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Abstract  

Herein a novel inorganic-organic hybrid Keggin-type heteropolymolybdate 

[Ni2Na(C12H8N2)4(BMo12O40)(H2O)2] (1) has been synthesized under hydrothermal conditions 

in aqueous solution. The cyrstal structure was fully characterized by powder X-ray diffraction 

(XRD), elemental analysis, Fourier-tranform infrared spectrum (FT-IR), Thermogravimetric 

analysis (TGA) and Scanning Electron Microscopy (SEM) analysis. Single crystal X-ray 

structural analysis demonstrates that the complex consists of a Keggin anion [BMo12O40]5− 

polyanion, four 1,10-phenanthroline (C12H8N2) ligands, two Ni(II) ions, two Na(I) ions and 

two aqua ligands. The experimental powder X-ray diffraction (XRD) result of the crystal is 

consistent with the calculated data. The SEM image shows that the compound crystals have a 

cubic structure. 
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1. Introduction  

Polyoxometalates (POMs) are ametal-oxygen cluster 

compounds consisting of higher oxidation states of 

oxo-anions of early transition metals (WVI, MoVI, 

VVand NbVI) [1-2]. Polyoxometalates are used as 

inorganic compound because of their various shapes,  

large size and rich electronic and magnetic properties 

[3]. The POM has been extensively studied because of 

the terminal and active bridging oxygen atoms,  

tunable composition, the high charge density, and 

diversity of shape and size [4]. Keggin-type POMs can 

be used as POM-based inorganic–organic hybrid 

compounds because of their simple synthesis 

procedure, thermal stability, large electron density and 

abundant surfaces [5-7]. POMs have been taken part in 

many fields such as sensitive devices, medicine, 

catalysis, nanotechnology, energy storage, 

photochemistry, materials science, nuclear waste 

treatment and magnetism due to their excellent 

topological and electronic versatility [8-18]. In 

previous studies, polyoxomolybdates have been 

synthesized such as [XMo12O40]n- (X = As, P, Si, Ge, 

Ni, Co) [19-22]. The [BMo12O40]5- framework, which 

is a boron-containing Keggin type polyoxomolybdate 

anion, was synthesized for the first time by our 

research group [23]. POMs are widely used as a 

catalysts for water oxidation [24] and transformation 

of CO2 into desirable chemical products [25]. Alamdari 

et al. synthesized Mo132-MimAM for the oxidation of 

sulfides and Hasannia et al. synthesized LDH-PWFe 

for the oxidation of alcohols [26-27]. These studies by 

researchers have shown that POMs have great potential 

in catalysis studies and paved the way for new studies. 

In the present study, a new organic-inorganic hybrid 

based on 1,10-phenanthroline(C12H8N2) ligands and 

Keggin anion [BMo12O40]5− was synthesized to support 

new catalysis studies, which is the main purpose of our 

study. It is also thought that the POM synthesized by 

our group will serve as a new model for the design of 

transition metal-substituted POM architectures. 

Because of the high catalytic properties of hybrid 

POMs, it offers a great variety of catalytic applications 

with different fields of study, such as redox reactions, 
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energy, enviromental, biomedical and green chemistry. 

Herein, the cyrstal 

[Ni2Na(C12H8N2)4(BMo12O40)(H2O)2] (1) was 

hydrothermally synthesized for the first time and 

characterized in detail using single crystal X-ray 

structural analysis, XRD, elemental analysis, FT-IR, 

TGA and SEM techniques both structurally and 

morphologically. 

2. Materials and Methods 

2.1. Reagents and apparatus 

All reagents were obtained from commercial resources 

and used without further purification. 

Nickel(II)chloride hexahydrate (NiCl2.6H2O) and 

hydrochloric acid (HCl) were supplied by Merck. 

Sodium tungstate dehydrate (Na2MoO4.2H2O), boric 

acid (H3BO3) and 1,10-phenanthroline were supplied 

by Sigma-Aldrich. Perkin-Elmer 2400 CHN 

(PerkinElmer Inc, USA) elemental analyzer was used 

for elemental analysis (C, N and H) of sample. The FT-

IR spectrum was recorded at room temperature on a 

Perkin Elmer model 100 ATR-FTIR spectrometer 

(PerkinElmer Inc, USA). Thermogravimetric analysis 

(TGA) was carried out with a Setaram thermal 

gravimetric analyzer (Simultaneous Thermal Analysis, 

Setaram Instrumentation, France) at a heating rate of 1 

°C/min under N2 atmosphere (25–1000 °C). SEM 

image was investigated on a Hitachi – SU 1510 at 

accelerating voltage of 20 kV and magnification of 

10.00 kX. Powder XRD measurements were taken 

using Bruker D.8 Advance (Germany) X-ray 

diffractometer.  

2.2. Preparation of [Ni2Na (C12H8N2)4 (BMo12O40) 

(H2O)2] (1) 

The compound as synthesized according to our 

previous article [25]. 

A mixture of H3BO3 (0.186 g, 3.0 mmol), 

Na2MoO4.2H2O (1.46 g, 6.00 mmol), NiCl2.2H2O 

(0.392 g, 1.65 mmol), 1,10-phenanthroline (0.3 g, 1.5 

mmol) and H2O (20 ml) was stirred for an hour. The 

pH of the mixture was adjusted to 2 with 6 M HCl. The 

mixture was allowed to react in a Teflon-lined stainless 

steel reactor for 7 days at 185 °C. After 7 days of 

reaction, the product was cooled down to room 

temperature by 10 degrees per hour and green crystals 

were obtained (yield 83 %) (Figure 1). 

Anal. Calcd. For C48H36BMo12N8NaNi2O42 

(2699.35g/mol): C, 21.34%; H, 1.33%; N, 4.15%. 

Found: C, 21.52%; H, 1.46%; N, 4.33%.  FT-IR 

(cm−1): 3578, 3062, 1628, 1517, 1429, 1037, 984, 940, 

896. 

 

Figure 1. Synthetic routes for the compound. 

 

2.3. X-Ray diffraction analysis 

The hydrogen atoms bound to carbon atoms were 

treated as riding atoms with distances of 0.93 Å. Other 

H atoms were refined freely. In order to avoid ADP and 

NPD problems, the EADP command was used to refine 

the non-H atoms. With SHELXS-2013 [28], the 

structure of compound 1 was solved by direct methods 

and refined using full-matrix least-squares methods 

with SHELXL-2013 program [29] within WinGX [30]. 

The structural data of compound 1 was collected on 

Bruker APEX2 (APEX2, Bruker AXS Inc. Madison 

Wisconsin USA 2013). MERCURY program was used 

for molecular graphics. Details of data collection and 

crystal structure determinations are shown in Table 1. 

Crystallographic data of the structure has been 

deposited in the Cambridge Crystallographic Data 

Center with CCDC number 1844844. 

 

3.  Results and Discussion 

3.1. Structural analysis 

The molecular structure unit of compound 1 with the 

atom labeling is shown in Figure 2. The unsymmetrical 

unit of compound 1 has been proved to consist of one 

Na(I) ion, one Ni(II) ion, a half of [BMo12O40]5- 

polyanion, two phenanthroline ligands and one aqua 

ligand. The B1 atom is located on the inversion center 

(1/2, 1/2, 1/2). The polyanion [BMo12O40]5- anion with 

a Keggin-type structure has a structure with a central 

BO4 [B-O bond distances range of 1.60(2)-1.62(3) Å] 

surrounded by the Mo12O36 group with tetrahedron 

coordination geometry. The oxygen atoms of BO4 

group are disordered over two positions. According to 

different coordination environments, the Mo–O bonds 

can be categorized into three groups: Mo-O (terminal 

oxygen atom) with lengths range between 1.652(11)-

1.683(11) Å, Mo-O (bridging oxygen atoms) with 

lengths range between 1.788(16)-2.039(17) Å and 

Mo–O (central oxygen atom) with lengths range 

between 2.34(3)-2.449(19) Å. The Ni(II) ion is 

coordinated by four nitrogen atoms [Ni-N lengths 

range between 2.064(13)-2.093(13) Å] from 
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phenanthroline ligands, one oxygen atom [Ni1-

O21=2.115(11) Å] from [BMo12O40]5-polyanion and 

one oxygen atom [Ni1-O23=2.068(12) Å] from aqua 

ligand, thence indicating a distorted octahedral 

geometry. At the same time, the Ni1 atom and 

[BMo12O40]5- polyanion are bridged by Na1 atom, thus 

produce [Ni2Na(C12H8N2)4(BMo12O40)(H2O)2] cluster. 

Selected bond lengths for NiBWO (Å) are shown in 

Table 2. The [Ni2Na(C12H8N2)4(BMo12O40)(H2O)2] 

clusters are combined by O-H···O hydrogen bonds, 

creating 1D supramolecular network running parallel 

to the [001] direction (Figure 3). Similarly, adjacent 

[Ni2Na(C12H8N2)4(BMo12O40)(H2O)2] clusters are 

combined by C-H···O hydrogen bonds, generating 1D 

supramolecular network running parallel to the [010] 

direction (Figure 4). The combination of O-H···O and 

C-H···O hydrogen bonds (Table 3) is generating 2D 

supramolecular network. 

The most important step of the experimental studies 

using UV–Vis spectrophotometry is the selection of 

the measurement wavelength. Because all the 

experimental measurements were performed at the 

selected wavelength. If the correct wavelength is not 

selected, all experimental results are affected.  

Table 1. Crystal data and structure refinement parameters for compound 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Selected bond distances for compound 1 (Å) 

B1-O1  1.60(2)  B1-O2  1.62(3)  B1-O3  1.61(3) 

B1-O4  1.60(3)  Mo1-O21  1.683(11)  Mo1-O9 1.798(17) 

Mo1-O18i 1.841(16)  Mo1-O8  1.982(16)  Mo1-O15i  2.001(16) 

Mo1-O2  2.34(3) Mo1-O1 2.382(19)  Mo2-O20  1.661(12) 

Mo2-O8  1.809(17)  Mo2-O19  1.825(16)  Mo2-O7 1.989(17)  

Mo2-O10  2.003(16) Mo2-O2  2.43(3)  Mo2-O3 2.43(3) 

Mo3-O17  1.663(12) Mo3-O7  1.799(16)  Mo3-O6 1.799(16)  

Mo3-O18  2.009(16) Mo3-O13i 2.010(16) Mo3-O3 2.38(3) 

Mo3-O1i 2.407(19)  Mo4-O16  1.658(12)  Mo4-O5  1.788(16)  

Mo4-O15  1.805(16) Mo4-O6  1.996(16)  Mo4-O12  2.023(16) 

Mo4-O4i 2.41(3)  Mo4-O1i 2.449(19)  Mo5-O14  1.658(11) 

Mo5-O13  1.813(17) Mo5-O11 1.815(16)  Mo5-O19i 1.991(16) 

Mo5-O5  1.992(17) Mo5-O3i 2.38(3)  Mo5-O4i 2.40(3) 

Mo6-O22  1.652(11) Mo6-O12  1.794(16)  Mo6-O10  1.810(16) 

Mo6-O11  1.986(16)  Mo6-O9  2.039(17) Mo6-O4i 2.41(3)  

Mo6-O2  2.43(3)  N1-Ni1  2.084(13) N2-Ni1  2.093(13) 

N3-Ni1  2.064(13) N4-Ni1  2.074(13)  Ni1-O23  2.068(12) 

Ni1-O21  2.115(11)  Na1-O23  2.74(2) Na1-O18i 2.98(2) 

Symmetry code: (i) −x+1, −y+1, −z+1. 

Empirical formula C48H36BMo12N8NaNi2O42 

Formula weight 2699.35 

Crystal system Triclinic 

Space group P-1 

a (Å) 10.789 (3) 

b (Å) 13.295 (4) 

c (Å) 13.622 (3) 

α (°) 69.268 (7) 

β (°) 71.433 (6) 

γ (°) 77.446 (7) 

V (Å3) 1720.3 (7) 

Z 1 

Diffractometer BRUKER D8-QUEST 

Temperature (K) 296 

F(000) 1292 

θ range (º) 3.2-28.4 

Measured refls. 77058 

Independent refls. 6739 

Parameters 454 

Rint 0.030 

S 1.08 

R1/wR2 0.113/0.225 
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Table 3. Hydrogen-bond parameters for compound 1 (Å, º) 

D-H· · ·A D-H H···A D···A D-H···A 

C9—H9···O8iii  0.93 2.60 3.49 (2) 162 

C13—H13···O14iv 0.93 2.48 3.14 (2) 128 

O23—H23A···O22iv 0.83 (2) 2.36 (6) 2.877 (16) 121 

O23—H23B···N1  0.83 (2) 2.58 (8) 3.010 (18) 114 

Symmetry codes: (iii) −x+1, −y+2, −z+1; (iv) −x+1, −y+1, −z+2. 

 

Figure 2. The molecular view of the compound indicating the atom numbering scheme. 

 

 

 

 

Figure 3. The molecular view of the compound, demostrating the formation of a chain through [001] created by O-H···O 

hydrogen bonds. 

 

 

 

Figure 4. The molecular view of the compound, demostrating the formation of a chain through [010] created by C-H···O 

hydrogen bond. 
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3.2. X-ray diffraction  

The calculated pattern from single-crystal structures 

and experimental XRD patterns of the compound is 

shown in Figure 5. The experimental data is consistent 

with the calculated patterns, indicating the phase purity 

of the compound. The preferred orientation of the 

powder sample may cause differences in intensity. 

Powder X-ray diffraction results of the structure are 

similar to other related studies [16,31]. 

 

 
Figure 5. XRD spectra of the compound 1. 

3.3. FT-IR spectrum 

The crystal contains the identical Keggin POM 

[BMo12O40]5- and as can seen in Figure 6, the FT-IR 

spectrum shows the specific vibrations of Keggin type 

POMs [32]. Characteristics bands of the Keggin unit 

appeared at 1037, 984, 940 and 896 cm-1 can be 

respectively assigned to B–O, terminal Mo–O, inter-

octahedral Mo–O–Mo, and intra-octahedral Mo–O–

Mo vibrations [6,33,34]. The band seen at 3578 cm-1 

can be attributed to the coordinated water [35]. The 

absorption bands at 3062, 1628, 1517 and 1429 cm-1 

are assigned to aromatic υ(C-H), azomethine υ(C=N), 

υ(C=C) and υ(C-N) stretching, respectively [36-39].  

 

Figure 6. FT-IR spectrum of the compound 1. 

3.4. Thermogravimetric analysis 

The thermal behaviors of the cyrstal were investigated 

with the thermal analysis methods. As shown in Figure 

7, the water removal causes the slight weight loss 

below 478 °C [40]. The weight loss in the range of 478-

690 °C is attributed to the decomposition of the two 

1,10-phenanthroline ligands (calc. 26.7%; found 

27.1%) [41]. 

 
Figure 7. TG curve of the crystal 

3.5. SEM analysis 

SEM is used to examine the three important factors 

surfactant morphology (surface structural properties 

based on shape and size), surface crystallography (ie, 

surface formation of atoms) and surface composition 

(in terms of surface composition, compounds and 

elements). So, the surface property of the compound 1 

was checked by using SEM (Figure 8). According to 

the SEM image, each crystal has a cubic structure. 

 

 

Figure 8. The SEM images of the compound 1. 

4. Conclusion 

In summary, we have prepared a novel Keggin-type 

inorganic-organic hybrid compound by using metal 

Ni(II) ion and 1,10-phenanthroline (C12H8N2) ligand 

based on boron atom as the central atom. TGA, FT-IR 

and XRD methods were used for the structure analysis 
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of the compound. These analyzes support the results 

from the single crystal X-ray structural analysis. The 

content of the structure is determined as a half of 

[BMo12O40]5- polyanion, two phenanthroline ligands 

and one aqua ligand according to by single crystal X- 

ray diffraction. It is thought that a new POM synthesis 

with the simple synthesis process used in this study 

will contribute to the development of new inorganic-

organic POM materials. 
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