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Abstract: A zinc–nicotinate complex, {[Zn(na)2(µ-pbix)]∙H2O}n (1), was obtained from 

the reaction of zinc(II) acetate with nicotinic acid (Hna) and 1,4-bis(imidazol-1-

ylmethyl)benzene (pbix) in water at 120 °C under hydrothermal conditions and 

characterized by elemental analysis, IR spectroscopy, single crystal and powder X-ray 

diffraction. The thermal stability and luminescent property for 1 were also reported. The 

asymmetric unit of 1 consists of one zinc(II) center, one pbix ligand, two na anions and 

one non-coordinated water molecule, giving a formula of {[Zn(na)2(µ-pbix)]∙H2O}n. The 

Zn(II) ion is coordinated by two nitrogen atoms from two different 1,4-bis(imidazol-1-

ylmethyl)benzene ligands and two oxygen atoms from two different nicotinate (na) anions, 

thus showing a distorted tetrahedral geometry. The adjacent Zn(II) ions are linked into an 

infinite 1D zigzag chain by 1,4-bis(imidazol-1-ylmethyl)benzene ligands. Grand canonical 

Monte Carlo (GCMC) simulations were also performed to compute single-component H2 

adsorption isotherms at a pressure range of 0.01–100 bar and at 298 K and 77 K. The 

maximum H2 uptake in 1 was found as 68 cm3/ g STP at 100 bar and 77 K. This study will 

be useful to accelerate the hydrothermal synthesis of new coordination polymers for gas 

storage applications.  
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INTRODUCTION 

 

Coordination polymers (CPs), a class of novel functional hybrid materials, have been 

received significant attention due to their structural richness and various potential 

applications in the field of coordination chemistry and material science (1). CPs are formed 

by the coordination of metal ions with organic linkers (2) and they have been recently used 

in many different applications such as gas storage (3), separation (4, 5), catalysis (6), 

chemical sensor (7, 8), and drug delivery (9). The assembly of CPs is significantly 

influenced by several factors, such as the type of organic linkers and metal ions, and 

reaction conditions (10). Among these factors, careful choice and design of organic linkers 

with a specific geometry, configuration, coordination ability, length and steric effects play 

an important role in the construction of desired CPs (11). 

 

In general, the most common organic building blocks are N-heterocyclic or aromatic 

polycarboxyl ligands due to their strong coordination abilities and variable coordination 

modes with extensive hydrogen bonding interactions. Nicotinic acid (Hna), as a good 

asymmetric bridging ligand with pyridyl-nitrogen and carboxyl-oxygen donor atoms, has 

been widely used to construct CPs based on the following considerations: (i) It has been 

proven to be good building blocks for the construction of various multidimensional 

structures. (ii) It has potential coordination sites involving nitrogen of the pyridine ring and 

carboxylate oxygen atoms and can coordinate with metal ion via one or two oxygen atoms 

of carboxylate or the pyridine or both (12-16). In the literature, there are only a few studies 

that report CPs with a single asymmetric bridging ligand, Hna. For example, Vargová et 

al. reported the 3D supramolecular structure, giving a formula of [Zn(na)2(H2O)4] (17). Di 

et al. reported synthesis, characterization, and thermodynamic properties of the chelate 

compound [Zn(na)2∙H2O](s) (18). Similar structures with M = Mn, Fe, Co, Ni, and Cu have 

also been reported by Caires et al (19). These pioneering studies reveal that different 

synthetic approaches are required to synthesize CPs. 

 

Recently, mixed-ligand strategy has been widely used to prepare new CPs with diverse 

structures, promising properties such as well-defined structures, pore sizes, and pore 

shapes, and large surface areas for different applications (20-22). The combination of Hna 

and N-containing auxiliary bridging ligands (such as 5-methyltetrazole, 5-methyl-1H-

tetrazole, 5-phenyltetrazole, 5-(4-((1H-1,2,4-triazol-1-yl)methyl)phenyl)-1H-tetrazole, 5-

amino-tetrazolate, etc.) is of great potential to construct higher-dimensional 

supramolecular networks and novel topology (14, 23-26). For example, Liu et al. 

synthesized two Zn compounds using 5-methyltetrazole, 5-phenyltetrazole, and Hna 

under hydrothermal conditions (14). They reported that due to the synergistic effects 
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between symmetric and asymmetric ligands, the materials have multifunctional properties 

such as ferroelectric behaviors and fluorescent properties. In another study, An et al. used 

Hna, Hisona and 5-methyl-1H-tetrazole to synthesize two different CPs (23). They 

examined the luminescent properties of these CPs in the solid-state at room temperature 

and found out that these two CPs emit blue luminescence. Similarly, Gao et al. used Hna, 

Hisona and 3-amino-1H-1,2,4-triazole to synthesize two different CPs that have two 

dimensional structures. They also reported that these materials have strong luminescent 

properties in the solid state at room temperature (24). As literature review shows using 

mixed-ligand strategy is useful to synthesize new CPs with desired properties. Therefore, 

we selected pbix as the co-ligand in this study because it provides a coordination 

environment with transition metal ions, resulting in a huge number of structurally diverse 

and functionally intriguing CPs (27-30). To the best of our knowledge, mixed-ligand CPs 

constructed from pbix with Hna have not been reported to date. 

 

Due to the reasons mentioned above, we used the flexible N-donor pbix, Hna, and Zn(II) 

metal ion to synthesize a new CP, {[Zn(na)2(µ-pbix)]∙H2O}n (1) in this work. We reported 

the hydrothermal synthesis and crystal structure of complex 1. The structure of complex 

1 has been determined by elemental analysis, IR spectroscopy, single crystal and powder 

X-ray diffraction techniques. The luminescent property and thermal behavior of complex 1 

have been also investigated. We finally performed molecular simulations to assess the 

potential of 1 in H2 storage applications. The storage of H2, as an energy carrier, is difficult 

using conventional methods because extremely high pressures (100 atm) and low 

temperatures (77 K) are required. The US Department of Energy (DOE) has reported set 

targets for on-board hydrogen storage systems: 9.0 wt% and 81 g/L by 2015 (31). Recent 

studies showed that porous materials could be promising to capture H2 molecules. For 

example, MOF (metal organic framework)-177 has a hydrogen saturation uptake of 11.0 

wt% at about 100 atm and 77 K (31). Due to the physisorption within the pores of the 

materials, gas molecules can be efficiently adsorbed. However, it is challenging to test each 

porous material by using purely experimental methods. Molecular simulations are highly 

useful to predict the gas storage performance of porous materials including CPs, zeolites 

or MOFs prior to experimental studies. Therefore, we performed grand canonical Monte 

Carlo (GCMC) simulations to compute single-component H2 adsorption isotherms at a 

pressure range of 0.01–100 bar and at 298 K and 77 K. We then compared the H2 storage 

performance of 1 with the performance of widely studied MOFs.  
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MATERIALS AND METHODS 

 

All chemicals were commercially available and were used without further purification. The 

ligand pbix was prepared according to the description in the literature (32-34). Elemental 

analyses (C, H, and N) were performed on a Perkin-Elmer 2400C Elemental Analyzer. IR 

spectrum was recorded on a Shimadzu IRAffinity-1 FTIR spectrometer in the range of 

700−4000 cm−1. Thermal analysis measurement was carried out using a HITACHI-STA 

7300 Thermo Gravimetric Analyzer in a static air atmosphere with a heating rate of 10 

°C/min in the temperature range 30–700 °C. Powder X-ray diffraction patterns (PXRD) 

were recorded on a Rigaku Smartlab X-ray diffractometer operating at 40 kV and 30 mA 

with Cu-Kα radiation (λ = 1.5406 nm). The photoluminescent properties were measured 

on an FS5 Edinburgh Fluorescence Spectrometer. 

 

Diffraction data for 1 was collected on Bruker APEXII CCD area-detector diffractometer 

equipped with a graphite monochromated Mo-Kα radiation source (λ = 0.71073 Å) at 296K. 

The structure was solved by direct methods using the programs OLEX2 (35) and SHELXS-

97 (36) with anisotropic thermal parameters for all non-hydrogen atoms. All non-hydrogen 

atoms were refined anisotropically by full-matrix least-squares methods SHELXL-97 (36). 

Molecular drawings were obtained by using MERCURY software (37). Crystal data and 

structure refinement parameters for 1 were presented in Table 1. Selected bond lengths 

and angles were listed in Table 2 and hydrogen bond parameters were given in Table 3. 

The crystallographic information file was deposited with the Cambridge Crystallographic 

Data Center (CCDC) (38), with the reference number 1556343. 

 

Synthesis of {[Zn(na)2(µ-pbix)]∙H2O}n (1): The mixtures of Hna (0.4 mmol, 0.05 g), 

Zn(O2CMe)2·2H2O (0.2 mmol, 0.04 g), pbix (0.4 mmol, 0.09 g) and H2O (10 mL) were 

stirred at 70 ºC for 30 min. Then the clear solution was placed in a Pyrex tube and heated 

at 120 ºC for 72 h. After cooling to room temperature, crystals of 1 were obtained. Anal. 

calcd. for C26H24N6O5Zn: C 55.18, H 4.27, N 14.85. Found: C 55.17, H 4.42, N 15.05. IR 

(KBr, cm-1): 3515 w, 3104 w, 2992 w, 1616 s, 1590 s, 1385 vs, 1238 m, 1094 w, 1028 w, 

953 w, 842 m, 762 m. 

 

Computational Details: We performed grand canonical Monte Carlo (GCMC) simulations 

to compute single-component H2 isotherms in 1 at a pressure range of 0.01–100 bar and 

at 298 K and 77 K. The crystalline water molecules in complex 1 were removed before 

simulations. Structural properties of 1 such as density, pore volume, pore limiting diameter 

(PLD), and largest cavity diameter (LCD) were computed using Zeo++ software (39) and 

enlisted in Table 4. For pore volume calculations, probe radius was set to zero.  
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As shown in Table 4, complex 1 has a low pore volume (0.269 cm3/g) and small pore sizes 

(1.26×2.93 Å).  

 

In molecular simulations, interactions of H2 molecules with the complex 1 were described 

by Lennard-Jones (LJ) 12-6 potential. Van der Waals interactions were only considered to 

examine H2 uptake in complex 1. 13 Å was used a cutoff radius to calculate energetic 

interactions. We used the Lorentz-Berthelot mixing rules to estimate adsorbent-adsorbate 

and adsorbate-adsorbate LJ cross interaction parameters. GCMC simulations consisted of 

3×107 Monte Carlo steps. Half of the steps (1.5×107) were used for equilibration and the 

remaining steps were used for the production step. Particle insertion, deletion and 

translation movements were applied. Simulations were started from an empty MOF cell. 

Each simulation at higher pressure was started from the final configuration of the previous 

run. Periodic boundary conditions were employed in all simulations. 2 × 2 × 2 unit cell 

simulation box for each GCMC run was used. All molecular simulations were performed 

using a rigid framework. The number of adsorbed gas molecules was calculated at 

equilibrium.  

 

H2 molecules were modelled with Buch potential as single spheres using united atom model 

(40). The universal force field (UFF) LJ parameters were used for the atoms of complex 1 

(41). The interaction potential parameters for gas molecules and the atoms of complex 1 

were given in Table 5. Various computational studies revealed that simulations performed 

using UFF as a generic force field give reasonable agreement with the experimental data 

for gas adsorption in nanoporous materials (42, 43). Details of molecular simulations were 

found in the literature (44). 

 

We also computed single-component adsorption isotherms of H2 in widely studied MOFs, 

including CuBTC, MOF-5 and ZIF-8 at 298 K up to 100 bar to compare H2 storage 

performance of 1 with those of these materials. These materials are widely studied in the 

literature for gas storage applications due to their highly porous and robust structures. 

Crystal structures of these MOFs were taken from CCDC. Similar to complex 1, structural 

properties of these materials were calculated using Zeo++ software (39). 

 

RESULTS AND DISCUSSION 

 

Description of the Crystal Structure: 

A single crystal X-ray analysis reveals that complex 1 is a CP, possessing 1D zigzag chain 

structure. Selected bond distances and angles were enlisted in Table 2 and hydrogen bond 

parameters for 1 were given in Table 3.  
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As shown in Tables 2 and 3, complex 1 belongs to the monoclinic system with space group 

P21/n. The asymmetric unit of 1 consists of one zinc(II) center, one pbix ligand, two na 

anions and one non-coordinated water molecule, giving a formula of {[Zn(na)2(µ-

pbix)]∙H2O}n (Figure 1a). The Zn(II) ion is coordinated by two nitrogen atoms from two 

different pbix ligands and two oxygen atoms from two different na anions, thus showing 

a distorted tetrahedral coordination geometry. In complex 1, nicotinate coordinated to the 

Zn(II) ion in a monodentate fashion. Zn(II) ions are linked by the trans-form pbix ligands 

to form a 1D infinite chain (Figure 1b). The Zn∙∙∙Zn distance separated by pbix is 13.655 

Å. Adjacent 1D coordination polymers are joined by O5–H5B∙∙∙N2 and O5–H5A∙∙∙O1 

hydrogen bonds between the uncoordinated water molecules and the carboxyl 

oxygen/pyridine nitrogen atoms from na anions to form a 2D supramolecular network 

(Figure 1c). 

 

IR spectroscopy of {[Zn(na)2(µ-pbix)]∙H2O}n (1): The IR spectrum for complex 1 was 

recorded in the region 4000–700 cm-1 by using KBr pellet technique (Figure S1). The IR 

spectrum of 1 shows broad bands at 3515 cm-1 corresponding to the OH stretching 

vibrations of water. The bands at 1616 and 1385 cm-1 are assigned to ʋas(COO-) and 

ʋs(COO-), respectively. The band difference of Δ(ʋas(COO-) – ʋs(COO-)) exceeds 200 cm-1, 

which indicates that there is a monodentate coordination mode in 1 (45). No absorption 

peak between 1576–1579 cm–1 for the coordination of the imine nitrogen to the metal is 

indicated, which confirms that the coordination does not takes place through the pyridine 

ring (46). The result is consistent with the crystal structure of the complex (see Figure 1a). 

The weak peaks appearing at 3104 and 2992 cm-1 are due to aromatic and aliphatic ʋ(C−H) 

stretching vibrations. The strong bands at 1590 cm-1 in 1 can be assigned to be the ʋ(C=N) 

absorption in the imidazole ring of pbix ligand. 
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(a) 

 

(b) 

 

(c) 

Figure 1: (a) Coordination environment of the Zn(II) ion in 1, (b) View of the 1D infinite 

chain in 1 and (c) The 2D supramolecular structure of 1 constructed by hydrogen bonds.  
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Table 1: Crystal data and structure refinement parameters for structure 1. 

Chemical formula C26H24N6O5Zn 

FW/ g mol-1 565.88 

Temperature (K) 296 

Wavelength (Å) 0.71073 Mo Kα 

Crystal System Monoclinic 

Space group P21/n 

a (Å) 10.6942 (5) 

b (Å) 13.8480 (5) 

c (Å) 17.4501 (8) 

β (°) 91.6760(10) 

V (Å3) 2583.14 (19) 

Z 4 

Dc (Mg m-3) 1.455 

Absorption coefficient  
(mm-1) 

1.00 

θ range (°) 3.4–26.1 

Measured reflections 47257 

Independent reflections 5274 

Observed reflections 
[I > 2σ(I)] 

4181 

Final R indices (all data) R1 = 0.029 wR2 = 0.074 

Rint 0.056 

Goodness-of-fit (GOF) on F2 1.02 

Δρmax  (e Å−3) 0.24 

Δρmin (e Å−3) -0.29 
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Table 2: Selected bond lengths (Å) and angles (°) for 1. 

Zn1—O1 1.9727 (12) Zn1—N3 2.0194 (15) 

Zn1—O3 1.9641 (13) N6—Zn1ii 2.0309 (15) 

Zn1—N6i 2.0309 (15)   

    

O1—Zn1—N6i 108.64 (6) O3—Zn1—N3 103.64 (6) 

O1—Zn1—N3 109.27 (6) N3—Zn1—N6i 105.06 (6) 

O3—Zn1—O1 124.65 (6) C26—N6—Zn1ii 124.92 (13) 

O3—Zn1—N6i 103.95 (6) C25—N6—Zn1ii 129.08 (13) 

Symmetry codes: (i) −x+1/2, y−1/2, −z+1/2; (ii) −x+1/2, y+1/2, 

−z+1/2. 

 
Table 3: Hydrogen-bond parameters for 1. 

 

Powder X-ray Diffraction (PXRD), Photoluminescence and Thermal Properties:  

The experimental PXRD patterns of the complex 1 agreed with simulated patterns from its single 

crystal structure to confirm the phase purity of the complex at room temperature (Figure 2). 

 

Previous studies have shown that CPs based on d10 metals exhibit photoluminescence properties 

(23, 24). Solid state photoluminescent spectrum of complex 1 was recorded at room 

temperature. Figure 3 shows the photoluminescence emission spectra of 1. This result is 

consistent with the reported literature (14, 47). These emissions can be attributed to π*→π 

transitions. As shown in Figure 3, the intense emission peaks appear at 413 nm (λex=340 nm) 

for 1. The emissions for 1 cannot be attributed to metal-to-ligand charge transfer (MLCT) or 

ligand to metal transfer (LMCT), since the Zn(II) ion is difficult to oxidize or reduce. The 

emissions of complex 1 can be attributed to the intraligand emissions (π* → π and/or π* → n 

transition) because similar emissions were also observed for the ligands themselves. 

 

Thermal analysis measurement was carried out to determine the thermal stability of complex 1 

in the temperature range of 30-700 °C at in a dry air atmosphere. Figure 4 shows TG analysis 

of complex 1 at a heating rate of 10 °C/min in air.  For 1, the first weight loss was observed in 

the range of 30–60 °C corresponded to the removal of free water molecules (found 3.07%, calcd 

3.18%). After 240 °C, the anhydrous complex started to decompose and the final decomposed 

product was ZnO (found 18.00% and calcd 14.31%). 

 

D-H· · ·A D-H H···A D···A D-H···A 

O5—H5A···O1iii 0.85  2.08  2.918(2) 168 

O5—H5B···N2 0.85  2.10  2.929 (3) 165  

Symmetry code: (iii) x−1/2, −y+1/2, z+1/2. 
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Figure 2: PXRD patterns of complex 1. 

 
Figure 3: Photoluminescence emission spectrum of complex 1. 
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Figure 4: TG curve of 1. 

 

Molecular Simulation Results 

We initially computed geometric properties of complex 1 and results were tabulated in Table 4. 

As shown in Table 4, complex 1 has a low pore volume (0.269 cm3/g) and small pore sizes 

(1.26×2.93 Å). The unit cell representations of complex 1 were given in Figure 5. We then 

performed GCMC simulations to assess H2 adsorption performance of complex 1. We computed 

single-component H2 adsorption isotherms of 1 at 77 K and at 298 K and results were shown in 

Figure 6, which showed that the number of adsorbed H2 molecules is very low (1.12 cm3/g STP 

((Standard Temperature and Pressure) at 100 bar) at 298 K. However, the number of adsorbed 

molecules increases with increasing pressure at 77 K and the adsorption isotherm of H2 is close 

to saturation. The maximum H2 uptake capacity of complex 1 is 67.89 cm3/g STP) at 100 bar.  

 

We also considered widely studied adsorbents, including CuBTC, MOF-5 and ZIF8, in this work 

to assess the potential of complex 1 in H2 storage applications. We computed single-component 

H2 adsorption isotherms in these three materials at 298 K up to 100 bar and results were 

tabulated in Table 6. As shown in Table 6, MOF-5 has the highest H2 uptake (145.44 cm3/g STP) 

at 100 bar among these materials. The high H2 uptake of MOF-5 can be explained by its large 

surface area (3655.78 m2/g) and high pore volume (1.36 cm3/g). As shown in Table 6, complex 

1 has a lower H2 uptake than these three adsorbent materials. The low H2 uptake of 1 can be 

attributed to its low pore volume (0.269 cm3/g). However, the maximum H2 uptake (67.89 cm3/g 

STP) of 1 at 77 K can reach the H2 uptake of ZIF-8 (71.9 cm3/g STP) at 298 K. Therefore, 

complex 1 can be used as an adsorbent to capture H2 at 77 K. 
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Table 4: Structural properties of Complex 1. 

CP Metals Pore volume (cm3/g) PLD (Å) LCD (Å) 

Complex 1  Zn 0.269 1.26 2.93 

 

 
Figure 5. Unit cell structure of 1 in x, y, and z directions (from left to right). Red: oxygen, 

blue: nitrogen, purple: zinc, grey: carbon, white: hydrogen. 
 

Table 5: Force field parameters for complex 1, and H2. 

Species Atom σ (Å) ε/kB (K) 

C 3.43 52.87 

H 2.57 22.16 

N 3.26 34.75 

O 3.12 30.21 

Zn 2.46 62.44 

H2 H2 2.96 34.20 
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Figure 6: Adsorption isotherms of H2 in 1 at 298 K and 77 K. 

 

Table 6: Comparison of H2 uptake (cm3/g STP) in four materials at 298 K.  

Adsorbent 0.1 bar 1 bar 10 bar 100 bar 

Complex 1 0.001 0.01 0.11 1.12 
Cu-BTC 0.14 1.37 13.27 103.47 
MOF-5 0.18 1.77 17.40 145.44 
ZIF-8 0.09 0.95 9.24 71.90 

 

CONCLUSIONS 

 

A zinc–nicotinate complex, {[Zn(na)2(µ-pbix)]∙H2O}n (1), was synthesized by using a 

mixed-ligand methodology under hydrothermal conditions. We used Hna and pbix as 

organic linkers and Zn salt as the metal source to construct a new CP, complex 1. Complex 

1 displays a 1D chain structure, and the chains are further linked by hydrogen bonds 

interactions to form high dimensional supramolecular structures. The IR spectrum confirms 

the coordination of carboxylate oxygen of the nicotinate with the metal ion, Zn. The 

fluorescence emissions show that complex 1 may be a good candidate for photoactive 

materials. We finally performed molecular simulations to compute single-component H2 

adsorption isotherms of complex 1 at 298 K and 77 K up to 1 bar. Results showed that 

complex 1 can be used as an adsorbent material to capture H2 at 77 K.  
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