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ABSTRACT
A new class of biologically active polyazomethine/pyrazole and their related nanocomposites, 
polyazomethine/pyrazole/zinc oxide nanoparticles, have been successfully synthesized through 
the polycondensation technique in the form of polyazomethine pyrazole (PAZm/Py4–6) and poly-
azomethine/pyrazole/zinc oxide nanoparticles (PAZm/Py/ZnOa-c). The polymeric nanocomposites 
were prepared with a 5% loading of zinc oxide nanofiller using the same preparation technique, in 
addition to the help of ultrasonic radiation. The characteristics of the new polymers, such as 
solubility, viscometry, and molecular weight, were examined. All the polymers were completely 
soluble in the following solvents: concentrated sulfuric acid, formic acid, dimethylformamide, 
dimethyl sulfoxide, and tetrahydrofuran. Furthermore, the weight loss of the polyazomethine 
pyrazole (4, 5, and 6) at 800 °C was 67%, 95%, and 86%, respectively, which indicates the thermal 
stability of these polymers. At 800 °C, the polyazomethine/pyrazole/zinc oxide nanoparticles (a, b, 
and c) lost 74%, 68%, and 75% of their weight, respectively. This shows that adding zinc oxide 
nanoparticles made these compounds more stable at high temperatures. The X-Ray diffraction 
pattern of the polyazomethine pyrazole (PAZm/Py4–6) shows a number of sharp peaks with varying 
intensities. The polymers that were studied had straight crystal structures. Furthermore, the 
measurements of polyazomethine/pyrazole/zinc oxide nanoparticles (PAZm/Py/ZnOa-c) indicate 
a good merging of zinc oxide nanoparticles into the matrix of polymers. The antimicrobial activity 
of polymers and polymer nanocomposites was tested against some selected bacteria and fungi. 
The synthesized polymer (c) shows the highest activity against the two types of gram-negative 
bacteria selected. Most tested compounds were found to be effective against gram-positive 
bacteria except polyazomethine pyrazole (PAZm/Py5) and polyazomethine pyrazole (PAZm/Py6), 
which do not exhibit any activity. The synthesized polymers and their related nanocomposites 
were tested for their ability to kill the chosen fungi. All of them were effective against Aspergillus 
flavus, but only polyazomethine pyrazole (PAZm/Py4) and polyazomethine/pyrazole/zinc oxide 
(PAZm/Py/ZnOc) were effective against Candida albicans.
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1. Introduction

The synthesis of new polymers with interesting properties 
biologically, thermally, mechanically, and others has 
attracted a lot of attention. Polyazomethines are one of 
the π-conjugated polymers that have the ability to com-
plex and protonate and are distinguished by the presence 
of HC=N in their design. It was first prepared in 1923 by 
Adams and his group [1]. They are also called Schiff base 
polymers or polyimines. This polymer’s thermal stability, 
nonlinear optical, electronic, optoelectronic, and liquid 
crystalline properties characterize this polymer, making 
it interesting in the science of materials [2–7]. Schiff 
bases are compounds that have a variety of uses in 
a range of fields as diverse as farming, cosmetics, and 

medicine, and these compounds have antitumor, antibac-
terial, and anticancer activity [8–13]. The polymers made 
of polyazomethines have disadvantages like a high melt-
ing point, poor solubility in most organic solvents, and 
a tendency to form mesophases when heated [14]. These 
defects limit processability. Therefore, various methods 
were used to facilitate the polyazomethines’ processabil-
ity, including adding different substituted benzene rings 
into the main chain, and various types of heterocyclic 
units were used in monomers [15–18]. One of the most 
promising areas of current research and development is 
polymer nanocomposites. Recent attention has been 
drawn to metal oxide nanoparticles of zinc, copper, iron, 
and cerium oxide because of their distinctive physical, 
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chemical, and biological properties [19–21]. Zinc oxide 
nanoparticles (ZnO NPs), which are among these metal 
oxide nanoparticles, are frequently chosen because of 
their nontoxicity and are used in many different fields 
[22–34]. Gram-positive and Gram-negative bacteria are 
the causes of numerous human diseases, and these bac-
teria are evolving resistance to commercial antibiotics, 
phytoncides, and traditional natural remedies [35]. 
Developing bacterial resistance to common antibiotics 
has become a serious problem for the biopharmaceutical 
sector and for public health [36]. Therefore, the creation of 
novel biocidal agents to combat bacterial pathogens that 
are multi-drug resistant is urgently needed. Recently, ZnO 
NPs have demonstrated the effectiveness of eliminating 
bacterial pathogens, fungal, and cancer cells in a cost- 
effective and environmentally friendly manner [22,37– 
45]. The objective of this work was to synthesize and 
characterize some new hetero-aromatic polyazomethine 
polymers and their related ZnO nanocomposites through 
the polycondensation technique. One of the advantages 
of this method is its ease of application. It is not harmful to 
the environment since water is used as a medium. Special 
attention will be given to the pyrazole moiety as one of 
the most interesting biologically applicable moieties 
a long time ago [46–58]. The characteristics of the new 
polymers, such as solubility, viscometry, and molecular 
weight, were examined. Furthermore, the polymers and 
polymer nanocomposites produced were identified using 
Fourier transform infrared (FT-IR) spectroscopy and char-
acterized using standard characterization tools such as 
X-ray diffraction (XRD), scanning electron microscopy 
(SEM), and transmission electron microscopy (TEM). 
Thermal behavior of compounds, such as thermogravi-
metric analysis (TGA) and derivative thermogravimetric 
(DTG) analysis, was also discussed. The antimicrobial activ-
ities of newly synthesized polymers and polymer nano-
composites against various bacterial and fungal species 
were evaluated.

2. Experimental section

2.1. Materials

Substituted aniline derivatives (2-chloroaniline, 
3-chloroaniline, 4-chloroaniline) were purchased 
from (PDH, Germany) and used as starting materials 
for the synthesis of monomers. Sodium nitrite 
(NaNO2), malononitrile (CH2(CN)2), sodium acetate 
(C2H3NaO2), and hydrazine hydrate were purchased 
from (Sigma-Aldrich, U.S.A.) and used directly as it 
was received. Zinc oxide NPs were supplied by 
NANO TECH Co. LTD Egypt and used to fabricate 
polymers nanocomposites. Glacial acetic acid CH3 

CO2H (99%) from Sigma-Aldrich was used as 
a catalyst. Terephthalaldehyde purchased from 
NANO TECH Co. LTD Egypt. concentrated hydrochlo-
ric acid (HCl) was received from (Merck, Germany), as 
a solvent with a purity of (99%) was used for dissol-
ving substituted aniline derivatives. Ethanol absolute 
(99.9% pure) provided by (PDH, Germany) was used 
as solvent in the monomers, polymers, and polymer 
nanocomposites synthesis. All of the chemicals and 
solvents mentioned were used without any more 
purification because they were all highly pure.

2.2. Instruments and measurements

To characterize and study the applications of the new 
synthesis polymers the following instruments were used 
as follows:

Fourier Transform Infrared (FT-IR) spectrophot-
ometer technique is used to analyze the functional 
groups present in final products, the (Perkin Elmer 
Precisely Spectrum 100) was used to record the 
infrared spectra. Each spectrum was in the 400– 
4000 cm−1 wavenumber range. The1H NMR spectra 
of the new polymers were obtained in using 
a Brucker ASCEND 850 MHz CRYO PROBE 4 
CHANNELS 1 H. The samples dissolved in deuterated 
Dimethyl sulfoxide DMSO-d6 Chemical shifts were 
related to that of the solvent. The X-Ray Diffraction 
(XRD) is a technique used to determine whether 
a material is crystalline or amorphous. The XRD of 
polymers was recorded using (XRD) D8 ADVANCE in 
the range 2θ between 5° and 80° at 40 kV voltage 
and 40 mA using Cu-Kα radiation. Scanning Electron 
Microscope (JSM-7610FPlus Schottky Field Emission) 
was used to know Surface morphology of materials. 
The thermal behavior of all polymers and polymer 
nanocomposites were evaluated by a Thermo- 
Gravimetric Analysis (TGA) and derivative thermal 
gravimetric (DTG) using a Shimadzu TG-50 H thermal 
analyzer at temperatures rising from air temp to 800 
°C and heating rate of 10 °C/min. Agilent-GPC 
Agilent Technologies in Germany was used to deter-
mine the molecular weight of the new polyazo-
methine polymers. G-1362A was the refractive 
index detector with 100-104-105 A◦ Altra-styragel 
columns connected in series. The eluent was THF 
at a flow rate of 1 mL min−1 and in the presence of 
reference polymer (PS polystyrene). The GPC equip-
ment was run under the following situations: flow 
rate = 2.000 mL min−1, injection volume = 100.000 µL, 
and sample concentration = 1.000 g L−1.
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2.3. Synthesis of PAZm/Py4-6 polymers

2.3.1. Monomer synthesis
The monomers were synthesized according to the fol-
lowing general procedure [59–61]:

In a suitable beaker, 0.01 mole of substituted aniline 
derivatives 1d-f were mixed with 10 ml concentrated 
hydrochloric acid (HCl) to dissolve, then the solutions 
were left to cool to 0–5 ºC in an ice bath. In another 
beaker, 0.01 mole of sodium nitrite (NaNO2) was dis-
solved in 3 ml of water. To form the diazonium salts of 
aniline derivatives the sodium nitrite solution was added 
dropwise to the solutions of aniline hydrochloride deri-
vatives with continuous stirring (in an ice bath). In the 
presence of 0.01 mole of sodium acetate, the clear solu-
tions of substituted diazonium salts were then added 
dropwise to solutions of 0.01 mole of malononitrile in 20  
ml of ethanol. The solutions were stirred for a further 4 h 
in an ice bath, then colored. The solid products were 
collected, and washed with cold water and crystallized 
from ethanol to give the derivatives 4d-f. The latter 
derivatives were cyclized as follow: To a solution of 
derivatives 4d-f (0.01mole) in ethanol (30 ml), hydrazine 
hydrate (0.5 g, 0.01 mole) was added and the whole 
solutions were refluxed for 5 h. After the reactions were 
completed through investigation with TLC test, the solid 
precipitated products were collected with filtration and 
crystallized from ethanol to afford the diaminopyrazole 
derivatives 5d-f.

2.3.1.1. Synthesis of 4-((4-chlorophenyl) diazenyl)-1  
H-pyrazole-3,5-diamine (d). The monomer (d) was 
prepared using the aniline derivative (4-chloroaniline) 
in the same way as the previous preparation, yielding 
(90%) as a yellow crystals, m.p. 267–270 °C. FT-IR: 3400– 
3100 cm−1 [NH, NH2 (3-NH2 and 5-NH2)], 1451 cm−1 

(N=N), 1604 cm−1 (C=N), 3050–3010 cm−1 

(=C-H aromatic), 1543 cm−1 and 1410 cm−1 (C=C). 821  
cm−1 (C-Cl).

2.3.1.2. Synthesis of 4-((2-chlorophenyl) diazenyl)-1  
H-pyrazole-3,5-diamine (e). The monomer (e) was 
prepared using the aniline derivative (2-chloroaniline) 
in the same way as the previous preparation, yielding 
(90%) as a yellow crystals, m.p. 267–270 °C. FT-IR: 
3400–3100 cm−1 [NH, NH2 (3-NH2 and 5-NH2)], 1607  
cm−1 (C=N), 3050–3010 cm−1 (=C-H aromatic), 1544  
cm−1 and 1458 cm−1 (C=C). 1460 cm−1 (N=N), 750  
cm−1 (C-Cl).

2.3.1.3. Synthesis of 4-((3-chlorophenyl) diazenyl)-1  
H-pyrazole-3,5-diamine (f). The monomer (f) was 
prepared using the aniline derivative (3-chloroaniline) 

in the same way as the previous preparation, yielding 
(90%) as a yellow crystals, m.p. 267–270 °C. FT-IR: 
3400–3100 cm−1 [NH, NH2 (3-NH2 and 5-NH2)], 1611  
cm−1 (C=N), 3050–3010 cm−1 (=C-H aromatic), 1560  
cm−1 and 1469 cm−1 (C=C). 1428 cm−1 (N=N), 786  
cm−1 (C-Cl).

2.3.2. Polymer synthesis
A mixture of terephthalaldehyde suspended in etha-
nol, a few drops of glacial acetic acid, and diamino-
pyrazole derivatives 5d-f dissolved in ethanol were 
added in a three-necked flask equipped with 
a condenser, dry nitrogen, and magnetic stir bar. At 
about 70–80°C, the stirring was continued for 8 h. 
Then by filtration, the polymer precipitated was iso-
lated and it was washed with hot ethanol and left to 
dry at room temperature.

2.3.2.1. PAZm/Py4. PAZm/Py4 was obtained by the 
polymerization of 1 mole of monomer d (0.78 g) 
with terephthalaldehyde (0.44 g) for 8 h. The polymer 
yield was 0.92 g (82%) as orange powder. FT-IR: 1627  
cm−1 (C=N), 2883 cm−1 (=C-H stretching of aliphatic), 
3263 cm−1 (N-H of pyrazole), 1480 cm−1 and 1602  
cm−1 (C=C of the aromatic), 3050 cm−1 

(C-H stretching of aromatic), 825 cm−1 (C-Cl). 
1H-NMR (DMSO-d6): δ10.2–10.6 (ss, 2 H, CH=N), δ 
12.8 (s, 1 H, N-H), δ 7.14–9.75 (8 H, aromatic protons 
overlapped).

2.3.2.2. PAZm/Py5. PAZm/Py5 was obtained by the 
polymerization of 1 mole of monomer e (1.18 g) with 1 
mole of terephthalaldehyde (0.67 g) for 8 h. The polymer 
yield was 1.42 g (85%) as red powder. FT-IR: 1634 cm−1 

(C=N), 2889 cm−1 (=C-H stretching of aliphatic), 3274  
cm−1 (N-H of pyrazole), 1456 cm−1 and 1602 cm−1 (C=C 
of the aromatic), 3051 cm−1 (C-H stretching of aromatic), 
737 cm−1 (C-Cl). 1H-NMR (DMSO-d6): δ10–10.5 (ss, 2 H, 
CH=N), δ 12.4 (s, 1 H, N-H), δ 7.10–9.46 (8 H, aromatic 
protons overlapped).

2.3.2.3. PAZm/Py6. PAZm/Py6 was obtained by the 
polymerization of 1 mole of monomer f (1.18 g) with 1 
mole of terephthalaldehyde (0.67 g) for 8 h. The polymer 
yield was 1.17 g (70%) as orange powder. FT-IR: 1630  
cm−1 (C=N), 2889 cm−1 (=C-H stretching of aliphatic), 
3284 cm−1 (N-H of pyrazole), 1467 cm−1 and 1605 cm−1 

(C=C of the aromatic), 3051 cm−1 (C-H stretching of aro-
matic), 773 cm−1 (C-Cl). 1H-NMR (DMSO-d6): δ10.1–10.3 
(ss, 2 H, CH=N), δ 12.2 (s, 1 H, N-H), δ 7.19–9.85 (8 H, 
aromatic protons overlapped).
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2.4. Fabrication of polymer nanocomposites  
PAZm/Py/ZnOa-c (5%)

The PAZm/Py/ZnOa-c nanocomposites were fabri-
cated by using the same synthesis technique with 
the assistance of ultrasonics throughout the follow-
ing procedures: 1 mole of diaminopyrazole deriva-
tives 5d-f and 5% loading Zinc oxide nanoparticles 
(ZnONPs) was dissolved in suitable amount of etha-
nol using ultrasonicator for 10 min at 60℃. Then 1 
mole of terephthalaldehyde was added in the pre-
sence few drops of glacial acetic acid. In a three- 
necked flask equipped with a condenser inside 
a system saturated with dry nitrogen, inlet and out-
let, the previous reaction mixture was heated under 
a magnetic stirrer for 8 hours at 70–80 ℃. Then by 
filtration, the polymer precipitated was isolated and 
it was washed with hot ethanol then left to dry at 
room temperature. The polymer nanocomposites are 
presented in Table 1.

2.4.1. PAZm/Py/ZnOa nanocomposites
PAZm/Py/ZnOa nanocomposites was fabricated in the 
presence of 1 mole (1.18 g) of monomer e with 1 mole 
(0.67 g) of terephthalaldehyde by adding 5% (0.071 g) 
ZnONPs as the same procedure previously discussed. FT- 
IR: 1610 cm−1 (C=N), 2934 cm−1 (=C-H stretching of ali-
phatic), 3240 cm−1 (N-H of pyrazole), 1461 cm−1 and 1558  
cm−1 (C=C of the aromatic), 3063 cm−1 (C-H stretching of 
aromatic), 751 cm−1 (C-Cl), 500–800 cm−1 (Zn-O).

2.4.2. PAZm/Py/ZnOb nanocomposites
PAZm/Py/ZnOb nanocomposites was fabricated in 
the presence of 1 mole (0.59 g) of monomer f with 
1 mole (0.33 g) of terephthalaldehyde by adding 5% 
(0.058 g) ZnONPs as the same procedure previously 
discussed. FT-IR: 1607 cm−1 (C=N), 2889 cm−1 

(=C-H stretching of aliphatic), 3284 cm−1 (N-H of pyr-
azole), 1467 cm−1 and 1605 cm−1 (C=C of the aro-
matic), 3051 cm−1 (C-H stretching of aromatic), 783  
cm−1 (C-Cl), 500–800 cm−1 (Zn-O).

2.4.3. PAZm/Py/ZnOc nanocomposites
PAZm/Py/ZnOc nanocomposites was fabricated in the 
presence of 1 mole (0.78 g) of monomer c with 1 mole 
(0.44 g) of terephthalaldehyde by adding 5% (0.046 g) 
ZnONPs as the same procedure previously discussed. FT- 

IR: 1627 cm−1 (C=N), 2884 cm−1 (=C-H stretching of ali-
phatic), 3261 cm−1 (N-H of pyrazole), 1477 cm−1 and 1602  
cm−1 (C=C of the aromatic), 3050 cm−1 (C-H stretching of 
aromatic), 800 cm−1 (C-Cl), 500–800 cm−1 (Zn-O).

2.5. Characterization techniques

2.5.1. Viscosity measurements
The inherent viscosities of these new polyazomethine poly-
mers were determined in DMSO at 35°C with an 
Ubbelohde suspended-level viscometer. The value is 
defined as:

Where C represents the mass concentration of the 
polymer (g/dL) and ηrel is the relative viscosity, 
which is defined as ηrel = η/ηo where η is the viscosity 
of the solution and ηo is the viscosity of the solvent. 
Solution concentrations were 0.5 g/100 mL and the 
viscosity ratio is η/ηo.

2.5.2. Solubility
The solubility of these new polyazomethine polymers 
was evaluated under the same conditions with var-
ious solvents. 5 mg of each polymer was dissolved in 
1 mL of the desired solvent. The solvents that were 
used included: dimethyl sulfoxide (DMSO), acetone, 
formic acid, concentrated H2SO4, dichloromethane 
(DCM), tetrahydrofuran (THF), and dimethylforma-
mide (DMF).

2.5.3. Thermal analyses
Thermogravimetric analysis (TGA), and differential ther-
mogravimetric (DTG), were carried out using a Shimadzu 
TG-50 H thermal analyzer at temperatures rising from air 
temp to 800 °C and a heating rate of 10 °C/min under 
a nitrogen atmosphere

2.5.4. Molecular weight determination
Gel permeation chromatography (GPC) was the original 
technique used to determine the molecular weight. GPC 
measurements of the new polyazomethine polymers 
were possessed through Agilent-GPC Agilent 
Technologies in Germany. G-1362A was the refractive 
index detector with 100-104-105 A◦ Altra-styragel col-
umns connected in series. The eluent was THF at a flow 
rate of 1 mL min−1 and in the presence of reference 

Table 1. Polymer nanocomposites codes and reaction mixture.
Code ZnONPs (%) Reaction mixture

PAZm/Py/ZnOa 5 4-((2-chlorophenyl) diazenyl)-1H-pyrazole-3,5-diamine + terephthalaldehyde
PAZm/Py/ZnOb 5 4-((3-chlorophenyl) diazenyl)-1H-pyrazole-3,5-diamine + terephthalaldehyde
PAZm/Py/ZnOc 5 4-((4-chlorophenyl) diazenyl)-1H-pyrazole-3,5-diamine + terephthalaldehyde
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polymer (PS polystyrene). The GPC equipment was run 
under the following situations: flow rate = 2.000 mL 
min−1, injection volume = 100.000 µL, and sample con-
centration = 1.000 g L−1.

2.5.5. X-Ray diffraction (XRD)
The XRD of polymers and their nanocomposites was 
recorded using (XRD) D8 ADVANCE in the range 2θ 
between 5° and 80° at 40 kV voltage and 40 mA using 
Cu-Kα radiation.

2.6. Antimicrobial activity

2.6.1. Antimicrobial screening for PAZm/Py4–6 

polymers
From 48-hour-old cultures grown on nutrient agar in 
sterile water, a cell suspension of each bacterial strain 
was made [62,63]. One milliliter of the cell suspension 
was added to a Petri dish (9 cm in diameter); then 15 mL 
of NA was poured onto the plate. The inoculum was 
homogenized by a light shake of the plate. An 
Ampicillin solution was used as a reference drug and 
was impregnated with solutions of the tested 
PAZm/Py4–6 polymers (0.1 and 0.05 mg/mL in DMSO) 
on sterile 5-mm filter paper discs (Whatman). As 
a control, additional discs were impregnated with the 
solvent (DMSO). After drying for 1 hour, the impregnated 
discs were placed in the middle of each plate. The 
seeded plates were incubated for 24–48 hours at 25 ± 3 
°C. The triplicate sets’ inhibition zone radii (in milli-
meters) were measured; the results are shown in Table 6.

From a culture of the test fungi growing on potato 
dextrose agar or sabouraud agar media (SDA) that was 2 
to 5 days old, a spore suspension in sterile water was 
prepared [62,63]. The final spore concentration was 5 ×  
105 spores/mL. A sterile Petri dish measuring 9 cm in 
diameter was filled with approximately 15 mL of the 
growth medium, and 1 mL of the spore suspension was 
added for inoculation. The inoculum was homogenized 
by a light shake of the plate. Using the conventional agar 
disc diffusion method, the antifungal activity of the 
PAZm/Py4–6 polymers was evaluated as follows: 
Dermatin was used as a reference drug and was impreg-
nated with solutions of the test polymers (0.1 or 0.05  
mg/mL in DMSO) on sterile 5-mm filter paper discs 
(Whatman). Additionally, other discs that served as con-
trols were impregnated with the solvent (DMSO). After 
drying for 1 hour, the impregnated discs were placed in 
the middle of each plate. The seeded plates were incu-
bated at 25 ± 3 °C for 5 days. Throughout the incubation 
period, successive measurements of the inhibition zone 
radii (in millimeters) were taken. Triplicate sets were 

applied for each treatment, and the results are shown 
in Table 6.

2.6.2. Antimicrobial activity for PAZm/Py/ZnOa-c 

nanocomposites
The antimicrobial activities of the newly fabricated nano-
composites were evaluated using the agar diffusion 
method with various bacterial and fungal species, 
including the Staphylococcus aureus (ATCC 29,213) and 
Bacillus Cereus (ATCC 14,579) as selected Gram-positive 
bacteria strains, Escherichia coli (ATCC 35,218) and 
Serratia marcescens (ATCC 21,074) as selected Gram- 
negative bacteria strains, and Aspergillus flavus (ATCC 
9643) and Candida albicans (ATCC 76,615) as selected 
fungi. All organisms were obtained from microbiology 
lab, National Research Center, Cairo. Previous literature 
has described the method used to evaluate the new 
nanocomposites’ antimicrobial effectiveness [64]. 
Briefly, a 90 mm Petri dish was filled with 25 mL of 
Muller-Hinton agar; 200 μL of bacterial cultures were 
autoclaved for 25 min and then spread on the surface 
of the agar plates using sterile swabs. The targeted 
materials were cut into 6 mm diameter disk specimens. 
The discs were washed with distilled water and disin-
fected at 120°C/20 min. The discs were then placed on 
the surface of the media. Finally, the Petri dishes were 
incubated at 30 °C for 24–48 h. The results of measuring 
the growth inhibition zone’s size are shown in Table 6.

3. Results and discussion

3.1. Syntheses of monomers and PAZm/Py4–6 

polymers

The syntheses of monomers are shown in Figure 1. 
Sodium nitrite solution was added to the solutions of 
aniline hydrochloride derivatives to form the diazonium 
salts of aniline derivatives. The appropriate arylamines 
are diazotized, then condensed with malononitrile, 
yielded the precursor hydrazones 4. The latter deriva-
tives were cyclized with hydrazine hydrate to obtain 
diaminopyrazole derivatives 5 [59–61]. The melting 
points for the synthesized monomers have been mea-
sured and the result was in agreement with litera-
ture [59]. 

Moreover, and as shown in Figure 2, by using the 
polycondensation reaction under a nitrogen atmo-
sphere, the interaction between terephthalaldehyde 
and diaminopyrazole derivatives (d-f) in absolute etha-
nol and the presence of a few drops of glacial acetic acid 
resulted in the formation of a novel series of polyazo-
methine containing a pyrazole moiety in the polymer 
backbone.
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Figure 1. Synthesis of monomers.

Figure 2. Synthesis of PAZm/Py4–6.

Figure 3. FT-IR spectra for (a) monomers (5d-f) and (b) PAZm/Py4–6.
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FT-IR analysis was used to characterize the mono-
mers, and the results are discussed in the experimental 
section, which confirmed the expected structures as 
displayed in Figure 3(a).

The chemical structure of these new polymers was 
examined by FT-IR and1HNMR analysis is presented in 
the experimental section. The characterization of the 
resultant PAZm/Py4–6 structure was done by using FT- 
IR analysis and is presented in Figure 3(b). The peak of 
absorption visible at 1627–1634 cm−1 indicates azo-
methine (HC=N) stretching vibrations, that confirmed 
the formation of the azomethine linkage [65]. As 
a result of the change in the location of C – Cl in the 
aromatic structure, a C – Cl peak was observed in 
PAZm/Py5 at 737 cm−1, while in PAZm/Py6 it was 
observed at 773 cm−1 and in PAZm/Py4 at 802 cm−1. 
The perception found in the FT-IR spectra indicates that 
PAZm/Py4–6 was synthesized successfully.

Different standard characterization tools, such as 
solubility tests, GPC molecular weight determinations, 
XRD analysis, thermal properties, and SEM, were used 
to characterize the new polyazomethine derivatives as 
following:

The solubility of these new polyazomethine polymers 
was evaluated under the same conditions with various 
solvents. 5 mg of each polymer was dissolved in 1 ml of 
the desired solvent. The solvents that were used 
included dimethyl sulfoxide (DMSO), acetone, formic 
acid, concentrated H2SO4, dichloromethane (DCM), tet-
rahydrofuran (THF), and dimethylformamide (DMF). The 
inherent viscosities of these new polyazomethines were 
determined by using an Ubbelohde suspended-level 
viscometer in DMSO at 35°C. Table 2 provides a list of 
the results. From the data presented, at room tempera-
ture, all the PAZm/Py4–6 were completely soluble in the 

following solvents: concentrated H2SO4, Formic acid, 
DMF, DMSO, and THF, while they were completely inso-
luble in both Acetone and DCM.

The average molecular weights of the synthesized 
polyazomethines are displayed in Table 3 PAZm/Py6 

showed a molecular weight with a weight-average of 
26,278.16, which was a result of repeating Pw ⁓ 79 units. 
While PAZm/Py5 gave an Mw of 25,628.48, Pw= ⁓ 77, 
and PAZm/Py4 gave an Mw of 28,939.07, Pw= ⁓ 87, the 
PDI of PAZm/Py 4,5, and 6 was 1.13, 1.12, and 1.19, 
respectively. Furthermore, the inherent viscosities of 
these new polyazomethine polymers were determined 
by using an Ubbelohde suspended-level viscometer in 
DMSO at 35°C. As shown in Table 3, the viscosity of 
PAZm/Py4 was the highest (1.23 dL/g). This could be 
due to the polymer’s high molecular weight. The ηinh of 
PAZm/Py6 and PAZm/Py5 was 1.19 dL/g and 1.08 dL/g, 
respectively. All polymers had nearly similar ηinh values 
since their average molecular weights were likely similar. 
The results of the viscosity measurements were matched 
with the GPC data.

PAZm/Py4–6 were studied at room temperature using 
XRD to obtain information about their crystallinity over 
the 2θ range of 5°–80°. The nature of PAZm/Py4–6 was 
shown in Figure 4. The measurements give several sharp 
peaks with different intensities at 2θ = 9.9°, 10.8°, 13.9°, 
14.6°, 17.5°, 18.5°, 20.4°, 21.2°, 22.6°, 23.3°, 25.1°, and 
27.9° for all polymers. The investigated polymers 
showed normal crystalline structures.

The thermal behavior of PAZm/Py4–6 was carried out 
by TGA at temperatures ranging from air temperature to 
800°C under a nitrogen atmosphere. As outlined in 
Figure 5(a), PAZm/Py4–6 thermographs showed the 
same decomposition pattern. Thermal data showed 
that the polymers were remarkably thermally stable up 

Table 2. Solubility characteristics of PAZm/Py4–6.

Materials DMF DMSO THF Acetone DCM Sulfuric acid
Formic 

acid ηinh (dL/g)

PAZm/Py4 ++ ++ ++ − − ++ ++ 1.23
PAZm/Py5 ++ ++ ++ − − ++ ++ 1.08
PAZm/Py6 ++ ++ ++ − − ++ ++ 1.19

++ Soluble at room temperature. 
+ Partially soluble. 
− Insoluble.

Table 3. The GPC results for PAZm/Py4–6.

Materials M. formula

GPC results
aMw bMn cPw PDI

PAZm-Py5 (C17H11ClN6) n 25628.48 22793.81 ⁓ 77 1.12
PAZm-Py6 (C17H11ClN6) n 26278.16 21998.73 ⁓ 79 1.19
PAZm-Py4 (C17H11ClN6) n 28939.07 25538.93 ⁓ 87 1.13

aWeight-average molecular weight. 
bNumber-average molecular weight. 
cAverage number of repeating units.
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to 800 °C. Polymer decomposition was a three-step pro-
cess. The first step was between 31°C and 249°C. There 
was an overlap between the second and third steps of 
degradation between ⁓ 290 and 630°C. The rate of 
degradation is slightly faster than in the first. The IDT 
was the temperature at which decomposition could 
initiate. The initial decomposition temperatures of all of 
the prepared PAZM/Py4–6 appeared to be 10% weight 
loss percentage temperatures (T10). They were in the 
range of 276–331°C.

As a result, the information in Table 4 indicates that 
the thermal stabilities of PAZm/Py4–6 (at 10%) were in 
the order: PAZm/Py4 ˃ PAZm/Py5 ˃ PAZm/Py6. The T50 

value is one of the most important criteria for determin-
ing a polymer’s relative thermal stability. The T50 values 
of the PAZm/Py4–6 were discovered after the examina-
tion of the data. They were in the 519–583 °C range. The 
weight loss of the PAZm/Py (4, 5, and 6) at 800 °C was 
67%, 95%, and 86%, respectively, which indicates the 
thermal stability of these polymers.

Moreover, the PDTmax values which represent the 
maximum degradation temperature that may occur for 
each polymer. PDTmax values were determined from the 
corresponding DTG curves as illustrated in Figure 5(b) 
and the estimated valued were listed as shown in 

Table 4. PAZm/Py4 polymer shows the higher PDTmax 

value while PAZm/Py5 polymer shows the lowest value
Surface morphologies of the synthesized PAZm/Py5 and 

PAZm/Py6 are displayed in Figure 6 and interpreted by SEM 
analysis at different magnitudes. According to SEM photo-
graphs of PAZm/Py6 in Figure 6(a,b), it can be observed 
that aggregated particles (sponge like structure) with a few 
small round species at magnifications of (a, b X = 12000, 
c X = 24000). The SEM image of PAZm/Py5 can be seen in 
Figure 6(c-e). We can observe a merged globular particle in 
the range of 631,4 nm to 987.2 nm at a magnification of X  
= (15000, 30000, 60000) c, d, and e, respectively.

3.2. Fabrication PAZm/Py/ZnOa-c nanocomposites

A new set of composite materials containing polyazo-
methine and 5% of zinc oxide nanoparticles in the form 
of PAZm/Py/ZnOa-c were successfully synthesized 
through the polycondensation polymerization method. 
The polymerization reactions are the same as the poly-
merization procedures for pure polyazomethine. The 
fabrication process is based chiefly on diaminopyrazole 
derivatives (5a-c) and terephthalaldehyde in the pre-
sence of a 5% loading of ZnO NPs. The synthetic route 
for synthesizing the PAZm/Py/ZnOa-c nanocomposites is 

Figure 4. X-ray diffraction charts of the polymers.
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demonstrated in Figure 7. The chemical structure of 
these new polymer nanocomposites was gained using 
FT-IR spectroscopy as explained in the experimental 
section and presented in Figure 8(a). The absorption 
bands of PAZm/Py/ZnOa-c nanocomposites are clearly 
observed to be the same as those of pure PAZm/Py, 
but the spectrum of pure polyazomethine changes 
slightly after the immersion of ZnO NPs into the PAZm/ 
Py polymer matrix. The peak of absorption visible at 
1604–1626 cm−1 indicates to the azomethine (HC=N) 
stretching vibrations. The absence of (NH2) and (C=O) 
peaks suggests the predicted azomethine compound. 
The presence of metal-oxygen (Zn-O) causes short 
peaks between 500–800 cm−1 [66,67]. 

The XRD pattern was recorded using (XRD) D8 
ADVANCE in the range of 2θ between 5° and 80° and 
at room temperature. The XRD patterns of 
PAZm/Py/ZnOa-c nanocomposites are shown in 

Figure 8(b), which confirms the synthesis of 
PAZm/Py/ZnOa-c nanocomposites. As mentioned earlier, 
the pure polymer has a crystalline nature where it shows 
all peaks correspond to the pure polymer. Moreover, the 
XRD pattern of PAZm/Py/ZnOa-c shows diffraction peaks 
at 2θ = 31.74° (100), 34.46° (002), 36.28° (101), 47.81° 
(102), 56.70° (110), 62.92° (103), 67.88° (112), and 69.14 
(202) corresponding to zinc oxide nanoparticles as men-
tioned in a previous study [68]. This indicates a good 
merging of ZnONPs into the matrix of polymers.

The thermal properties of PAZm/Py/ZnOa-c were 
examined using TGA and DTG under a nitrogen atmo-
sphere at a heating rate of 10 °C per minute. All thermo-
gravimetric (TG) curves are shown in Figure 9(a), and 
they all show the same pattern of decomposition and 
a small weight loss that nearly stops before 125 °C. This 
behavior is caused by the removal of moisture and 
attached solvents.

Figure 5a. TGA curves of PAZm/Py4–6.

Table 4. Thermal properties of PAZm/Py4–6.

Polymers

Temperature (°C) for different percentage decompositions b

PDTmax
a (°C) 10 % 20 % 30 % 40 % 50 %

PAZm/Py4 350.29 331 336 337 372 519
PAZm/Py5 277.72 285 315 402 508 583
PAZm/Py6 300.81 276 313 404 492 554

aThe values were determined from DTG curves. 
bThe values were determined by TGA at 10°C per min heating rate.
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As shown in Table 5, the T10-T50 values represent the 
temperatures for variable percent weight losses of 10%, 
20%, 30%, 40%, and 50%. The degradation of polymer 
nanocomposites occurs mainly in a three-step process. 
The first step was between 125°C and 241°C. There was 
an overlap between the second and third steps of degra-
dation. A closer examination of the TG curves reveals 
that the fast degradation step in all samples begins in all 
samples at temperatures above 300 °C. This confirms 
that these materials are thermally stable up to high 
temperatures. These products begin to decompose 
a few degrees before T10 occurs. As a result, the informa-
tion in Table 5 indicates that the thermal stabilities of 
PAZm/Py/ZnOa-c (at 10% weigh losses) were in the order: 
PAZm/Py/ZnOb = PAZm/Py/ZnOc ˃ PAZm/Py/ZnOa. After 
analyzing the data, the T50 values of the PAZm/Py/ZnOa-c 

were discovered to be in the range of 491–641 °C. The 
fabricated PAZm/Py/ZnO (a, b, and c) lost weight at 800 
°C at a rate of 74%, 68%, and 75%, respectively. 
Compared to the pure polymer, the residue of the sam-
ple increased for both a and b, and this indicates 
a thermal improvement after adding the filler.

On the other hand, the composite maximum decom-
position temperature is illustrated as CDTmax which is 
referring to the temperature at which the decomposi-
tion reaches to the maximum stage. These values are 
listed in Table 5 and were examined from the 

corresponding DTG curves for the designed composite 
materials (Figure 9(b)). The CDTmax values display 
a significant change to lower level compared to the 
investigated valued for the pure polymers. This is mainly 
attributed to the presence of ZnO reinforced 
nanoparticles

The morphological properties of PAZm/Py/ZnO 
nanocomposites were measured by SEM, EDX, and 
TEM images. The surface morphologies of the synthe-
sized PAZm/Py/ZnOa nanocomposites and 
PAZm/Py/ZnOb nanocomposites were interpreted by 
SEM analysis at different magnitudes as displayed in 
Figure 10. According to SEM photographs of 
PAZm/Py/ZnOa in Figure 10(a,b), in addition to the 
aggregated particles of the pure polymer (sponge- 
like structure) and a few small round species, the 
nanoparticles were spherical to sub-spherical in 
shape, as shown in the SEM image with an excellent 
and uneven distribution of ZnO NPs at magnifications 
of (a, X = 50,000; b, X = 100,000). The SEM image of 
PAZm/Py/ZnOb can be seen in Figure 10(c,d) at 
a magnification of X = 50,000 and 100,000, respec-
tively. Polyazomethine and ZnO nanoparticles show 
merged globular and sub-spherical shapes with an 
agglomeration of ZnO nanoparticles in some 
restricted areas on the surface of polyazomethine. 
The EDX investigation of the synthesized 

Figure 5b. DTG curves of PAZm/Py4–6.
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PAZm/Py/ZnOb showed the occurrence of carbon, 
oxygen, and zinc.Figure 11(a) shows the EDX diagram 
of elements, representing a signal from C (carbon), 
O (oxygen) and Zn (zinc). Similar peaks were reported 
in previous studies [67,68], which clearly confirms the 
presence of ZnO NPs in the polymer. Figure 11(b-d) 

shows the distribution combinability of C, O, and Zn 
in the sample.

The TEM images of PAZm/Py/ZnOa are displayed in 
Figure 12(a,b). This figure shows the spherical ZnO nano-
particles dispersed around polyazomethine. While the 
TEM images of PAZm/Py/ZnOb are displayed in 

Figure 6. SEM images of PAZm/Py6 magnifications (a, X=12000 b, X= 24000), PAZm/Py5 magnification (c, X=15000 d, X=30,000 e, 
X=60,000).
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Figure 12(c,d), the spherical ZnO nanoparticles dispersed 
in polyazomethine are shown in this figure with no 
agglomeration or concentration in any particular area.

3.3. Antimicrobial activity of PAZm/Py4–6 and 
PAZm/Py/ZnOa-c

The antimicrobial activity of all the synthesized 
PAZm/Py4–6 and PAZm/Py/ZnOa-c nanocomposites was 
done as described in the experimental section [62–64]. 
The antimicrobial activity of polymers and polymer 
nanocomposites was tested against some selected bac-
teria and fungi, including Staphylococcus aureus and 

Bacillus subtilis as selected Gram-positive bacteria, 
Escherichia coli and Serratia marcescens as selected 
Gram-negative bacteria, and Aspergillus flavus and 
Candida albicans as selected fungi. The inhibition area 
was introduced in mm and all antimicrobial results have 
been listed in Table 6.

The results revealed that all tested compounds were 
found to be effective against the gram-negative bacteria 
E. coli with a zone of inhibition ranging between 2 mm and 
14 mm, while the effect against S. marcescens was ranging 
between 3 mm and 13 mm. On the basis of the maximum 
inhibitory effect, the synthesized polymer PAZm/Py/ZnOc 

shows the highest activity against the two types of gram- 
negative bacteria. On the other hand, most tested 

Figure 7. Fabrication of PAZm/Py/ZnOa-c.
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Figure 8a. FT-IR spectra of PAZm/Py/ZnOa-c.

Figure 8b. X-ray diffraction charts of PAZm/Py/ZnOa-c.
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Figure 9a. TGA curves of PAZm/Py/ZnOa-c.

Figure 9b. DTG curves of PAZm/Py/ZnOa-c.
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compounds were found to be variable effective against the 
gram-positive bacteria except PAZm/Py5 and PAZm/Py6 

which do not exhibit any activity. As for the effectiveness 
of synthesized PAZm/Py4–6 and PAZm/Py/ZnOa-c nano-
composites against the selected fungi, all prepared com-
pounds showed activity against A. flavus with a 2 mm to 10  
mm zone of inhibition, while they did not show any 

antifungal activity against C. albicans except PAZm/Py4 and 
PAZm/Py/ZnOc, which showed an antifungal effect with 
a zone of inhibition of 11 mm for both of them. The anti-
microbial activity diagrams of PAZm/Py4–6 polymers and 
PAZm/Py/ZnOa-c nanocomposites against the selected 
Gram-positive, Gram-negative bacteria and fungi have 
been illustrated in Figure 13.

Figure 10. SEM micrographs for PAZm/Py/ZnOa (a,b) magnifications (x=50,000, 100,000), PAZm/Py/ZnOb (c,d) magnification (X= 
50000 and 100,000).

Table 5. Thermal properties of PAZm/Py/ZnOa-c.

Materials

Temperature (°C) for different percentage decompositionsb

CDTmax
a (°C) T10 T20 T30 T40 T50 %Residual

PAZm/Py/ZnOa 236 238 256 386 462 539 26%
PAZm/Py/ZnOb 309 277 345 430 520 641 32%
PAZm/Py/ZnOc 280 277 285 302 390 491 25%

aThe values were determined from DTG curves. 
bThe values were determined by TGA at 10°C per min heating rate.
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Figure 11. (a) EDX spectrum of PAZmPy/ZnOb, and (b-d) their corresponding elemental EDX mapping images.

Figure 12. TEM micrographs for PAZmPy/ZnOa (a,b),PAZm/Py/ZnOb (c,d).
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4. Conclusion

A new group polyazomethine based on the pyrazole moi-
ety and containing Cl substitution in the different positions 
(ortho, meta, and para) was synthesized using the polycon-
densation technique. The polycondensation technique, 
with the help of ultrasonic assistance, was then used to 
create polymer nanocomposites of these polymers with 
a 5% loading of ZnO nanoparticles. The resulting polymers 
were given the abbreviation PAZm/Py4–6, and the polymer 
nanocomposites of these polymers were made in the form 
of PAZm/Py/ZnOa-c. The produced polymer and its nano-
composites were identified by IR spectroscopy. GPC analy-
sis and solubility tests were used to investigate the 
polymers. Additionally, TGA, XRD, and SEM were used to 
characterize both the polymer and its nanocomposites. The 
XRD results show that the investigated polymers showed 
normal crystalline structures and the XRD images of nano-
composites indicates a good merging of ZnONPs into the 
matrix of polymers. The Incorporating the ZnONPs into 
polyazomethine matrix relatively improved the thermal 
stability. The antimicrobial activity of polymers and polymer 
nanocomposites was tested against some selected bacteria 

and fungi. The results revealed that all tested compounds 
were found to be effective against the gram-negative bac-
teria E. coli and S. marcescens. The synthesized polymer 
PAZm/Py/ZnOc shows the highest activity against the two 
types of gram-negative bacteria. Most tested compounds 
were found to be effective against gram-positive bacteria 
except PAZm/Py5 and PAZm/Py6, which do not exhibit any 
activity. As for the effectiveness of synthesized PAZm/Py4–6 

and PAZm/Py/ZnOa-c nanocomposites against the selected 
fungi, all prepared compounds showed activity against 
A. flavus, while they did not show any antifungal activity 
against C. albicans except PAZm/Py4 and PAZm/Py/ZnOc.
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Figure 13. Antimicrobial activity diagram of PAZm/Py4–6 polymers (a) and PAZm/Py/ZnOa-c nanocomposites (b) against the selected 
gram positive, gram negative bacteria and fungi.

Table 6. Antimicrobial activity of PAZm/Py4–6 polymers and PAZm/Py/ZnOa-c nanocomposites.

Code

Bacterial species and fungi/Inhibition zone (mm)

E. coli S. marcescens B. subtilis S. aureus C. albicans A. flavus

PAZm/Py4 12 12 4 6 11 9
PAZm/Py5 2 3 - - - 2
PAZm/Py6 6 4 - - - 3
PAZm/Py/ZnOa 3 5 1 2 - 2
PAZm/Py/ZnOb 7 6 1 3 - 4
PAZm/Py/ZnOc 14 13 6 8 11 10
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