
Vol.:(0123456789)1 3

Journal of the Iranian Chemical Society (2018) 15:1287–1292 
https://doi.org/10.1007/s13738-018-1327-x

ORIGINAL PAPER

Syntheses and characterization of two new coordination compounds 
containing an azide ligand in the presence of o‑donor co‑ligands 
with nickel and copper(II) metal ions and an investigation 
into the effects of sonochemical methods on morphology and particle 
size

Azam Hassanpoor1 · Masoud Mirzaei1  · Hossein Eshtiagh‑Hosseini1

Received: 9 February 2018 / Accepted: 15 February 2018 / Published online: 21 February 2018 
© Iranian Chemical Society 2018

Abstract
In this research, two new coordination complexes {[Ni(but-1,4-dc)0.5(N3)(H2O)]·3H2O}n (1) and {[Cu(bpc)(N3)(H2O)]·H2O}n 
(2) were synthesized from butane-1,4-dicarboxylate (but-1,4-dc) or benzophenone-2-carboxylate (bpc) and  N3

− ligands. 
Further, the effectiveness of sonochemistry synthesis for the preparation of nanosheets of these compounds and the effect of 
particle size on thermal stability were investigated. The nanoparticles were characterized by scanning electron microscopy, 
elemental analysis, powder X-ray diffraction (PXRD), infrared spectroscopy and thermogravimetric analysis.
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Introduction

In the past decades, the rational design and synthesis of 
coordination compounds (CPs) have attracted considerable 
attention due to excellent properties in the fields of sepa-
ration, electrical conductors, gas adsorption and molecular 
magnets [1–4]. Studies have shown that the design of these 
compounds is fundamentally dependent on the features of 
the metal ion and ligand as building blocks [5]. Therefore, 
the precise choice of a suitable ligand containing various 
coordination modes with the ability to form supramolecular 
networks through non-covalent interactions is very useful 
for the preparation of new metal–organic structures with 
the desired properties [6]. In this context, one efficient syn-
thetic strategy based on the ligand type is the use of an inor-
ganic–organic mixed ligand system [7, 8]. Small three-atom 
anions such as azido [9, 10], thiocyanato [11–13] and nitrito 
[14, 15], as inorganic ligands, play a key role in the transmis-
sion of magnetic couplings between the metals centers due 
to their short lengths and the presence of conjugate system. 
Moreover, they show different coordination modes to the 
transition metal centers which make them capable to con-
struct variety of fascinating structures. Among them, azide 
 (N3

−) is known as one of the most frequently used ligands 
for the construction of magnetic coordination compounds 
for several reasons. First, this ligand exhibits various bridg-
ing modes to the metal centers, leads to the construction 
of complexes with different structural and magnetic prop-
erties. μ-1,1 (end-on, EO) and μ-1,3 (end-to-end, EE) are 
the most common coordination modes and reported in the 
literature (Scheme 1). Second, azide ligand can be employed 
with other co-ligands to create of new high-dimensional 
CPs [16]. For example, the addition of carboxylate ligands 
as organic co-ligands to the metal/azide systems improve 
the connection of the metal/azide skeleton to form higher-
dimensional molecular networks [17]. Furthermore, nano-
sized particles of CPs are fascinating to be explored, since 
they often exhibit new interesting size-dependent physical 
and chemical properties such as surface area, magnetism, 
luminescence and thermal stability which are not observable 
in their bulk analogs [18, 19]. A simple and common method 
to produce nanoparticles of materials is the sonochemical 
method. Ultrasound induces chemical or physical changes 

during cavitation, a phenomenon involving the formation, 
growth and instantaneous implosive collapse of bubbles in 
a liquid which can generate local hot spots having tempera-
tures of roughly 5000 °C, pressures of about 500 atm and a 
lifetime of a few microseconds. These extreme conditions 
drive chemical reactions; however, they are also able to pro-
mote the formation of nanosized particles, mostly via instan-
taneous formation of a plethora of crystallization nuclei [20]. 
As a continuation of efforts in our research group on the 
preparation of CPs using different dicarboxylic acid ligands 
[21–27], we report the synthesis and characterization of 
two new coordination compounds {[Ni(but-1,4-dc)0.5(N3)
(H2O)]·3H2O}n (1) and {[Cu(bpc)(N3)(H2O)]·H2O}n (2) 
containing inorganic azide and organic carboxylate ligands. 
Further, the size and morphology of nanosheets of 1 and 2 
prepared by sonochemical methods are investigated.

Experimental

Chemicals and apparatus

All reagents and solvents employed in the synthesis and 
analysis of the products in this project were commer-
cially available and used as received. The IR spectra in the 
4000–400 cm−1 region were measured in KBr pellets, on 
a PerkinElmer 580 spectrophotometer. Elemental analy-
ses were carried out on a Thermo Finnigan Flash-1112EA 
microanalyzer. The TGA runs were taken on a TGA-50/50H 
standard type thermal analysis system. A multiwave ultra-
sonic generator (Misonix Sonicator 4000 (S-4000), Qsonica, 
LLC, Newtown, CT, USA; equipped with a generator, con-
verter, converter cable, a 1/2-inch replaceable tip horn, oper-
ating frequency at 20 kHz with a maximum power output 
of 600 W) was employed for the ultrasound irradiation. The 
wave amplitude in this experiment was 40, and ultrasonic 
energy dissipated was set at 5.96 W using the calorimet-
ric method [28]. The size and morphology of nanoparti-
cles of CPs has been studied by SEM, a Leo 1450 VP, Ger-
many. X-ray powder diffraction (XRD) measurements were 
recorded on a Philips diffractometer manufactured by X’pert 
with graphite-monochromatized Cu-Kα radiation.

Synthesis of {[Ni(but‑1,4‑dc)0.5(N3)(H2O)]·3H2O}n (1) 
and corresponding nanosheets

The crystals of 1 were prepared by the solvent diffusion 
method (layering technique). At first, an aqueous solution 
(5 mL) of Ni(NO3)2.6H2O (73 mg, 0.25 mmol) was placed in 
a test tube. Then, 1 mL of mixture of water and ethanol sol-
vents (1:1 v/v) was slowly dribbled into the tube so that two 
discrete layers formed. Finally, a mixture of  H2but-1,4-dc 
(40 mg, 0.25 mmol) and  NaN3 (16 mg, 0.25 mmol) in 8 mL Scheme 1  Two main coordination modes of azido-bridged ligand
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of ethanol was slowly dropped on the upper layer to form the 
third layer. Opaque green cubic crystals of 1 were formed 
in the second layer after seven days. Yield: 39% (based on 
Ni). Anal. Calcd. for  C3H12NiN3O5: C, 15.75; H, 5.29; N, 
18.36. Found: C, 15.13; H, 4.98; N, 18.28%. IR (KBr pellet, 
 cm−1): 3536–3446(b); 2096(s); 1548(s); 1419(m); 1296(w); 
1138(w); 668(w).

To prepare the nanostructures of compound 1, 15 mL 
of an aqueous solution of Ni(NO3)2.6H2O (0.01 M) was 
positioned in a high-density ultrasonic probe, operating at 
20 kHz with a maximum power output of 600 W. Then, 
16 mL of a solution containing the organic acid (0.005 M) 
and  NaN3 (0.01 M) was added dropwise to the previous solu-
tion and the mixture was sonicated for 40 min.

After synthesis, the solid sample was centrifuged and 
washed with water to remove excess reactant. Yield: 47% 
(based on Ni). Anal. Calcd. for  C3H12NiN3O5: C, 15.75; 
H, 5.29; N, 18.36. Found: C, 15.51; H, 5.06; N, 18.09%. 
IR (KBr pellet,  cm−1): 3520–3400(b); 2096(s); 1543(s); 
1406(m); 1267(w); 1099(w); 670(w).

Synthesis of {[Cu(bpc)(N3)(H2O)]·H2O}n (2) 
and corresponding nanosheets

The synthetic procedure for 2 was the same as for 1, 
except that Hbpc (57 mg, 0.25 mmol) and Cu(NO3)2.3H2O 
(61 mg, 0.25 mmol) were used instead of  H2but-1,4-dc 
and Ni(NO3)2.6H2O, respectively. After one day, green rod 
crystals of 2 which appeared to be flexible were formed. 
Yield: 41% (based on Cu). Anal. Calcd. for  C15H18CuN3O5: 
C, 46.93; H, 4.73; N, 10.95. Found: C, 45.51; H, 4.26; N, 
10.09%. IR (KBr pellet,  cm−1): 3436(b); 2092(s); 1536(s); 
1411(s); 1266(w); 907(w); 717(m).

Nanosheets of 2 were synthesized similarly to 1 by ultra-
sonic radiation, except that Hbpc and Cu(NO3)2.3H2O were 
used instead of  H2but-1,4-dc and Ni(NO3)2.6H2O, respec-
tively. The green precipitate was filtered off, washed with 
water and then dried in air. Yield: 53% (based on Cu). Anal. 
Calcd. for  C15H18CuN3O5: C, 46.93; H, 4.73; N, 10.95. 
Found: C, 44.85; H, 4.36; N, 10.28%. IR (KBr pellet,  cm−1): 
3450(b); 2096(s); 1542(s); 1413(s); 1275(w); 907(w); 708(m).

Results and discussion

The reaction between butane-1,4-dicarboxylate/benzophe-
none-2-carboxylate and sodium azide with nickel/copper (II) 
nitrate led to the formation of two coordination compounds 
1 and 2. Nanosheet structures of 1 and 2 were obtained from 
aqueous solution by ultrasonic irradiation, while crystalline 
materials of 1 and 2 were obtained under mild conditions. 
All synthetic procedures are shown in scheme 2.

IR spectra of compounds 1, 2 and corresponding 
nanosheets

The IR spectra of the nanostructures and the crystalline 
materials are indistinguishable. The medium intense broad 
absorption in the 3436–3536 cm−1 range indicates the pres-
ence of water molecules in the structure of these compounds. 
The observed bands at 1536–1548 and 1406–1419 cm−1 are 
attributed to the anti-symmetric νas(COO−) and symmetric 
νs(COO−) stretching vibrations of carboxylate groups. The 
resulting values of Δν (Δν = νas − νs) are 129 and 125 cm−1 
for 1 and 2, respectively. These Δν values are character-
istic of the bidentate bonding mode of the carboxylate 
group. Also, the sharp bands at 2090–2100 cm−1 are evi-
dence of the existence of coordinated  N3‾ anion. Moreo-
ver, the bands at 1266–1296 cm–1 are assigned to the sym-
metric stretching modes of the  N3‾ ion [29]. The results 
obtained from elemental analysis and infrared spectroscopy 
confirm the molecular formulas of {[Ni(but-1,4-dc)0.5(N3)
(H2O)]·3H2O}n and {[Cu(bpc)(N3)(H2O)]·H2O}n for these 
compounds (Fig. 1).

Also, a statistical study of the azide complexes reported 
in Cambridge Structural Database (CSD version 5.38/Feb 
2017) shows that complexes containing azide/carboxylate 
mixed ligands always are polymeric coordination structures.

Analysis of powder X‑ray diffraction patterns 
and SEM images

Figures 2 and 3 show the experimental PXRD patterns of 
compounds 1 and 2 in comparison with the PXRD patterns 
of the resulting products prepared by the ultrasonic method. 
There is an excellent agreement between these patterns 
except for some very slight differences in 2θ, indicating the 
nanosheets obtained by the sonochemical process are the 

Scheme  2  The synthetic procedure of compounds 1, 2 and corre-
sponding nanosheets
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same as crystalline materials 1 and 2. These findings are in 
agreement with the results obtained from the SEM images 
(Fig. 4a–d). Rod-shaped crystals of 1 and 2 which are several 
microns in size (Fig. 4a, c), are converted to the nanosheet 
structures in the range of 50–150 nm (Figs. 4b, d) when 
ultrasound irradiation was used for synthesis.

Thermogravimetric analyses (TGA)

To examine the thermal stability of compound 1 and its 
nanosheets, thermal gravimetric analyses (TGA) were per-
formed from 5 to 1000 °C with a heating rate of 10 °C.-
min1− (Fig. 5). The TG curve of compound 1 in the range 
of 65–260 °C exhibits a two-step weight loss. The weight 
loss of 22.1% (Calcd 23.6%) for the first stage occurs at 
65 °C, which corresponds the loss of three lattice water mol-
ecules. The second weight loss of 60.8% from 260 to 275 °C 
is ascribed to the collapse of the ligand network (Calcd: 
58.8%). These findings suggest that the host network may 
be stable up to 260 °C, but then it starts to suddenly lose its 
ligands as a result of its thermal decomposition. The remain-
ing weight (17.1%) corresponds to the percentage of Cu and 
O components, indicating that the final residue is CuO. Also, 
decomposition of nanostructure 1 starts about 80 degree ear-
lier (Fig. 5b) than its crystalline compound, probably due to 
the reduction in the particle size of the coordination polymer 
to a few dozen nanometers and much higher surface to vol-
ume ratio that leads to lower thermal stability.

Conclusion

In this study, the synthesis and characterization of two 
new coordination complexes {[Ni(but-1,4-dc)0.5(N3)
(H2O)]·3H2O}n (1) and {[Cu(bpc)(N3)(H2O)]·H2O}n (2) 
by using an azide/carboxylate mixed ligand system and 
nickel and copper(II) metal ions are reported. Also, the 
use of ultrasound in the preparation of these compounds 
led to the formation of nanosheets with the thickness of 

Fig. 1  Molecular structures of 1 
(a) and 2 (b). The lattice water 
molecules are not shown

Fig. 2  The experimental PXRD patterns of compound 1 (a) and pre-
pared nanosheets (b) by sonochemical process

Fig. 3  The experimental PXRD patterns of compound 2 (a) and pre-
pared nanosheets (b) by sonochemical process
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50–150 nm. This change in particle size and morphology 
could cause physical properties changing such as thermal 
stability. Thermogravimetric analyses of 1 and corre-
sponding nanosheets demonstrate this concept.
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