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Abstract Dinuclear zinc(II) complex of the 18-mem-

bered tetraiminediphenol macrocycle has been synthesized

by Schiff base condensation of 2,6-diformyl-4-methylphe-

nol and 1,2-diaminobenzene in the presence of zinc(II)

template. The obtained complex has been characterized by

the spectroscopic techniques and mass spectrometry. The

complex exhibits high thermal stability and forms ZnO

nanoparticles on thermal decomposition. The diffraction

peaks in the X-Ray diffraction spectra indicated that the

complexes are crystalline. The surface morphology has

been investigated by scanning electron microscopy. Energy

dispersive X-ray analysis shows the chemical purity and

stoichiometry of the ZnO nanoparticles. The BET surface

area of ZnO nanoparticles has been found. The transmis-

sion electron microscopy result shows spherical shaped

ZnO nanoparticles with the size of 20 nm. Quantum con-

finement effects are clearly revealed in UV–Vis spectros-

copy technique.
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Introduction

Zinc oxide is a well-known semiconductor material with

a wide band gap (3.37 eV) and a large exciton binding

energy (60 meV) at room temperature [1]. ZnO nano-

particles have been extensively studied over the past

decades because of their fascinating electrical [2],

mechanical [3], optical [4], and piezoelectric properties

[5]. ZnO nanoparticles have a wide range of applications

such as gas sensors [6], dye-sensitized solar cells [7],

ultra violet photodetectors [8], UV lasers [9], photocat-

alysts [10], piezoelectric transducers [11], and for bio-

medical applications [12]. They have been synthesized

by various methods such as chemical vapor deposition

[13], sol–gel method [14], low-temperature wet chemical

methods [15], electrochemical deposition [16], laser

ablation [17], pulsed laser deposition [18], thermal

decomposition [19], spray pyrolysis [20], radiofrequency

magnetron sputtering [21], and hydrothermal method

[22]. The main purpose of each method is to prevent the

crystallite agglomeration, control the particle shape, size,

and crystal phase of ZnO nanoparticles. We know that

ZnO nanoparticles with certain morphology and size

could be obtained using suitable surfactant and solvent.

Moreover, it requires suitable conditions to stabilize the

nanoparticles. However, most of the methods have been

found to be expensive, polluting, and time consuming.

Therefore, it still remains an extremely difficult chal-

lenge to find a simple and mild synthetic route to syn-

thesize well-controlled ZnO nanoparticles.

It has been reported [23–26] that thermal decompo-

sition method is an efficient, simple, one-step, solvent-

free approach to generate ZnO nanoparticles. As com-

pared to other methods [27–30], it is much faster, pol-

lution free, and economical. However, the use of

macrocyclic complexes as precursors for the preparation

of metal oxide nanomaterial’s such as ZnO using thermal

decomposition has not yet been investigated. Hence we

made an attempt to synthesize ZnO nanoparticles using

Zn(II) complex of tetraiminediphenol macrocycle as

precursor for the first time.
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Results and discussion

In the earlier work we have reported [31–34] the efficient

synthesis of a series of tetraiminediphenol macrocyclic

ligands by the Schiff base condensation of diformyls with

diamines in the presence of lanthanide(III) metal ions as

their complexes by template method and have reported

their thermal stability. The stability of the complexes has

been influenced by the rigidity of the ligand backbone. The

results clearly reveal that tetraiminediphenol macrocyclic

framework formed by the condensation of 2,6-diformyl-4-

substituted phenols with 1,2-diaminobenzene could pro-

vide the required rigidity and, therefore, has the greater

ability to stabilize the central metal ion. As part of our

continuing interest to synthesize metal complexes of

macrocyclic ligands, we have synthesized zinc(II) complex

with the similar ligand framework. We also have made an

attempt to synthesize the metal oxide nanoparticles using

this metal complex. Therefore, the dinuclear zinc(II)

complex of tetraiminediphenol macrocycle has been syn-

thesized by the modified procedure of Garcia et al. [35]

where the [2?2] template condensation is carried out

between 2,6-diformyl-4-methylphenol and 1,2-diamino-

benzene in the presence of zinc(II) nitrate hexahydrate in

methanol.

From the results of elemental analysis, molar conduc-

tivity measurements, and spectroscopic studies, the stoi-

chiometry of the complex has been deduced as

[Zn2L](NO3)2, similar to the complex synthesized by

Garcia et al. This macrocyclic entity has N4O2 donor

framework from four imine and two phenolate groups and,

therefore, stabilizes comfortably the two zinc ions in their

?2 oxidation state. The structure of the dinuclear zinc(II)

complex of the 18-membered tetraiminediphenol macro-

cycle is shown in Fig. 1.

Thermal studies

The thermal behavior of [Zn2L](NO3)2 has been studied

by TG/DTA analysis. The complex shows initial weight

loss of about 17.9 % in the temperature range of

400–430 �C which corresponds to the loss of two ionic

nitrates (calculated value is 17.17 %). The macrocyclic

entity which remained unchanged up to 430 �C undergoes

a gradual weight loss beyond 430 �C associated with the

thermal decomposition of macrocyclic entity. The resul-

tant mass of the decomposition product is in conformity

with the mass of pure ZnO [36] which could be nano-

crystalline. Moreover, it is understood that the complex

exhibits relatively high thermal stability and controls the

size of the nanoparticles formed. The thermogram of the

complex is shown in Fig. 2. Therefore, on thermal

decomposition of the complex for 4 h at 500 �C, spherical

ZnO nanoparticles with good separation are produced.

This method of preparation shows the macrocyclic com-

plex may be suitable precursors for the preparation of

ZnO nanoparticles.

Phase study

The X-Ray diffraction (XRD) pattern of ZnO nanoparticles

is shown in Fig. 3, which confirms that the nanoparticles

are wurtzite structured ZnO with nominal cell constants of

a = b = 3.249 Å and c = 5.206 Å (JCPDS 65–3411). No

diffraction peaks from impurity phases are detected in this

study. These results indicate that only single-phase ZnO is

present [37]. Further observation revealed that ZnO nano-

particles have sharp peaks with broad width, indicating

high crystallinity with small particle size [38, 39]. The

average particle size can be calculated from the Scherrer’s

formula [40]:

D ¼ Kk
bCosh

where D is the average crystallite size, k is the wavelength

of the X-ray radiation (Cu Ka radiation, 0.15406 nm), b is

the full width at half maximum (FWHM), h is the dif-

fraction angle, and K is the Scherrer constant (0.9). Here,

the (100), (002), and (101) reflection peaks of ZnO were

used to calculate the average particle size. From the cal-

culation, it is clear that the particles are in the range

20–30 nm.Fig. 1 Structure of the complex [Zn2L](NO3)2
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Morphology study

The morphology of the ZnO nanoparticles produced by the

thermal decomposition of macrocyclic complex at 500 �C
was investigated by scanning electron microscopy (SEM).

The SEM image shows that the particles are small and

spherical shaped ZnO nanostructures with good separation

as shown in Fig. 4. The energy dispersive X-ray (EDS)

spectrum of the ZnO nanoparticles is shown in Fig. 5.

Peaks associated with Zn and O atoms are only observed in

this EDS spectrum, which confirms that the nanoparticles

are purely ZnO. The detailed structure of ZnO nanoparti-

cles has been characterized by transmission electron

microscope (TEM) and selected area electron diffraction

(SAED). Fig. 6 shows TEM analysis of the ZnO

nanoparticles. The TEM image shows spherical shaped

ZnO nanoparticles with the size of 20 nm. The size of the

nanoparticles from the TEM micrograph agrees with the

XRD result. The inset is its SAED analysis which confirms

that the nanoparticles are wurtzite with single crystalline

nature. The measured BET surface area of ZnO nanopar-

ticles has been found to be 42.32 m2/g. It shows that

nanoparticles prepared by this method are small, spherical,

more crystalline, of higher purity, and also have large

specific surface areas [41, 42], which could enhance the

catalytic activity [43, 44].

Fig. 2 TG and DTA curves of the complex [Zn2L](NO3)2

Fig. 3 XRD pattern of ZnO nanoparticles

Fig. 4 SEM image of ZnO nanoparticles
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UV–Visible diffuse reflectance spectral study

The UV–Visible absorbance spectrum of the ZnO nano-

particles at room temperature is shown in Fig. 7. The

absorption spectrum shows a well-defined exciton band at

366 nm and significant blue shift of about 7 nm with

respect to the bulk exciton absorption (373 nm) [45]. It is

clear that the absorption edge shifts to the lower wave-

length or higher energy with decreasing size of the nano-

particle. This blue shift in the absorption spectrum is due to

the quantum confinement effect of these small size ZnO

nanoparticles [46].

The optical band gap of ZnO nanoparticles is estimated

by extrapolation of the linear relationship between (aht)2

and ht according to the equation [47].

aht ¼ A ðht � EgÞ1=2

where a is the absorption coefficient, ht is the photon

energy, Eg is the optical band gap, and A is a constant.

A Tauc plot of (aht)2 versus ht is shown in Fig. 8, by

extrapolating the graph to X-axis to find the band gap of the

nanoparticles. The band gap is found to be 3.38 eV which

is slightly higher than that of bulk ZnO (3.37 eV). The

increase in energy gap may be due to decrease in size of the

nanoparticles.

Experimental

Materials

2,6–Diformyl–4–methylphenol was synthesized according

to the literature method [48]. 1,2–Diaminobenzene (Sigma-

Aldrich) and zinc(II) nitrate hexahydrate (Merck, India)

were purchased and used as such. All solvents were of

analytical grade and were purified [49] prior to use.

Analytical and physical measurements

Microanalytical (C, H, N) data were obtained with a

FLASH EA 1112 Series CHNS Analyzer. The IR spectra

(with KBr pellets) were recorded in the range of

400–4000 cm-1 on a JASCO FT/IR-5300 FT-IR spec-

trometer. Diffuse reflectance and near-IR absorption

spectra were recorded on a UV-3600 Shimadzu UV–Vis-

NIR spectrophotometer. 1H NMR spectra were recorded on

a Bruker AVANCE III 400 MHz (AV400) multinuclear

NMR spectrometer at 400 MHz and 100 MHz, respec-

tively. ESI mass spectra were obtained on a LCMS-2010A

Shimadzu spectrometer. The TG–DTA analyses were

conducted on a TA Q600 SDT instrument at a standard

heating rate of 10 �C min-1 between room temperature

(30 �C) and 1000 �C under a dynamic nitrogen

Fig. 5 EDS spectrum of ZnO nanoparticles

Fig. 6 TEM images of ZnO nanoparticles. Inset shows its SAED pattern
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atmosphere. Powder X-ray diffraction patterns were

recorded on a Bruker D8-Advance diffractometer using

graphite monochromated CuKa1 (1.5406 Å) and Ka2

(1.5444 Å) radiations. The SEM and EDS (energy disper-

sive X-ray spectrometry) analyses were performed on

Philips XL-30 Scanning Electron Microscope operating at

20 kV. Specimens for analysis were prepared by dusting

the compounds on carbon tape. The TEM analyses were

conducted on FEI technai G2 20 STEM with a 200 kV

acceleration voltage. TEM specimens were prepared on

carbon-coated copper grids with 200 meshes. Samples

were suspended in suitable solvents and ultra sonicated for

1–2 min. Measurement of BET surface area was carried

out using Quantachrome Autosorb iQ BET surface area

analyzer.

Synthesis of zinc(II) complex, [Zn2L](NO3)2

A solution of 2,6-diformyl-4-methylphenol (0.164 g,

1 mmol) and zinc(II) nitrate hexahydrate (0.297 g,

1 mmol) in methanol (50 mL) was refluxed for 30 min.

Another solution of 1,2-diaminobenzene (0.108 g, 1 mmol)

in methanol was added to the above hot solution drop by

drop for 15 min. The resultant orange solution was refluxed

for 3 h with stirring. The brick red solid product that sep-

arated out was filtered, washed repeatedly with methanol

followed by chloroform, and dried under vacuum over

anhydrous calcium chloride. Yield: 35 %. Anal. Calcd for

C30H22N6O8Zn2: C, 49.68; H, 3.06 N, 11.59; Zn, 18.04.

Found: C, 49.56; H, 3.12; N, 11.45; Zn, 18.12 %. UV–Vis

(DMSO), kmax: 296 (13756), 361 (9574), 416 (10331), 450

(6975) nm (dm3 mol-1 cm-1). FT–IR (cm-1) in KBr: 1616

(mC=N), 1534 (mC=C), 1298 (mC–O), 761 (mC–H), 547 (mZn–N).
1H NMR (DMSOd6, ppm): 2.33 (s, 6H, –CH3), 6.84–7.28

(m, 12H, aromatic), 8.58 (s, 4H, –CH = N). KM (DMSO):

34.61 ohm-1 cm2 mol-1. ESI MS (m/z): 723 (M–H)?.

Synthesis of zinc oxide nanoparticles

The brick red dinuclear zinc(II) macrocyclic complex,

[Zn2L](NO3)2, was taken in a porcelain crucible and heated

in an electric furnace at the rate of 10 �C min-1 from room

temperature (30 �C) to 500 �C in air atmosphere. The

calcination of the complex is done for 4 h by selecting the

temperature from the TG–DTA data. The decomposed

white product generated from the macrocyclic complex

was cooled to room temperature and collected for

characterization.

Conclusion

ZnO nanoparticles with wurtzite structure have been syn-

thesized by a simple, single-step method of thermal

decomposition with zinc(II) complex of tetraiminediphenol

macrocycle. From the results of XRD, SEM, TEM, and

BET, the ZnO nanoparticles are spherical shaped single

crystalline with the size of 20 nm and also have large

specific surface areas. The blue shift in the absorption

spectrum is due to the quantum confinement effect of these

nano size ZnO nanoparticles. These studies show the

macrocyclic complex may be suitable precursors for the

preparation of nanomaterials with reduced size.

Fig. 7 UV-Visible spectrum of ZnO nanoparticles

Fig. 8 Tauc plot of (aht)2 versus ht
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