Cd5(µ3-OH)2] unit. (c) View of the infinite Cd1,2,3-ligands rod-shaped SBU in Compound 2b 

constructed by pentanuclear [Cd5(µ3-OH)2] units and tetrazolate groups as ‘double-bridges’. (d) 

View of the Cd4,5-ligands layer motif on crystallographic ab-plane. (e) View of the 3D structure 

constructed by Cd1,2,3-ligands chains and Cd4,5-ligands layers along the bc-plane. (f) View of the 

(10, 10)-connected net of 2b.  
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Fig. 5 (a) View of the coordination environment of the zinc ions. All H atoms are omitted for clarity. 

Symmetry code: a: -0.5 + x, 0.5 - y, -0.5 + z; b: x, 1 - y, -0.5 + z. (b) View of the infinite zigzag zinc 

chain constructed by the linkage of the Zn(II) centers and MT ligands along the b-axis. (c) View of 

the 2D Zn–MT–INA honeycomb layer along the bc plane. (d) View of the single 3D net of 

compound 2c. (e) View of the two-fold diamond net of complex.  
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Fig. 6 (a). View of the coordination environment of the cadmium ions. All H atoms and the solvent 

molecules are omitted for clarity. Symmetry code: a: - 1/3 + y, 1/3 -x + y, 1/3 - z; b: -1/3 - x + y; c: 

4/3 - y, 5/3 + x - y, 2/3 + z. (b) View of the cyclic [Cd2(BTMA)2] dimer subunits of 3a. (c) 

Ball-and-stick diagram of a central 8-connected node surrounded by eight subunits, where the green 

balls represent the 8-connected nodes and the red sticks represent the connectivity between the 

nodes. (d) View of the 3D networks of 3a assembled by cyclic [Cd2(BTMA)2] dimer subunits. (e) 

Schematic representation of the 8-connected topology with a point symbol of {44·616·88}. 
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Fig. 7 (a). View of the coordination environment of the cadmium ions. All H atoms are omitted for 

clarity. Symmetry code: a: 2 - x, - y, 2 - z; b: x, 1 + y, z; c: 0.5 + x, 0.5 - y, 0.5 + z; d: 1 - x, 1 - y, 2 - z; 

e: 2 - x, 1 - y, 2 - z. (b) Coordination environment around metal center in tetranuclear [Cd4O2] units. 

(c) 4-connected tetranuclear [Cd4O2] POM node. (d) 4-connected TTMA anion node. (e) 

Ball-and-stick packing diagram of 3b viewed along the crystallographic b-axis. (f) Schematic 

diagram of 3b with alb net topology viewed along the approximate crystallographic b-axis. 
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Fig. 8 The ESI-MS spectra for the obtained filtrate of 3b. 

 

 

Fig. 9 Solid state emission spectra of 1a and 1b at room temperature 

 

Fig. 10 Solid state emission spectra of 2a, 2b and 2c at room temperature 
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Fig. 11 Solid state emission spectra of 3a and 3b at room temperature 
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