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ABSTRACT

Some new metal complexes of Co(ll), Ni(Il), Cu(ll) and Zn(Il) with Schiff base derived from 4-amino-
3-mercapto-6-methyl-5-0x0-1,2,4-triazine with 3-(p-chlorophenyl)-1-phenyl-1H-pyrazole carboxal-
dehyde were synthesized and characterized by elemental analysis, spectroscopic techniques ( IR, *H-
NMR, Electronic, Fluorescence, ESR ), cyclic voltammetry, magnetic moment measurements, thermal
studies and kinetic calculations. With the help of above mentioned techniques an octahedral geometry
for Co(ll), Ni(ll) and Zn(ll) complexes and a square planar geometry of Cu(ll) complexes have been
proposed. Conductance measurements suggest non-electrolytic nature of metal complexes. The ligand
and its metal complexes were screened in vitro for antibacterial and antifungal activities. Also, in
vitro antioxidant activity of ligand and its metal complexes was assayed by radical scavenging
activity (DPPH).
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INTRODUCTION

The pyrazole motif makes up the middle shape of several biologically energetic compounds.
Pyrazoles are significant medicinal scaffolds and show a full spectrum of biological importance [1, 2].
Many substituted pyrazole derivatives are recognized to possess a wide range of biological activities
like antimicrobial, anti-inflammatory, antitubercular etc [3-5]. There are many pyrazole derivatives
which are evolved through linking pyrimidine, carboxyhydrazide molecules with pyrazole moiety and
are especially effective towards lungs cellular carcinoma [6, 7].

On the other hand, triazine derivatives have obtained full attention because of their mighty
organic interest which includes anticancer [8], antivirals [9]. It has been suggested that triazine
derivatives possess strong antimicrobial activity [10]. There are many N, S donor triazines whose
activity may be greatly enhanced by using the presence of extra donor sites and a diffusion of
coordination modes can be proven via these systems. Potential ligands can be formed by attaching
different triazines with aldehyde compounds having a heterocyclic moiety. When such bioinorganic
molecules are bonded to metal ions, it has been observed that there is drastic modification in their
pharmacological properties such as 3d metal complexes of some Schiff bases play important role in
liquid crystal study [11], in biological field like antimicrobial, antifungal and antibacterial agents [12,
13]. Many Zn(Il) metal complexes of Schiff bases are known as fluorescent materials, sensors and
also possess biological importance [14]. Keeping in mind the biological and medicinal importance of
triazines, pyrazoles and their compatibility with metal ions, we consider it essential to join the
properties of both moieties with metals, in order to design new Schiff base metal complexes.
Considering the forgoing facts and our continuous work on triazine based metal complexes, herein we
report synthesis, spectral characterization, thermal and magnetic studies, antioxidant and biological
importance of 4-[{3-(4-chlorophenyl)-1-phenyl-1H-pyrazole-4-ylmethylene}-amino]-3-mercapto-6-
methyl-5-0x0-1,2,4-triazine and its metal complexes with cobalt, nickel, copper and zinc metal ions.

MATERIALS AND METHODS

All chemicals were of analytical grade and were used without any further purification. Elemental
analyses (C, H and N) were performed on a Thermo Scientific (Flash 2000) CHN Elemental
Analyzer. IR spectra of the ligand and its metal complexes were recorded on a MB 3000 ABB
Spectrophotometer in KBr pellets. Far IR (700-30 cm™) spectra of the metal complexes were recorded
on a Perkin Elmer Spectrophotometer at SAIF PU, Chandigarh. The molar conductance measure-
ments were made using Alico conductivity meter with a dip type cell (cell constant = 1 cm™) using
approximately 10 M solutions of the complexes in DMF. *H-NMR spectra of ligand and its Zn(I1)
chelates were recorded in DMSO on a BRUKER 400 MHz spectrometer using “tetramethylsilane” as
internal reference. Fluorescence spectra were obtained on SHIMADZU RF-5301 PC spectro-
fluorometer. The UV-Visible absorption spectra of metal complexes were recorded in DMSO on T 90
(PG Instruments Ltd.) UV-Vis spectrometer in the region 900-190 nm. Magnetic moments were
measured using mercury (tetrathiocyanato) cobaltate as the standard on Vibrating Sample
Magnetometer at the Institute Instrumentation Centre, IIT Roorkee. Thermal analysis of metal
complexes were carried out in nitrogen atmosphere over the temperature range 40-800°C on the
Perkin Elmer (Pyris Diamond) instrument at a heating rate of 10°C min™ by using alumina as
reference. X-Band ESR spectra of Cu complexes were obtained under the magnetic field 0.3 Tesla at
frequency 9.1 GHz by using Varian E-112 ESR spectrometer at SAIF, IIT Bombay. Ivium Stat
Electrochemical Analyzer was used to record the cyclic voltammetry measurements of Cu(ll)
complexes using TBAP as a supporting electrolyte. Gravimetric analyses were performed to find the
metal contents in metal complexes; cobalt was estimated as cobalt pyridine thiocyanate, nickel as
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nickel dimethylglyoximate, copper as cuprous thiocyanate and zinc as zinc ammonium phosphate
[15].

Synthesis
Synthesis of Ligand: 3-(p-chlorophenyl)-1-phenyl-1H-pyrazolecarboxaldehyde [16] and 4-amino-3-
mercapto-6-methyl-5-oxo-1, 2, 4-triazine (AMMOT) were synthesized using reported method [17].

(4-[{3-(4-chlorophenyl)-1-phenyl-1H-pyrazol-4-ylmethylene}-amino]-3-mercapto-6-methyl-5-
oxo -1,2,4-triazine (HL) (Scheme 1): To 20 ml hot ethanolic solution of 4-amino-3-mercapto-6-
methyl-5-o0x0-1,2,4-triazine (0.57 g, 3.6 mmol), 20 ml ethanolic solution of 3-(p-chlorophenyl)-1-
phenyl-1H-pyrazolecarboxaldehyde (1.02 g, 3.6 mmol) was added with constant stirring and then
refluxed for 5 hours. After cooling, cream color product was separated out. It was washed with cooled
ethanol, recrystallized from same solvent and then dried. CyH3sCINgOS, Calcd. C; 56.80% (found
56.34%), H; 3.57% (found 3.19%), N; 19.89% (found 19.90%). Color: Cream, Yield: 90%.
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Scheme 1. Synthesis of Schiff Base i.e. (4-[{3-(4-chlorophenyl)-1-phenyl-1H-
pyrazol-4-ylmethylene}-amino]-3-mercapto-6-methyl-5-oxo-1, 2, 4-triazine (HL).

Synthesis of Metal Complexes

Synthesis of 1:1 metal complexes of HL: To a solution of Schiff base (HL) (0.2 g, 0.47 mmol) in
ethanol (20 ml), ethanolic solutions of acetates of Co(ll) (0.118 g, 0.47 mmol), Ni(ll) (0.118 g, 0.47
mmol), Cu(ll) (0.094 g, 0.47 mmol) and Zn(ll) (0.104 g, 0.47 mmol) were added separately and
refluxed for an hour on a magnetic stirrer with heating. The colored amorphous compounds were
filtered off, washed with ethanol, followed by acetone and dried in desiccator over anhydrous calcium
chloride.

Co(L)OAC.3H,0: C5Hx»CINgO6SCo, Calcd. C; 44.49% (found 44.31%), H; 3.91% (found 3.58%), N;
14.15% (found 14.10%), Co; 9.93% (found 9.18%). Color: Brown, Yield: 76%, A, (Scm’mol™):
45.34,

Ni(L)OACc.3H,0: C,H2CINgO6SNi, Calcd. C; 44.50% (found 44.36%), H; 3.88% (found 3.58%), N;
14.16% (found 14.11%), Ni; 9.90% (found 9.14%). Color: Yelloish green, Yield: 88%, A, (Scm“mol
1

): 53.68.
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Cu(L)OAC.H,0: CyH19sCINgO4SCu, Calcd. C; 46.98% (found 46.48%), H; 3.38% (found 3.09%), N;
14.94% (found 14.77%), Cu; 11.31% (found 11.09%). Color: Olive green, Yield: 83%, A, (Scm“mol
1

): 50.64.

Zn(L)OAC.3H,0: CxH23CINgOeSZn, Calcd. C; 44.10% (found 44.90%), H; 3.83% (found 3.53%), N;
14.00% (found 13.99%), Zn; 10.90% (found 10.07%). Color: Pale yellow, Yield: 71%, A, (Scm*mol
1

): 68.96.

Synthesis of 1:2 metal complexes of HL: 1:2 metal complexes of ligand (HL) were synthesized by
refluxing hot ethanolic solutions of acetates of Co(ll) (0.118 g, 0.47 mmol), Ni(ll) (0.118 g, 0.47
mmol), Cu(ll) (0.094 g, 0.47 mmol) and Zn(11) (0.104 g, 0.47 mmol) with hot ethanolic solutions of
HL (0.4 g, 0.94 mmol) for an hour on a magnetic stirrer. The colored amorphous compounds were
filtered off, washed with ethanol, followed by acetone and dried in desiccator over anhydrous calcium
chloride.

Co(L)2.2H,0: CyoH32ClN1,0,4S,Co, Calcd. C; 51.18% (found 51.69%), H; 3.44% (found 3.10%), N;
17.91% (found 17.29%), Co; 6.28% (found 6.18%). Color: Brown, Yield: 82%, A, (Scm?mol™):
14.13

Nl(L)zszo C40H32C|2N120482Ni, Calcd. C; 51.19% (found 5170%), H; 3.41% (found 308%), N;
17.92% (found 17.28%),Ni; 6.26% (found 6.11%). Color: Yelloish green, Yield: 86%, A, (Scm“mol
1

): 16.57

Cu(L)2: CyH2CIoN1,0,S,Cu, Caled. C; 52.95% (found 52.21%), H; 3.09% (found 2.98%), N;
18.53% (found 17.97%), Cu; 7.00% (found 6.91%). Color: Olive green, Yield: 84%, A, (Scm’mol™):
14.76

Zn(L)zszo C40H32C|2N1204522n, Calcd. C, 50.83% (found 5040%), H; 3.39% (found 305%), N;
17.79% (found 17.19%), Zn; 6.92% (found 6.27%). Color: Pale yellow, Yield: 72%, A, (Scm’mol™):
10.83

Antimicrobial Assay: All newly synthesized compounds were checked in vitro for their
antimicrobial activity against some bacteria and fungi. The microorganisms involved were
Staphylococcus aureus, Bacillus subtilis (Gram positive), Escherichia coli, Pseudomonas aeruginosa
(Gram negative) and Candida albicans, Saccharomyces cerevisiae (Fungi) by using the agar diffusion
method [18]. The potential of the tested compounds was compared to that of Ciprofloxacin and
Amphotericin-B.

In Vitro Antimicrobial Activity: Agar well diffusion method was used to screen newly synthesized
compounds, 0.1 mL of dilute inoculum (10° CFU mL™) of test microorganism was spread on
Sabouraud Dextrose (SD) agar plates. Wells of 8 mm were punched into the agar medium using
sterile cork borer and then filled with 100 pL volume with concentration of 4.0 mg mL™ of each
compound reconstituted in dimethyl sulphoxide (DMSO). The plates were kept for incubation for 18 h
at 37°C. Antimicrobial activity was checked by measuring the zone of inhibition against the test
microorganism. DMSO was used as negative control and Ciprofloxacin and Amphotericin-B were
used as positive control.

Minimum Inhibitory Concentration (MIC): The lowest concentration of an antimicrobial agent
which will inhibit the visible growth of a microorganism is known as MIC. Most appropriate methods
for determining MIC are dilution methods. Herein, MIC of all the compounds against microorganism
strains was tested through agar well diffusion technique [19]. In this technique, a twofold serial
dilution of every compound was prepared by initial reconstituting the compound in DMSO followed
by dilution in sterile water to attain a decreasing concentration vary of 256 to 0.5 pg mL™. A 100 mL
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volume of every dilution was introduced into wells (in triplicate) within the agar plates already seeded
with a 100 pL of standardized inoculums (10®° CFU mL™) of the test microbial strain. All plates were
incubated aerabically at 37°C for18 h and determined for the inhibition zones.

Antioxidant Activity: Scavenging activity of 1, 1-Diphenyl-2-picrylhydrazyl (DPPH) Radical is a
rapid technique for studying antioxidant properties of synthesized compounds [20]. DPPH radical
absorbs visible radiations strongly at 517 nm and on reacting with antioxidants, absorbance gets
decreasing. Solutions of Schiff base and its 1:2 metal complexes ( Co(ll), Ni(Il), Cu(ll), Zn(ll) ) of
various concentration (100, 200, 300, 400, 500 pg mL™ ) were prepared in DMF and then added to 0.4
mM methanolic solution of DPPH (3 mL) separately. All mixed solutions were stirred thoroughly and
kept at room temperature for about 30 min in dark place to complete the reaction and then checked the
scavenging activity of all compounds by measuring the decrease in absorbance of DPPH at 517 nm.
Percentage of scavenging ability of samples was also calculated using equation (1) by observing the
absorbance of blank DPPH solution. The experiment for each concentration was carried out in
triplicate and average values were calculated.

. - Abs _ Abs
% of scavenging ability = C°“::S sample. % 100 (1)
control

AbSscnirol -absorbance of DPPH solution without compounds, AbSsampie -absorbance of DPPH solution
with compounds.

RESULTS AND DISCUSSION

New synthesized metal complexes are found to be soluble in N,N-dimethylformamide, dimethyl,
sulfoxide and acetonitrile but partially soluble in common organic solvents like ethanol, methanol and
chloroform. The molar conductance values in DMF (10 M) have been observed in the range (10.83-
68.96) Scm? mol™ indicating the non-electrolytic nature of metal complexes. All the complexes are
colored and get decomposed at high temperature.

IR Spectral Studies: The characteristic IR frequencies for the Schiff base and its metal complexes
were obtained over a spectral range 4000-400 cm™ and are tabulated in table 1. The Schiff base shows
v (-CH=N) azomethine band at 1605 cm™. On complexation, this band got shifted to lower frequency
values in metal complexes as shown in table 1, which is indication of coordination of azomethine
nitrogen to metal ions [21]. A broad band in the region 3300-3770 cm™ in metal complexes is
attributed to presence of coordinated water molecules. A new band in spectra of metal complexes

Table 1. IR frequencies (cm™) of Ligand and its metal complexes

Compounds | v(N=CH) | v(c-s) | v(s-H) | v(ococHs,) | v(H,0/0H) | v(M-s) | v(m-N)
AL 1605 = 2860 = = = =
Co(L)(OAC).3H,0 1595 759 - 1744 3618 340 490
Co(L),.2H,0 1590 756 - - 3652 341 495
Ni(L)(OAc).3H,O0 1598 756 - 1740 3495 342 499
Ni(L).2H,0 1597 756 - - 3549 341 490
Cu(L)(OAC).H,0 1591 753 - 1744 3770 325 495
Cu(L), 1597 756 - - - 323 495
Zn(L)(OAC).3H,0 1559 756 - 1740 3610 342 497
Zn(L),.2H,0 1561 758 - - 3300 342 499

appeared at 753-759 cm™ due to v (C-S) [22]. In 1:1 metal complexes, a characteristic band observed
in the region 1740-1744 cm™ may be assigned to v (OCOCHs). In far infrared region, all complexes
exhibit bands at 490-499 cm™ and 318-340 cm™ due to v (M-N) and v (M-S) modes respectively [23].
Free ligand also exhibits a weak band at ~2860 cm™ due to v (SH) vibrations, disappeared in metal
complexes on coordination through sulphur indicating deprotonation [12].
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'H-NMR spectral data of Schiff base and its Zn(I1) metal complexes: *H-NMR spectra of ligand
and its zinc metal complexes were recorded in DMSO-ds. The signal observed at § 13.67 ppm is
assigned to (-SH) proton in ligand, disappeared in Zn(l1l) complexes which indicates coordination of
the sulphur atom of thiol (-SH) group to zinc metal [24]. The spectrum of the ligand shows a signal at
6 9.31 ppm which is attributed to the azomethine proton (-CH=N-). The azomethine proton peak of
the 1:1 and 1:2 Zn (Il) complexes got shifted to downfield region as compared to the free ligand,
suggesting the coordination of azomethine nitrogen with the metal ion [25].

'H-NMR spectrum of ligand (HL) exhibits signals at 88.67 (s, 1H, -CH=N-), 9.31 (s, 1H, pyrazole-
H), 8.03-8.05 (d, 2H, Ar-H), 7.43-7.46 (t, 1H, Ar-H), 7.54-7.58 (m, 4H, Ar-H), 7.86-7.88 (d, 2H, Ar-
H), 2.18 (s, 3H, -CH3y), 13.67 (br-s, 1H, -SH).

'H-NMR spectrum of Zn(L)(OAc).3H,0 exhibits signals at §8.70 (s, 1H, -CH=N-), 9.30 (s, 1H,
pyrazole-H), 8.03-8.05 (d,2H, Ar-H), 7.42-7.46 (t, 1H, Ar-H), 7.54-7.60 (m, 4H, Ar-H), 7.88-7.90 (d,
2H,Ar-H), 1.92 (s, 3H, -CHy), 1.28 (s, 3H,-OCOCHy), 4.00 (s, 4H, H,0).

'H-NMR spectrum of Zn(L),.2H,0 exhibits signals at §8.71 (s, 2H, -CH=N-), 9.31 (s, 2H, pyrazole-
H), 8.03-8.05 (d, 4H, Ar-H), 7.86-7.90 (m, 4H,Ar-H), 7.42-7.46 (t, 2H, Ar-H), 7.54-7.58 (m, 8H, Ar-
H), 2.12 (s, 6H, -CHjy), 4.00 (s, 4H, H,0).

Visible Absorption Spectral Studies: Visible absorption spectra of synthesized metal complexes
were recorded in DMSO (10° M) as solvent at 25°C. Electronic spectral frequencies and ligand field
parameters of cobalt and nickel metal complexes are shown in table 2.

Table 2. Electronic spectral data of octahedral Co(Il) and Ni(ll) Complexes in DMSO solution

Compounds | vem™® ] Band Assignment | D ecm® | Bem™) Jvove I | B% | pew(B.M)

Co(L)(OAc).3H, O 14,265  “Tig (F) =Ty (F) (v))  1557.0 686.0 2.090 0.706 29.4 4.5
29,835  “Tyq (F) —'Tag (P) (vs)

23,255

Co(L),.2H, O 14,084 Ty (F) =Ty (F) (v))  1529.6 616.7 2.086 0.635 36.5 48
29,380%  Tig(F) —"Tig (P) (va)
22,123

Ni(L)(OAGc).3H,0 11,210 Ay (F) =Ty (F) (v)) 11210 460.0 1.473 0.442 55.8 3.2
16,510  >Agy(F) —°Tyq (F) (v)
24,015  3Ay (F) »°Ty (P) (03)

Ni(L),.2H,0 11,148 Ay (F) =Ty (F) (v) 11148 470.0 1.479 0.451 54.9 3.1
16,487  3Agy (F) =°Tyg (F) (v2)
24,010  3Ay (F) »°Ty, (P) (03)

dcalculated values.

The electronic spectra of 1:1 and 1:2 Co(ll) complexes exhibit absorption bands in the region (14,
084-14, 265 cm™) and (22,123 - 23,255 cm™) corresponding to v, and vs transitions respectively, these
can be attributed to the transition *Tyy(F) =*To(F) (V1) ; “T1g(F) = T1y(P) (va) [26], v is calculated
using equation (v, = vy + 10 Dq ) and other ligand field parameters (Dq, B, B, %) have also been
calculated using Band-Fitting Equation [27], The crystal field splitting energy (Dq) is found to be
1529.6 and 1557.0 cm™ for 1:1 and 1:2 Co(Il) complexes respectively, which is in accordance with
octahedral complexes. The Racha parameter values B (686.0 and 616.7 cm™), which are less than that
of free cobalt metal ion (971 cm™, indicate orbital overlapping and delocalization of electrons on
metal ions. Also the values of 3% are less than one, which favor the partial covalent character of M-L
bond. 1:1 and 1:2 Ni(ll) complexes exhibit three absorption bands in the region (11,148-11,210 cm™),
(16,487-16,510 cm™) and (24,010-24,015 cm™), which are attributed to *Agy (F) =°Tag (F) (v1), *Agg
(F) =Ty, (F) (v2) and *A,y (F) =°Ty4 (P) (vs) respectively. Existence of three bands is consistent with
observed octahedral geometry around the Ni(ll) centers [28]. The ligand field parameters (Dq, B, B,
%) are also calculated for Ni(lIl) complexes using Band-Fitting equation and are displayed in table 2
[27].
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In electronic spectra of 1:1 and 1:2 Cu(ll) complexes, one band is observed in the region (21,691-
21,881 cm™) , which is assigned to ?B;;—2Ay, (v4) transition and suggesting square planar geometry
around the Cu(ll) metal ion [29]. The geometry was further confirmed by magnetic moment
measurements i.e. (1.8-1.9 BM) [30].

Fluorescence Spectral Studies: Many research papers have been reported on the prospective use of
fluorescence studies on transition metal complexes of Schiff bases [31]. In this work, fluorescence
characteristics of the ligand and its metal complexes have been studied in DMF (10 M) solutions
with excitation wavelength 260 nm, at room temperature. Schiff base shows weak emission band at
456 nm whereas its 1:1 and 1:2 metal complexes with Co(ll), Ni(ll), Cu(ll) and Zn(Il) show
fluorescence with higher intensity. The increase in fluorescent intensity has been observed in 1:1
metal complexes, with emission bands at 535 nm for Co(ll), 537 nm for Ni(ll), 538 nm for Cu(ll) and
499 nm for Zn(I1) complexes with a shoulder at 399 nm figure 1a.1:2 metal complexes exhibit strong
emission bands at 541 nm, 528 nm, 542 nm and 542 nm for Co(ll), Ni(ll), Cu(ll) and Zn(Il)
complexes respectively figure 1 b. This enhancement of fluorescent intensity of metal complexes can
be due to the coordination of ligand to metal ions, which effectively increases the rigidity of ligand
and decreases the loss of energy via non-radiative thermal vibrations [32]. Fluorescence properties of
zinc metal complexes indicate that they can be used as potential photoactive material [33].

180 4 140 —
] a b HL
w] (@) __ . O
1o ] Co(L)(OAC).3H,0) N Ni(L),.2H,0
Ni(L)(OAC).3H,0 / \ Cu(L),
120 J Cu(L)(OAG).H,0 100 + [ Zn(L),2H,0
Zn(L)(OAG).3H,0 | \
>, 100 1 = 804 | \
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< 80 o {
2 E 604 f
= 60+ | .
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| / \
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Figure 1(a). Fluorescence spectra of HL and its 1:1 and (b) 1:2 metal complexes.

Electrochemical Studies: Electrochemical redox properties of 1:1 and 1:2 Copper metal complexes
have been investigated by cyclic voltammetry in potential ranging from -1.0 to +1.0 V at room
temperature in DMF (10® M), containing tetrabutylammonium perchlorate as the background
electrolyte. The cyclic voltammograms are shown in figure 2 a, b. Cu(L)(OAc).H,O complex exhibits
reduction peak at E,. = 0.330 V and corresponding oxidation peak at E,, = 0.415 V for Cu(ll) to Cu(l)
and Cu(l) to Cu(ll) respectively. 1:2 Copper complex i.e. Cu(L), shows reduction peak at E,. = 0.270
V and corresponding oxidation peak at Ey, = 0.400 V for Cu(ll) to Cu(l) and Cu(l) to Cu(ll)
respectively. AE for these processes were in range (85-130) mV which is greater than 60 mV and ratio
of cathodic to anodic peak currents (I/l, = 0.5 and 0.375) for 1:1 and 1:2 copper complexes
respectively are found to be less than one [34], therefore redox couples in voltammograms for both
complexes are attributable to quasi-reversible one electron transfer process [35].

Electronic Spin Resonance Spectral Studies: ESR studies of copper complexes of HL provide
significant information related to the distribution of unpaired electron and nature of bonding between

metal ion and ligand. ESR spectra of 1:1 and 1:2 Cu(ll) complexes are recorded in powder form at
room temperature. The g, and g.values are calculated from the spectra using tetracyanoethylene
(TCNE) free radical as (g) marker. For Cu(L)(OAc).H,O, observed g values are g, = 2.274,
g+=2.212, gy = 2.232 and G = 1.296 at room temperature and for Cu(L)., g; = 2.336, g.= 2.197, gay
=2.243 and G = 1.714. ESR spectra of Cu(L)(OAc).HO is displayed in figure 3. The trend g>g.>
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Figure 2. Cyclic voltammograms of Cu(L)(OAc).H,0 and Cu(L),.

2.0023 observed for both the complexes indicate that unpaired " is localized in d,.2_,2orbital of metal
ion and suggests square planar geometry of complexes [36, 37]. The axial symmetry parameter G is
defined as G = (g;— 2.0023)/( g.— 2.0023). The calculated G (1.714, 1.296) values for copper

complexes, which are less than 4.0, indicate that there is an exchange interaction of Cu-Cu in the
complexes [38].

i ‘“q‘ Lo Joguats

.4 2 @”'

Figure 3. X-Band EPR Spectrum of Cu(L)(OAc).H,0.

Thermogravimetric analysis: Thermal stability of synthesized metal complexes has been evaluated
by thermogravimetric analysis. TG analysis of Co(L)..2H;0O, Ni(L),.2H,O, Cu(L), and Zn(L),.2H,0
are carried out in nitrogen atmosphere at a heating rate of 10°C min™ from 50° to 750°C. TG curves of
Co(L),.2H,0, Ni(L),.2H,0, Cu(L); and Zn(L),.2H,O are shown in figure 4 and their corresponding
TG data having determined temperature ranges with % mass loss are given in table 3.

Table 3. Thermogravimetric data of Co(L),.2H,0 and Ni(L),.2H,0 metal complexes

% Weight loss from Decomposed Metallic

Compounds | Temp.(°C) TG (Theoretical) Moieties Residue
Co(L),.2H,O 50-114 3.89 (3.83) H,O

218-363 58.54 (56.12) Organic Moiety CoO

364-746 34.80 (33.05) Triazine Moiety
Ni(L),.2H,O 53-168 3.90 (3.84) H,O

170-413 54.50 (56.01) Organic Moiety NiO

414-768 30.10 (33.06) Triazine Moiety
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Figure 4. Thermogravimetric data of 1:2 metal complexes.

For Co(L),.2H,0, the first stage of decomposition is in range 50-114°C, can be attributed to loss
of two coordinated water molecules with weight loss 3.89 % (calculated 3.83 %). The second stage of
decomposition corresponds to loss of organic moiety within temperature range 218-363° C with
weight loss of 58.54 % (calculated 56.12 %). Third step results in loss of triazine ring with a weight
loss of 34.80 % (calculated 33.05 %) in temperature range 364-746°C leaving metal oxide as residue.
TG curve of Ni(L)..2H,O shows three steps of decomposition process. Elimination of two water
molecules was observed within temperature range 53-168°C with weight loss 3.90 % (calculated 3.84
%). Another weight loss 54.50 % (calculated 56.01 %) corresponds to organic moiety in temperature
range of 170-413°C. In third step, 30.10 % (calculated 33.06 %) loss in weight was observed
corresponding to loss of triazine moiety in temperature range 414-768°C. The remaining final product
was nhickel oxide residue [39]. The TG curve of Cu(L), exhibited two steps of thermal decomposition
within temperature range 58-355°C and 360-770°C respectively, corresponding to loss of organic
moiety with weight loss of 53.00 % (calculated 58.70 %) and triazine ring with weight loss of 30.11%
(calculated 34.00 %). The Zn(L),.2H,O complex showed three decomposition steps in range 53-
114°C, 115-415°C and 416-748°C corresponding to loss of water molecules, organic moiety and
triazine ring respectively [40].

Kinetic Calculations: To evaluate thermal degradation activation energy and mechanism of metal
complexes, Horowitz-Metzger method was used [41]. The equation used for calculating energy of
activation (E,) is

E 6
RTSZ

Inin[ =1 =

Where 8 is difference between the peak temperature and the temperature at particular weight loss
[6=T-T;],

_ Wi Weo
Wo—Weo '

W, is the initial weight, W, is weight at any time t, T, is peak temperature, T is temperature at
particular weight loss. A plot of Inin [ﬁ] Vs 6 gives a good approximation to a straight line and from

the slope, E, activation energy can be calculated. The Kinetic parameters involve temperature range of
different stages of decomposition, activation energy and regression coefficient values (R?). According
to Horowitz-Metzger Method, Activation energy values for Co(L)..2H,0, Ni(L),.2H,0, Cu(L), and
Zn(L),.2H,0, for second and third stages are summarized in table 4 and figure 5(a-d) [42]. Based on
activation energy values (E,), as deduced by Horowitz-Metzger method, following stability order of
the complexes is suggested Co(L)..2H,O > Cu(L), > Ni(L),.2H,0 > Zn(L),.2H,0.
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Table 4. Calculated activation energies (KJ mol™) for different stages
in degradation of metal complexes

Compounds H((efct:lrr:ﬁnli?te Energy* (Regression Coefficient)
Co(L),.2H,0 10 E,(R°) =69.66 (0.92) E3(R®) =27.50 (0.95)
Ni(L),.2H,0 10 E»(R?) =54.80 (0.86)  E3(R? =24.84 (0.98)
Cu(L), 10 E,(R®) =57.33 (0.97) E, (R%=05.84 (0.99)
Zn(L),.2H,0 10 E,(R? =05.25 (0.99) E3(R?)=02.74 (0.96)

*1, 2, 3 represents first, second and third stage of decompositions
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Figure 5(a). Horowitz-Metzger plot of In[1/1-a] against 6
for third stage decomposition of Co(L),.2H,0.

Figure 5(b). Horowitz-Metzger plot of In[1/1-a] against 6 for
third stage decomposition of Ni(L),.2H,0.
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Figure 5 (c). Horowitz-Metzger plot of In[1/1-a] against 6
for second stage decomposition of Cu(L),.

Figure 5(d). Horowitz-Metzger plot of In[1/1-a] against 6 for
second stage decomposition of Zn(L),.2H,0.

APPLICATION

Antimicrobial Screening: Agar well diffusion technique was used to check out biological properties
of synthesized compounds. The investigations were made against some gram positive bacteria, gram
negative bacteria and two fungi i.e. B. subtilis, S. aureus, E. coli, P. aeruginosa, C. albicans and S.
cerevisiae. Zone of inhibition in mm for the ligand and its metal complexes are listed in table 5 and
also shown in figure 6. From the data, it is observed that metal complexes exhibit greater
antimicrobial activity than that of free ligand [43]. Also, it has been observed that the metal
complexes are more susceptible toward bacterial strains than the fungicidal strains. MIC values (ug
mL™) of compounds are also shown in figure 7 along with that of standard drugs.
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Table 5. In vitro antimicrobial activity of synthetic chemical compounds through agar well diffusion method

Compounds Diameter of growth of inhibition zone (mm)?
Gram Positive Bacteria Gram Negative Bacteria Fungi
S. No Name Bacillus | Staphylococcus | Escherichia | Pseudomonas | Candida | Saccharomyces

subtilis aureus coli aeruginosa albicans cerevisiae

1 Schiff Base 23 15 13 - 10 -

2 Co(L)(0Ac).3H,0 19 18 15 - 15 -

3 Ni(L)(OACc).3H,0 18 19 18 - 18 -

4 Cu(L)(OAC).H,0 17 17 23 - 13 -

5 Zn(L)(OAc).3H:0 14 21 14 - 14 -

6 Co(L)2.2H,0 8 15 24 - 16 -

7 Ni(L)2.Hz0 23 23 18 - 18 -

8 Cu(L). 18 20 18 - 26 -

9 Zn(L), .2H,0 16 23 23 - 23 -

10 Amphotericin-B - - - - 16.6 19.3

11 Ciprofloxacin 24 26 25 22 - -

- No activity, ®Values, not including diameters of well (8mm), are means of three replicates.
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Figure 6. Antimicrobial activity of compounds/ Standard Figure 7. MIC values (g mL™) of compounds/ Standard
Drugs showing zone of inhibition in mm. Drugs.

Probably this could attributable to greater lipophilic nature of complexes. Such accumulated
activity of metal chelates can be explained on the premise of Overtone’s idea and chelation theory
[44]. In line with Overtone’s idea of cell permeability, the lipid membrane that surrounds the cell
favors the passage of only lipid soluble things or in other words we can say that it favors the
antimicrobial activity. On chelation, the polarity of metal ions is reduced to a larger extent attributable
to the increases of delocalization of pi-electrons over the whole chelation area and increases the
lipophilicity of the metal complexes. This enhanced lipophilicity increases the penetration of
complexes into the lipid membrane and block the metal binding sites [45].

Antioxidant Assay: Reactive oxygen species (ROS) gets formed in our body system during various
biochemical processes. The oxidative processes caused by ROS on proteins, nucleic acids and lipids
can cause chronic diseases like cancer, atherosclerosis, hypertension and heart diseases etc [46]. So, it
is important to administer the drugs having rich antioxidant properties. Thus, in vitro antioxidant
activity of Schiff base and its 1:2 metal ( Co(ll), Ni(ll), Cu(ll), Zn(1l) ) complexes was evaluated by
using DPPH radical scavenging method at different concentrations (100, 200, 300, 400, 500 pg mL™)
[47].

Freshly prepared deep purple solution of DPPH exhibits maximum absorbance at 517 nm due to
free radical, its color gets faded in presence of an antioxidant medium. It was also found that
antioxidant activity of tested compounds and standards is dose dependent and gets increased with
increasing concentration. Antioxidant activity of ligand and metal complexes together with standards
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(vitamin C) along with correlation coefficients (R?) is displayed in figure 8. Ligand showed moderate
antioxidant activity. Copper and Zinc metal complexes possess higher antioxidant potential than other
metal complexes as well as ligand but lower than vitamin C. Antioxidant activity of compounds is
associated with their actions of breaking the free radical chain via hydrogen atom donation
[48].Hence, the results of this study open up a way for using synthesized compounds in the treatment
of pathological diseases arising from oxidative processes.

—m— Schiff Base, R* = 0.9792
—e— Co(L),.2H,0, R* = 0.9515

9% —4— Ni(L),.2H,0, R* = 0.9685
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Figure 8. DPPH scavenging activity of Schiff base and metal complexes,
also compared with standard.

Optimized structure of ligand and its metal complexes are depicted in figure 9.

Cl
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Figure 9. Proposed structure of metal complexes.
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CONCLUSION

Co(ll), Ni(I1), Cu(ll) and Zn(ll) complexes of (4-[{3-(4-chlorophenyl)-1-phenyl-1H-pyrazol-4-
ylmethylene}-amino]-3-mercapto-6-methyl-5-0x0-1,2,4-triazine (HL) are insoluble in water and in
common organic solvents but soluble in DMF and DMSO. The proposed structures of all metal
complexes are based on elemental analysis, IR, *H-NMR, thermal analysis, electronic and magnetic
measurements. Potent fluorescence properties shown by Zn(ll) metal complexes can offer wide
applicability as sensor devices and fluorescent markers with high resistance. Also Metal complexes
were found to be more active against microbial strains than the parent ligand. Additionally, the metal
complexes exhibited stronger scavenging effects than their Schiff base in a dose dependent manner,
which reveal their capability of donating electron or hydrogen atom and terminating some reactions.
Further, efforts are under progress to synthesize, characterize, evaluate biological properties of
different metal complexes of Schiff bases derived from condensation of substituted 1,2,4-triazine with
aromatic aldehydes containing heteroatom moieties and finding their applicability into various
analytical and spectroscopic processes.

Conflict of Interest: Authors declare no conflict of interests.
ACKNOWLEDGEMENT

Authors are highly thankful to Chairman, Department of Chemistry, Kurukshetra University,
Kurukshetra for providing research facilities and SAIF (IIT Bombay) for ESR analysis, 11T Roorkee
for magnetic moment study and CIL, Punjab University Chandigarh for Far-IR data. One of the
authors (Ms. Prerna Turk) is highly thankful to HSCST (Haryana State Council for Science and
Technology, Award No. 700/ dated 27-01-2017) for providing Junior Research Fellowship.

REFERENCES

[1]. M. Abdel-Aziz, GE DA Abuo-Rahma, A.A. Hassan, Synthesis of novel pyrazole derivatives
and evaluation of their antidepressant and anticonvulsant activities, Eur. J. Med. Chem., 2009,
44, 3480-3487.

[2]. J. Wei, D. Zhang, Q. Yang, S. Chen, S. Gao, 0D Cu (II) and 1D mixed-valence Cu (I)/Cu (1)
coordination compounds based on mixed ligands: syntheses, structures and catalytic thermal
decomposition for HMX, Inorg. Chem. Commun., 2013, 30, 13-16.

[3]. S. Konar, A. Jana, K. Das, S. Ray, S. Chatterjee, S.K. Kar, Three new 1D Cu (I) coordination
polymers and a binuclear Cu (Il) complex of two pyrazole derived Schiff base ligands:
Heterocyclic ring substitution and anion dependent structural variations—Spectral studies, Inorg.
Chim. Acta, 2013, 395, 1-10.

[4]. H. Kumar, D. Saini, S. Jain, N. Jain, Pyrazole scaffold: a remarkable tool in the development of
anticancer agents, Eur. J. Med. Chem., 2013,70, 248-258.

[5]. D. Pal, S. Saha, S. Singh, Importance of pyrazole moiety in the field of cancer, Int. J. Pharm.
Pharm. Sci., 2012, 4, 98-104.

[6]. A. Chauhan, P.K. Sharma, N. Kaushik N, Pyrazole: a versatile moiety, Int. J. Chem. Tech. Res.,
2011, 3, 11-17.

[7]. M.J. Naim, O. Alam, M.F. Nawaz, J. Alam, P. Alam, Current status of pyrazole and its
biological activities, J. Pharm. Bioallied. Sci., 2016, 8, 2-17.

[8]. J. Akhtar, A.A. Khan, Z. Ali, R. Haider, M.S. Yar, Structure-activity relationship (SAR) study
and design strategies of nitrogen-containing heterocyclic moieties for their anticancer activities,
Eur. J. Med. Chem., 2017,125, 143-189.

[9]. A Yepremyan, A. Mehmood, S. M. Brewer, M. M. Barnett, B. G. Janesko, G. Akkaraju, E. E.
Simanek, K.N. Green, A new triazine bearing a pyrazolone group capable of copper, nickel,
and zinc chelation, R. S. C. Advances,2018, 8,3024-3035.

www. joac.info 34



Kiran Singh et al Journal of Applicable Chemistry, 2020, 9 (1):22-37

[10].

[11].

[12].

[13].

[14].

[15].
[16].

[17].

[18].

[19].

[20].

[21].

[22].

[23].

[24].

[25].

[26].

[27].

K. Singh, Y. Kumar, P. Puri, G. Singh, Spectroscopic, thermal, and antimicrobial studies of Co
(1), Ni (1), Cu (1), and Zn (I1) complexes derived from bidentate ligands containing N and S
donor atoms, Bioinorg. Chem. Appl., 2012, 2012.

M. Kr. Paul, Y. D. Singh, N. B. Singh, U. Sarkar, Emissive bis-salicylaldiminato Schiff base
ligands and their zinc(ll) complexes: Synthesis, photophysical properties, mesomorphism and
DFT studies, J. Mol. Struct., 2015, 1081, 316-328.

K. Singh, Y. Kumar, P. Puri, C. Sharma, K.R. Aneja, Metal-based biologically active
compounds: synthesis, spectral, and antimicrobial studies of cobalt, nickel, copper, and zinc
complexes of triazole-derived Schiff bases, Bioinorg. Chem. Appl., 2011, 2011.

K. Singh, P. Turk, A. Dhanda, Synthesis, Structural and Biological studies of Co(ll), Ni(ll),
Cu(ll) and Zn(ll) complexes of 4-[(3-Ethoxy-4-hydrobenzylidine) amino]-3-mercapto-6-
methyl-5-ox0-1,2,4-triazine, Eur. Chem. Bull., 2018, 7, 194-202,

H. R. Wen, Y. Wang, J. L. Chen, Y. Z. Tang, J. S. Liao, C. M. Liu, Syntheses, structures and
properties of chiral dinuclear zinc complexes with Schiff-base ligands, Inorg. Chem. Commun.,
2012, 20, 303-306.

A. I. Vogel, Text book of quantitative chemical analysis London: Longmans, Addison Wesley,
1999.

B. F. Abdel-Wahab, R. E. Khidre, A. A. Farahat, Pyrazole-3-(4)-carbaldehyde: synthesis,
reactions and biological activity, ARKIVOC: Online J. Org. Chem., 2011, 1, 196-245.

A. Dornow, H. Mengel, P. Marx, Synthesen stickstoffhaltiger Heterocyclen, XXVII Uber 1,2,4-
triazine, | Darstellung einiger neuer s-Triazolo [3,2-c]-as-triazine, Chem. Ber.,1964, 97, 2173—
2178.

EUCAST of the European Society of Clinical Microbiology, Infectious Diseases Determination
of minimum inhibitory concentrations (MICs) of antibacterial agents by broth dilution Clin.
Microbiol. Infect, 2003, 9, 9-15.

I. Wiegand, K. Hilpert, R. E. Hancock, Agar and broth dilution methods to determine the
minimal inhibitory concentration (MIC) of antimicrobial substances, Nat. Protoc., 2008, 3,
163-175.

A. A. Al-Amiery, A. A. H. Kadhum, A. B. Mohamad, Antifungal and antioxidant activities of
pyrrolidone thiosemicarbazone complexes, Bioinorg. Chem. App., 2012.

G. B. Bagihalli, P. G. Avaji, S. A. Patil, P. S. Badami, Synthesis, spectral characterization, in
vitro antibacterial, antifungal and cytotoxic activities of Co (I1), Ni (I1) and Cu (I11) complexes
with 1, 2, 4-triazole Schiff bases, Eur. J. Med. Chem., 2008, 43, 2639-2649.

M.A. Ali, M. Tarafdar, Metal complexes of sulphur and nitrogen-containing ligands: complexes
of s-benzyldithiocarbazate and a Schiff base formed by its condensation with pyridine-2-
carboxaldehyde, J. Inorg. Nucl. Chem., 1977, 39, 1785-1791.

N. Raman, C. Thangaraja, S. Johnsonraja, Synthesis, spectral characterization, redox and
antimicrobial activity of Schiff base transition metal (1) complexes derived from 4-
aminoantipyrine and 3-salicylideneacetylacetone,Open Chem., 2005, 3, 537-555.

K. Singh, Y. Kumar, P. Puri, M. Kumar, C. Sharma, Cobalt, nickel, copper and zinc complexes
with 1, 3-diphenyl-1H-pyrazole-4-carboxaldehyde Schiff bases: Antimicrobial, spectroscopic,
thermal and fluorescence studies, Eur. J. Med. Chem., 2012, 52, 313-321.

K. Singh, S. Raparia, P. Surain, Co (II), Ni (lI), Cu (Il) and Zn (II) Complexes of 4-(4-
cyanobenzylideneamino)-3-mercapto-5-o0xo-1, 2, 4-triazine: Synthesis, characterization and
biological studies, Med. Chem. Res., 2015, 24(6), 2336-2346.

A.B. Lever, D. Ogden, Haloacetate complexes of cobalt (1), nickel (1), and copper (1), and the
question of band assignments in the electronic spectra of six-co-ordinate cobalt (II)
complexes,J. Chem. Soc. A: Inorg. Phy. Theor., 1967,0, 2041-2048.

P.A. Avaji, S.A. Patil, P.S. Badami, Synthesis, spectral, thermal, solid state d.c. electrical
conductivity and biological studies of Co(ll), Ni(Il) and Cu(ll) complexes with 3-substituted-4-
amino-(indole-3-aldehydo)-5-mercapto-1,2,4-triazole Schiff bases, J. Coord. Chem., 2008, 61,
1884-1896.

www. joac.info 35



Kiran Singh et al Journal of Applicable Chemistry, 2020, 9 (1):22-37

[28].

[29].

[30].

[31].

[32].

[33].

[34].

[35].

[36].

[37].
[38].
[39].
[40].
[41].

[42].

[43].
[44].
[45].

[46].

[47].

M. Vicente, C. Lodeiro, H. Adams, R. Bastida, Ad. Blas, D.E. Fenton, A. Macias, A.
Rodriguez, T. Rodriguez-Blas, Synthesis and Characterization of Some Metal Complexes with
New Nitrogen—-Oxygen Donor Macrocyclic Ligands—X-ray Crystal Structures of a
26-Membered Reduced Monoprotonated Macrocycle and a 20-Membered Pendant-Arm
Schiff-Base Macrocyclic Cadmium (IT) Complex, Eur J. Inorg. Chem., 2000, 2000, 1015-1024.
S. Shit, R. Sankolli, T.N.G. Row, A dinuclear cadmium (1) Schiff base thiocyanato complex:
crystal structure and fluorescence, Acta Chim. Slov., 2014, 61, 59-66.

V.T. Kasumov, F. Koksal, Synthesis, spectroscopy, and electrochemistry of copper (II)
complexes with N, N'-bis (3, 5-di-t-butylsalicylideneimine) polymethylenediamine ligands,
Spectrochim. Acta Part A, 2005, 61, 225-231.

S. Shit, J. Chakraborty, B. Samanta, G.M. Rosair, S. Mitra, Synthesis, Structure and
Fluorescence Properties of a Trinuclear Zn(11)Complex with N,N,O-donor Schiff Base Ligands
and Bridging Acetates, Z Naturforsch B., 2009, 64, 403-408.

P. Kavitha, K. Laxma Reddy, Synthesis, structural characterization, and biological activity
studies of Ni (II) and Zn (1) complexes, Bioinorg. Chem. Appl., 2014, Article ID 568741, 13
pages.

T.S. Singh, P.C. Paul, H.A. Pramanik, Fluorescent chemosensor based on sensitive Schiff base
for selective detection of Zn?*, Spectrochim. Acta Part A, 2014,121, 520-526.

M. Walesa-Chorab, R. Banasz, D. Marcinkowski, M. Kubicki, V. Patroniak, Electrochromism
and electrochemical properties of complexes of transition metal ions with benzimidazole-based
ligand, R.S.C. Advances, 2017,7, 50858-50867.

V. T. Kasumov, F. Kdksal, Synthesis, ESR, UV-Visible and reactivity studies of new bis (N-
dimethoxyaniline-3, 5-tBu2-salicylaldiminato) copper (Il) complexes, Spectrochim. Acta
PartA, 2012, 98, 207-214.

E. A. Buvaylo, V. N. Kokozay, O. Y. Vassilyeva, B. W. Skelton, J. Jezierska, L. C. Brunel, A.
Ozarowski, A Cu-Zn-Cu-Zn heterometallomacrocycle shows significant antiferromagnetic
coupling between paramagnetic centers mediated by diamagnetic metal, Chem. Commun.,
2005, 39, 4976-4978.

V.P. Singh, Synthesis, electronic and ESR spectral studies on copper (Il) nitrate complexes
with some acylhydrazines and hydrazones, Spectrochim. Acta Part A, 2008, 71, 17-22.

Y. Nishida, K. Hayashida, S. Kida, ESR spectra of the square planar copper (II) complexes
with various N4-macrocyclic ligands, J. Coord. Chem., 1980, 10, 101-105.

W.A. Zoubi, A.A.S. Al-Hamdani, Y.G. Ko, Schiff bases and their complexes: Recent progress
in thermal analysis, Sep. Scie. Technol., 2017, 52, 1052-1069.

A.Z. El-Sonbati, M.A. Diab, S.M. Morgan, Thermal properties, antimicrobial activity and DNA
binding of Ni (11) complexes of azo dye compounds, J. Mol. Lig., 2017, 225, 195-206.

S. Gopalakrishnan, R. Sujatha, Comparative thermoanalytical studies of polyurethanes using
Coats-Redfern, Broido and Horowitz-Metzger methods, Der. Chem. Sin., 2011, 2, 103-117.

B. S. Kusmariya, A. Tiwari, G. A. Naikoo, A. Mishra, Spectroscopic, thermal, non-isothermal
decomposition kinetics and quantum chemical computational studies of Ni (I1)-and Cu (1l)-
Schiff base complexes, Res. Chem. Intermed., 2017, 43, 1671-1687.

K. Singh, S. Raparia, S. Raparia, Synthesis, characterization and biological evaluation of
triazine based Schiff base metal complexes, Eur. Chem. Bull., 2016, 5, 92-98.

B.G. Tweedy, Plant extracts with metal ions as potential antimicrobial agents, Phytopathology,
1964, 55, 910-914.

B. Gupta, N. Fahmi, Co (II) and Ni (Il) complexes with Schiff base ligands: Synthesis,
characterization and biological activity, Russ. J. Gen. Chem., 2016, 86, 1182-1190.

E. Akila, M. Usharani, R. Rajavel, Metal (II) complexes of bioinorganic and medicinal
relevance: antibacterial, antioxidant and DNA cleavage studies of tetradentate complexes
involving O, N-donor environment of 3, 3-dihydroxybenzidine-based schiff bases, Int. J.
Pharma. Pharma. Sci., 2013, 5, 573-581.

A. Braca, C. Sortino, M. Politi, I. Morelli, J. Mendez, Antioxidant activity of flavonoids from
Licania licaniaeflora, J. Ethnopharmacol., 2002, 79, 379-381.

www. joac.info 36



Kiran Singh et al Journal of Applicable Chemistry, 2020, 9 (1):22-37

[48]. J. A. Hernandez, A. Jimenez, P. Mullineaux, F. Sevilla, Tolerance of pea (Pisum sativum L.) to
long-term salt stress is associated with induction of antioxidant defences, Plant Cell Environ.,
2000, 23, 853-862.

www. joac.info 37



