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ABSTRACT ARTICLE HISTORY

A series of binuclear Co(ll), Ni(ll), Cu(ll), and Zn(ll) complexes were Received 22 March 2019
prepared with a novel bidentate Schiff base ligand derived by Accepted 24 March 2020
condensation of 3,3’-diaminobenzidine with creatinine. The pre-
pared compounds were characterized by elemental analysis, mag-
netic susceptibility measurements, molar conductivity, FT-IR, UV-
vis, '"H NMR, '3C NMR and mass spectra and thermal analysis
(TGA/DTG). From spectral analysis, an octahedral geometry was
proposed for the complexes except Zn(ll) complex which had
tetrahedral geometry. The microcrystalline nature of the com-
plexes has been confirmed by powder XRD and SEM analyses.
The molecular structures of the Schiff base L and its Zn(ll) com-
plex were fully optimized and also their quantum chemical
parameters were calculated. The synthesized ligand and their
metal complexes were screened against two gram-positive, gram-
negative bacterial and fungal species. The results revealed that
the metal complexes exhibited higher antimicrobial activity than
the free ligand. The antioxidant activity of the synthesized ligand
and their metal complexes was carried out by DPPH method.
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Antioxidant activity

1. Introduction

The synthesized pharmaceutical compounds in the past decade contain five-, six-, and
seven-membered rings such as piperidines, imidazoles, piperazines and many other
heterocycles containing sulfur, nitrogen or oxygen atoms. These heterocyclic
compounds exhibit a wide range of physiological properties including analgesic,
anti-hypertensive, and anti-cancer activities. Sulfur, nitrogen, oxygen, amino-nitrogen,
azomethine nitrogen, alcoholic, and phenolic oxygen are the main donor atoms of the
heterocyclic systems. These compounds are used to model significant bio-inorganic
systems. Schiff base ligands containing these heterocyclic rings have earned much
attention in coordination chemistry in recent years.

Metal ions play a major role in biological processes. The incorporation of metal ions
into the biological systems in treatment of diseases is the main subdivision in the field
of bioinorganic chemistry [1]. A metal ion can easily lose electron and become posi-
tively charged, which makes it soluble in biological fluids. They play their role in bio-
logical systems as positively charged ions. The biological molecules such as protein
and DNA are electron rich, which can easily bind to the electron deficient metal ions
and interact with them easily [2, 3].

The biological properties of the ligands and the metal moiety have been drastically
modified by chelation [4]. The binucleating imino ligands are versatile and they reveal
very rich coordination chemistry. A substantial effort is currently been investigated in
the development of such chelating ligands. Such species occupy an important position
in modern inorganic chemistry [5-7] and the complexation ability towards transition
metals. Schiff base ligands play a vital role in transition metal coordination chemistry
[8, 9. Binuclear Schiff base transition metal complexes play a major role as biological
models, catalysts for organic reactions and components in the formation of new
materials [10].

The azomethine linkage of Schiff bases is responsible for the biological activities
such as treatment of cancer [11], as antibacterial [12], antiviral agent [13, 14], and
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other biological properties [15]. These complexes have several applications in absorp-
tion, chemical analysis, heterogeneous, and homogeneous catalysis, in pesticides, for
oxidation and polymerization of organic compounds [16-18]. In recent years, nonplati-
num-based metal therapeutics, in particular late 3d transition metal ions viz. Co(ll),
Ni(ll), Cu(ll), and Zn(ll), are endogenously compatible to the living systems [19]. Those
Schiff bases which form binuclear transition metal complexes are useful in studying
the relation between structures and magnetic exchange interaction and to mimic
bimetallic biosites in various proteins and enzymes [20, 21]. Copper is a biologically
relevant element and many enzymes that depend on copper for their activity have
been identified. Zinc is essential to all forms of life and a large number of diseases
and congential disorders have been traced to zinc deficiency. Zinc is a natural compo-
nent of insulin and it controls sugar metabolism. In this regard, there is a great inter-
est in binucleating Schiff base ligands and their transition metal complexes.

Based on the above facts, we have designed a new binucleating Schiff base ligand
incorporating inidazoline moiety. The present work deals with the synthesis of a novel
Schiff base ligand by condensation of 3,3'-diaminobenzidine and creatinine and its
binuclear Co(ll), Ni(ll), Cu(ll), and Zn(ll) complexes. The prepared ligand and its com-
plexes were characterized using different physicochemical techniques. The thermal
decomposition of the metal complexes was analyzed. The microcrystalline nature of
the complexes was determined by powder XRD. DFT calculations were performed at
B3LYP/LANL2DZ level for ligand and complex 4. The antimicrobial activities of the syn-
thesized ligand and its metal complexes were screened against gram-positive, gram-
negative bacterial, and fungal species. The antioxidant activity of the ligand and the
metal complexes was studied by DPPH assay method.

2. Experimental methods
2.1. Materials and reagents

All the chemicals used were AR grade and of high purity. Creatinine (Sigma Aldrich),
3,3’-diaminobenzidine (Sigma Aldrich) and metal salts (Sigma Aldrich) were used as
received. All the organic solvents were purchased from Merck and used without
purification.

2.2. Physical measurements

The FT-IR spectra were recorded on a Shimadzu IR affinity 1 spectrophotometer from
4000 to 400cm™'. The magnetic susceptibility of the complexes was measured on
powdered samples using Gouy’s method. Molar conductivities of 107> M solutions of
the complexes in DMSO were measured using an Elico digital conductivity meter
(model CM180) having a dip type cell calibrated with KCl solution. Microanalysis of
carbon, hydrogen and nitrogen were carried out on an Elementer Vario EL Ill CHN ana-
lyzer at STIC Cochin. Estimation of metals was carried out by standard EDTA solution.
'"H NMR spectra was recorded in DMSO-dg¢ using a Bruker Avance IIl 400 MHZ FT -
digital NMR spectrometer. The mass spectra were recorded using a Shimadzu LC20AD
mass spectrometer. The thermal analysis (TG/DTG) of the solid complexes was carried
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Figure 1. Synthesis of Schiff base ligand (L).

out from room temperature to 800 °C using a Perkin ElImer STA 6000 thermal analyser.
X-ray diffraction (XRD) patterns were recorded using a Bruker AXS D8 Advance powder
X-ray diffractometer with an X-ray source: Cu and wavelength 1.5406 A°. Scanning
electron microscopy with energy dispersive spectrometry (SEM/EDS) was used for mor-
phological evaluation.

2.3. Synthesis of Schiff base ligand and their metal complexes

2.3.1. Procedure for synthesis of Schiff base ligand

The Schiff base ligand (L) was prepared by mixing 20 mL of methanolic solution of
3,3’-diaminobenzidine (1 mmol) with 10mL of methanolic solution of creatinine
(4 mmol). The mixture was heated under reflux for 3h at 80°C. The resulting dark
brown product obtained was filtered and dried in desiccators using silica gel. The syn-
thesis of the ligand is given in Figure 1. The brown Schiff base product was produced
in 85% yield. M.P: 236°C. Anal. Calcd for CogHsaN1g (%): C, 56.53; H, 5.76; N, 37.69.
Found (%): C, 56.57; H, 5.74; N, 37.72. FT-IR (KBr, v, cm™"): (C=N)azomethines 1670;
(C=NH), 1520; (ring NH): 3220; 'H NMR (300 MHz, DMSO-dg), & (ppm): 7.5-8 (m, 8H,
aromatic), 3.3 (s, 12H, CH3), 2.51 (s, 6H, methylene), 9.8 (s, 4H, NH); UV-vis (Aynax, NM):
238 (m-t*), 323 (n-n*).

2.3.2. Procedure for synthesis of metal complexes (1-4)

The Co(ll), Ni(ll), Cu(ll), and Zn(ll) complexes were prepared by the reaction of 1:2
molar mixture of ligand and metal chlorides in acetonitrile. The mixture was refluxed
for about 2h at 90°C. The resulting product was filtered and dried in a desiccator
using silica gel. The synthesis of the metal complexes is given in Figure 2.
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Figure 2. Synthesis of transition metal complexes.

2.3.2.1. [CO,L(H,0),4Cl,]-2H,0 (1). Yield 74%; brown solid, m.p > 250°C. Anal. Calcd for
[Co,L(H50)4Cl4]-2H,0 (%): C, 34.94; H, 4.82; N, 23.28; Co, 12.25. Found (%): C, 34.94; H,
4.79; N, 23.31; Co, 12.28. IR (v, €M™ "): (C=N)asomethines 1652; (NH>), 3647, 3580; (M-N),
422; (M-Cl), 339; (H,O coordinated), 832-841; e (BM): 3.76. A, (Q' cm?
mol™"): 11.23.

2.3.2.2. [Ni,L(H;0),; Cls] (2). Yield 72%; dark green, m.p>250°C. Anal. Calcd for
[Ni,L(H,0),4Cl,4] (%): C, 36.32; H, 4.57; N, 24.20; Ni, 12.68. Found (%): C, 36.27; H, 4.60; N,
24.17; Ni, 12.72. IR (v, cm™"): (C =N)azomethines 1645; (NH5), 3652, 3575; (M-N), 436; (M-
Cl), 343; (H,O coordinated), 832-841; peg (BM): 3.1. A (@' cm? mol™"): 12.28.

2.3.2.3. [Cu,L(H,0),Cl,J-H>0 (3). Yield 76%; dark green, m.p>250°C. Anal. Calcd. for
[Cu,L(H,0)4Cl1-H,0 (%): C, 34.61; H, 4.77; N, 23.06; Cu, 13.08. Found (%): C, 34.65; H,
4.79; N, 23.02; Cu, 13.05. IR (U, cm™"): (C=N)ayomethiner 1638; (NH,), 3659, 3598; (M-N),
465; (M-Cl), 363; (H,O coordinated), 832-841; ey (BM): 1.87. A, (Q' cm?
mol™'): 14.51.

2.3.2.4. [Zn,LCl,] (4). Yield 70%; brown, m.p >250°C. Anal. Calcd. for [Zn,LCl4] (%): C,
38.78; H, 43.95; N, 25.84; Zn, 15.08. Found (%): C, 38.82; H, 3.92; N, 25.8; Zn, 15.13. IR
(v, cm™"): (C=N)azomethines 1653; (NH>), 3635, 3519; (M-N), 401; (M-Cl), 324; (H,O coor-
dinated), 832-841; A, (@ " cm? mol™"): 13.56.

2.4. DFT calculation

DFT calculations were performed with the Gaussian 09W program using B3LYP model
[22]. The molecular geometry of L and 4 was fully optimized using density function
theory based on 6-31g (d,p) basis sets except for 4 where LANL2DZ basis set was
used. Chemcraft was used for visualization of the optimized structure [23]. The quan-
tum chemical parameters such as Enomo, Eiumo and energy gap (AE) were
also calculated.
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2.5. Antimicrobial activity

The antimicrobial activity of L and 1-4 was studied using paper disc diffusion method
and minimum inhibitory concentration (MIC). The prepared compounds were screened
against two Gram-positive bacteria, Staphylococcus aureus (S. aureus) and Bacillis subti-
lis (B. subtilis), two Gram-negative bacteria, Pseudomonas aeruginosa (P. aeruginosa)
and Escherichia coli (E. coli), and two fungal species, Aspergillus niger (A. niger) and
Candida albicans (C. albicans). Ciprofloxacin and Clotrimazole were used as standard
drugs for bacteria and fungi, respectively. The microorganisms studied were grown
overnight and then suspended in Muller Hinton broth to match the 0.5 McFarland
standards [24]. The sterile glass spreader was used for even distribution of the inocu-
lums. The sterile discs measuring about 6 mm soaked in known concentration of the
test compounds were placed in the nutrient agar medium. The reference drug was
used as positive control and solvent DMSO was used as negative control. The anti-
microbial activity was assayed by measuring the diameter zone of inhibition. The min-
imum inhibitory concentration (MIC) values were examined by the broth microdilution
method using concentrations of 1000, 250, 125, 62.5, 31.25, and 15.625 ug mL~". The
cultures of the bacterial strains were incubated for 24 h at 37°C and 48 h at 25°C for
fungi, and the growth was observed visually as well as spectrophotometrically [25].

2.6. Antioxidant activity

The synthesized compounds were examined for their antioxidant activity by 1,1-diphe-
nylpicrylhydrazyl (DPPH) method [26]. The DPPH radical is a stable free radical having
a Amax @t 517 nm. A stock solution of drug was diluted to final concentrations of 100,
200, 300, 400, and 500ug mL™' in methanol. Methanolic DPPH solution (1mlL,
0.3 mmol) was then added to 3.0mL of drug solution of various concentrations. The
tube was then placed at an ambient temperature for 30 min and the absorbance was
measured at 517 nm. The scavenging potential of the compounds was calculated by
the formula,

Zoinhibition = [Acontrol_Asample/Acontrol) X 100}

where Acontrol is the absorbance of L-ascorbic acid (standard) and Agymple is the absorb-
ance of different compounds. The methanolic DPPH solution (1 mL, 0.3 mM) was used
as control. The ICsq can be calculated using the percentage of activity.

3. Results and discussion
3.1. Synthesis

The present work deals with the synthesis of a new Schiff base ligand. Four new
Co(ll), Ni(ll), Cu(ll), and Zn(ll) binuclear complexes were synthesized from the Schiff
base ligand. All the synthesized compounds were characterized by elemental analysis,
FT-IR and UV-Vis spectroscopy.



JOURNAL OF COORDINATION CHEMISTRY 7

3.2. FT-IR spectra

The information about the binding sites of the ligand can be obtained from the com-
parative study of the FT-IR spectra of ligand and their metal complexes. The IR spectra
of the synthesized Schiff base ligand L showed the presence of v(>C=N) stretching
band at 1670cm™". In the IR spectra of the complexes, the v(>C=N) band appeared
around 1638-1653cm™". The band shifted to lower wavenumber after complexation.
This shift indicated coordination of the ligand through their imine nitrogen atoms
[27]. The coordination of azomethine nitrogen to metal ion reduces the electron dens-
ity of (>C=N) by back-bonding from the metal to the mn* orbital of azomethine
group. Further, the appearance of new bands at 400-465cm ™' corresponding to (M-
N) stretching in all the complexes also confirms coordination of the metal atoms
through azomethine nitrogen atom [28, 29]. The presence of medium-intensity band
at 1520cm™" of the ligand may be assigned to v(C=NH) stretching. A band around
3220cm ' of the ligand corresponds to ring v(NH) vibration. The disappearance of
these two bands in the IR spectra of the complexes and formation of band corre-
sponding to v(NH,) around 3635-3659 cm~" and 3519-3598 cm ™" confirms the amino-
imino tautomerism of the creatinine moiety, which further confirms the non-coordin-
ation of the nitrogen to the metal atoms. A band of medium intensity around
832-841cm™ ' in 1-3 suggests the presence of coordinated water [30]. A band
observed around 324-363cm ™' in the spectra of 1-4 were assigned to the M-Cl
stretching [31]. The above results revealed that the Schiff base was coordinated to the
metal ions in a neutral bidentate manner with NN (azomethine) nitrogen.

3.3. "H NMR spectra

The "H NMR spectra of Schiff base ligand L displayed a singlet at 9.8 ppm correspond-
ing to NH proton. The multiplets in the region 7.5-8 ppm may be assigned to protons
of aromatic rings of the ligand [32, 33]. The signals around 3.3 and 2.51 ppm in both
ligand and 4 correspond to CH3 and CH, protons, respectively. The disappearance of a
signal at 9.8ppm in the '"H NMR spectra of 4 and appearance of a new signal at
8.5ppm corresponds to NH, proton, indicating tautomerism of creatinine to keto-
amino form.

3.4. '3C NMR spectra

The ">C NMR spectra of Schiff base ligand exhibited a sharp signal at 170 ppm corre-
sponding to imine carbons [34]. The sharp signals at 39.6, 46.2, and 55.8 ppm are due
to N-CHs; and CH, carbons, respectively. The signals around 140 and 152 ppm may be
assigned to C-N and C=NH carbons. The signals associated aromatic carbons
appeared around 120-130 ppm.

3.5. Mass spectra

The formation of Schiff base ligand and its Zn(ll) complex were studied with ESI-MS
spectra. The molecular ion peak was observed at m/z 594.38 for the Schiff base ligand
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and m/z 867.52 for the Zn(ll) complex. These data are in good agreement with their
molecular formula. The mass spectrum of Schiff base ligand L and its Zn(ll) complex 4
are shown in Supplementary material Figure S1.

3.6. Molar conductance measurements

The molar conductivity (A.,) of 1073 M solutions of all the complexes at 25°C was
determined in DMF. The results revealed that all the complexes were non-electrolytes
in nature having molar conductance in the range 11.23-14.51 Q 'mol~' cm? This
indicated that the anions were found in the coordination sphere [35, 36].

3.7. Magnetic susceptibility and electronic spectra

The ligand shows two absorption bands at 238 and 323 nm corresponding to n—n*
and n—7* transitions, respectively. The n—r* transition involves the promotion of
the lone pair electron of azomethine nitrogen atom to the antibonding m-orbital asso-
ciated with the azomethine group. In the metal complexes bands due to n—=* and
n—n* transitions observed in the ligand was shifted to 238-245nm and 323-332nm,
respectively. These change in the absorption shifts may be due to coordination, result-
ing in increased conjugation and delocalization of the whole electronic system causing
an energy change in the n—r* and n—n* transitions.

The electronic spectra of 1 showed bands at 488 and 620nm which may be
assigned to *Ti4(F)—=*Ti4(P) and *T4(F)—*A4(F) transitions, respectively [37]. The
magnetic moment value of 1 is 3.76 BM and an octahedral geometry has been sug-
gested for 1.

The absorption spectrum of 2 exhibited bands at 475, 689, and 783 nm which may
be assigned to >Ay(F)—>T14(P), Axg(F)—=>Tig(F), and >Ang(F)—>Tyg(F) transitions,
respectively. The magnetic moment value of 2 was found to be 3.1 BM. All these data
suggest an octahedral geometry for 2 [38].

The electronic spectra of 3 showed two bands at 465 and 709 nm assignable to
’B,4—°E4 and ’B,g— By, transitions, respectively. The value of the magnetic moment
of the complex was found 1.87 BM, suggesting octahedral geometry for 3 [39, 33].

Complex 4 is diamagnetic in nature, and no d-d transitions were observed for this
complex. A broad band observed at 250 nm corresponds to L—M charge transfer tran-
sition. The spectral and elemental analysis data suggest a tetrahedral geometry for
4 [40].

3.8. Powder XRD and SEM analysis

Powder X-ray diffractograms of Cu(ll) and Zn(ll) complexes were scanned in the range
10°-100° at wavelength of 1.5406A. The diffractogram of 3 and 4 are shown in
Supplementary material Figure S2. The complexes exhibit sharp peaks which indicate
their crystalline nature. Using Scherre’s equation (D=0.9 4/fcosf) the average crystal-
lite size for 3 and 4 were 64 and 36 nm, respectively.
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Figure 3. (a) SEM micrograph of Cu(ll) complex. (b) SEM micrograph of Zn(ll) complex.

The SEM pictographs of 3 and 4 shown in Figure 3 exhibit a homogeneous matrix
with an ideal shape of uniform phase material. Particle size of 50 um with small cube-
like shape is observed in 3. Particle size of 100 um with thin diamond shaped layer is
observed in 4. Based on the above analytical and spectral studies, it is confirmed that
3 and 4 have octahedral and tetrahedral geometry, respectively.

3.9. Thermo gravimetric analysis (TG and DTG)

The thermal decomposition of all the metal complexes takes place in several steps as
reported in Table 1 and shown in Supplementary Material Figure S3. The stability of
the complexes decreases due to the presence of different groups in the organic lig-
and. The thermal stability of the complexes was affected by the electronegativity and
atomic radius of the central metal atom. The thermogravimetric analysis was carried
out from room temperature to 800°C. The decomposition of the complexes was not
completed after 800 °C.
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Table 1. Thermoanalytical results (TG and DTG) of Schiff base ligand (L) and its metal complexes.

Decomposition Found mass loss
Complexes Temp. range (°C) TG temp. (°C) DTG Estim. (Calcd) % Assignment
[Co,L(H,0)4Cl4]-2H,0 45-89 68.84 4.29 (3.74) Loss of lattice H,0
89-198 102.56 6.22 (7.49) Loss of
coordinated H,0
198-319 267.80 12.75 (14.73) Loss due to Cl,
319-766 565.39 21.37 (20.18) Loss due to CgHi4Ng
Decomposition
in progress
[Ni;L(H,0)4Cl4] 84-154 145.25 9.50 (7.78) Loss of
coordinated H,0
154-362 313.89 15.35 (15.32) Loss due to Cl,
Decomposition
in progress
[Cu,L(H,0)4Cl4]-H,0 55-84 79.34 3.15 (3.71) Loss of lattice H,0
84-250 210 6.68 (7.42) Loss of
coordinated H,0
250-487 286.72, 413.17 13.53 (14.59) Loss due to Cl,
Decomposition
in progress
[Zn,LCl,] 165-439 342.84 15.27 (16.35) Loss due to Cl,
Decomposition
in progress

The TG curve of [Co,L(H,0)4Cl4]-2H,0 shows decomposition in four steps within the
temperature range 45-766°C. The first decomposition step from 45 to 89°C with a
maximum temperature at 68.84°C with an estimated mass loss of 4.29% (calcd 3.74%)
was accounted for the loss of lattice water molecules. The second decomposition step
occurs from 89 to 198°C with an estimated mass loss of 6.22% (calcd 7.49%) with
maxima at 102.56 °C, which is attributed to the loss of coordinated water molecules
[41]. Third decomposition from 198 to 319 °C with maximum temperature at 267.80°C
with mass loss of 12.75% (calcd 14.73%) was attributed to loss of chlorine molecules.
The fourth decomposition step from 319 to 766 °C with mass loss of 21.37% (calcd
20.18%) with maxima at 565.39°C corresponds to the loss of two creatinine moieties
of the ligand molecule. The decomposition step did not finish completely. Therefore
last decomposition residue was not determined [42].

The thermogram of [Ni,L(H,0)4Cl4] shows two decomposition steps from 84 to
362°C. The first decomposition from 84 to 154°C with maximum temperature at
145.25°C with an estimated mass loss 9.5% (calcd 7.78%) was attributed to coordi-
nated water molecules. The second decomposition from 154 to 362 °C with maximum
temperature at 313.89°C with an estimated mass loss 15.35% (calcd 15.32%) corre-
sponds to the loss of chlorine molecules. The decomposition step did not finish com-
pletely. Therefore the last decomposition residue was not determined.

The TG curve of [Cu,L(H,0),4Cl,]-H,O undergoes decomposition in four steps. The
first decomposition from 55 to 84°C with maximum temperature at 79.34°C was
attributed to the loss of lattice water molecules with an estimated mass loss of 3.15%
(calcd 3.71%). The second decomposition from 84 to 250°C with an estimated mass
loss of 6.68% (calcd 7.42%) with maxima at 210°C corresponds to the loss of coordi-
nated water molecules. The third and fourth decomposition from 250 to 487 °C with
two maxima at 286.72 and 413.17°C with mass loss of 13.53% (calcd 14.59%) was
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Figure 4. Optimized geometry of Schiff base ligand and Zn(ll) complex.

attributed to the loss of chlorine atoms. The decomposition was incomplete hence,
the final decomposition product cannot be determined.

The thermogram of [Zn,LCl4] shows no decomposition up to 300 °C, indicating the
absence of lattice and coordinated water molecules [43]. The decomposition from 165
to 439°C with maximum temperature at 342.84°C with an estimated mass loss of
15.27% (calcd 16.35%) was attributed to the loss of chlorine atoms. The decomposition
was incomplete. Therefore the last decomposition residue was not determined. Based
on the above discussion the proposed structures of the complexes are shown in
Supplementary Material Figure S4.

3.10. Geometry optimization

The molecular geometry of L and 4 were optimized in gas phase and are shown in
Figure 4. The numbering scheme used to calculate bond lengths and angles for L and
4 is shown in Supplementary Material Figure S5. The values of selected bond lengths,
bond angles, and torsion angles of L and Zn(ll) complex are listed in Supplementary
Material Table S1. A slight elongation in bond lengths C(22)-N(10), C(21)-N(9), C(14)-
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Figure 5. Frontier molecular orbital energies of Schiff base ligand.

N(2), and C(13)-N(1) was noted in Zn(ll) complex as L was coordinated via azomethine
nitrogen. The Zn(1)-N(10), Zn(1)-N(9), Zn(1)-Cl(3), Zn(1)-Cl(4), Zn(2)-N(1), Zn(2)-N(2),
Zn(2)-CI(1), and Zn(2)-Cl(2) bond lengths were 2.16, 2.16, 2.33, 2.34, 2.16, 2.16, 2.33,
and 234A, respectively. The optimized structure shows that 4 has tetrahe-
dral geometry.

The frontier molecular orbitals of L and 4 are shown in Figures 5 and 6, respect-
ively. In L, HOMO is spread over part of ligand moiety and LUMO spread over the
whole ligand unit. After complexation with Zn(ll), HOMO is spread over part of ligand
unit whereas HOMO-1 is spread over chlorine atoms. The LUMO of 4 is spread over
whole ligand unit. The HOMO-LUMO energy gaps of L and 4 was 4.33 and 3.27eV.
From the calculated values it can be concluded that 4 is more reactive than L. The
results reveal that complexation results in the disruption of the internal charge transfer
and resulted in the changes of electronic properties.

3.11. Molecular electrostatic potential (MEP)

The nucleophilic and electrophilic regions of the molecule can be indentified using
the molecular electrostatic potential map (MEP) [44, 45]. The structural properties of
the molecules such as chemical reactivity of the compound can be described using
these regions. The MEP of L and 4 are shown in Figure 7. A red color indicates elec-
tron rich sites, while the blue color represents electron deficient regions [46]. The azo-
methine nitrogen of the creatinine moiety is more electron rich region in the ligand.
The central metal atom in 4 is more electron-rich site than the nitrogen atoms of the
creatinine moiety. The electropositive sites are methyl group and methylene groups in
ligand and 4.
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Figure 6. Frontier molecular orbital energies of Zn(ll) complex.
3.12. Nonlinear optical (NLO) activity

NLO active materials are attracting great interest because of their potential applications
in optoelectronic devices [47, 48] and THz wave generation [49]. THz region lying
between microwave and infrared region offers wide applications which include inspec-
tion of drugs, wireless communications, spectroscopy, and imaging [50]. This wide range
of applications of the materials increases interest in designing organic materials with
desired nonlinear optical properties. The calculated polarizabilities and hyperpolarizabil-
ities were taken from Gaussian output. The total static dipole moment (u), static polariz-
ability (o) and static hyperpolarizability (f;,;) have been stated [51] in Supplementary
Material Equation (S1). The calculated first order hyperpolarizability (f;.:), mean polariz-
ability (<a>) and dipole moment (p) are given in Table 2. Urea is one of the prototypical
molecules used in the study of the NLO properties of molecular systems, and therefore, it
was used as threshold value for comparative purpose. The first-order hyperpolarizability
of L and 4 are 5.03 and 6.68 times larger than that of urea (1.3729 x 103" esu). The Schiff
base complexes have improved NLO responses due to the metal atom which is placed at
the center of charge-transfer system, compared to those of the free ligand.

3.13. Quantum chemical parameters

The Quantum chemical parameters such as (Enomo), (ELumo), AE, ionisation potential
(), electron affinity (A), chemical potential (1), global hardness (1), global softness (S),
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Figure 7. Molecular electrostatic potential (MEP) of Schiff base ligand and its Zn(ll) complex.

Table 2. The polarizability (o), the first-order hyperpolarizability (fi) and their components for
ligand L and Zn(ll) complex 4.

Compound <o> (a.u.) Ao (a.u.) Prot (a.U.) Prot (esu) Prot/ Prot (urea)
Ligand (L) —243.8767 99.9481 80.0304 6.91E — 31 5.03
Complex 4 —172.4229 81.777 545.3229 9.1795E — 31 6.68

Urea —21.5925 8.375 15.892 1.3729E — 31 1

electronegativity (), and global electrophilicity index (@) were calculated for L and 4
and listed in Supplementary Material Table S2.

The mentioned quantum chemical parameters were calculated with the help of the
equations [52, 53] shown in Supplementary Material Equation (S2). The Eya Of 4 was
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higher than the ligand, indicating the greater stability of the solid complex. The high
electrophilicity index (®) value indicates the good chance and priority for biological
activity. The ligand molecule is capable of accepting electrons and its energy
decreases upon accepting electronic charges was indicated by its positive electronega-
tivity (%) and negative electronic chemical potential values (n) [54].

3.14. Antimicrobial activity

The Schiff base and its metal complexes were screened for their antimicrobial activity
against S. aureus and B. subtilus as gram-positive bacteria, E. coli and P. aeruginosa as
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Figure 9. Concentration-dependent curves of antioxidant efficacy of Schiff base ligand and their
metal complexes using L-ascorbic acid as standard and the methanolic DPPH solution as control.

gram-negative bacteria and C. albicans and A. niger as the fungus by disc agar diffu-
sion method. The experimental data were compared with standards as shown in
Figure 8. The results show that the complexes have higher activity than the ligand
against the similar microorganisms under the same experimental conditions. These
results show that metal complexes are more potent in inhibiting the growth of micro-
organism than the Schiff base ligand except 3, which has lower activity than the lig-
and against all the microorganisms except E. coli. The Co(ll) and Zn(ll) complexes
showed good activity against S. aureus and E. coli. Complex 2 exhibits good activity
against S. aureus, B. subtilus, and P. aeruginosa whereas it exhibits lower activity
against E. coli. By comparing the results of antifungal activity of the Schiff base ligand
and its complexes with the standard, it is obvious that the ligand and 1 and 3 showed
lower activity against A. niger, except 2 and 4 which had moderate activity. Complex 2
exhibits good activity against C. albicans whereas 1 and 3 exhibit moderate activity.

The MIC values of 2 and 4 against S. aureus, P. aeruginosa and A. niger are given in
Supplementary material Table S3 and the results reveal that 2 (MIC = 62.5ug mL™")
shows good activity against A. niger and moderate activity against P. aeruginosa (MIC
= 125pug mL™"). Complex 4 (MIC = 125ug mL™") shows a moderate activity against
the tested microorganisms S. aureus, P. aeruginosa, and A. niger.

The synthesized metal complexes showed difference in activities against various
microorganisms due to impermeability into the microorganism cells. The size of the
inhibition zone depends upon the culture medium, incubation conditions, rate of dif-
fusion, and concentration of antibacterial agent. The activities of all the tested com-
plexes may be explained on the basis of chelation theory [55, 56] where chelation
reduces the polarity of the metal atom mainly because of partial sharing of the posi-
tive charge of the metal ion with the donor groups of the ligands and possible p-elec-
tron delocalization within the whole chelate ring. The low activity of some complexes
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may be ascribed due to low lipid solubility, consequently the metal ion may not be
able to reach favorable site of action of the cell wall to interfere with the normal cell
activity. Though chelation dominates in assessing the biological behavior of the com-
plexes, but simultaneously other factors such as dipole moment, size, bond length,
geometry of complexes, concentration, coordination sites, and hydrophobicity have
considerable influence on the antimicrobial potency. Hence it may be concluded that
the antimicrobial activity of the complexes may not be due to chelation alone but it is
convoluted blend of numerous contributions [57, 58].

3.15. Antioxidant activities

Free radicals play an important role in the inflammatory process. Many complexes
have been reported as free radical inhibitors or radical scavengers in the literature.
Schiff bases and its transition metal complexes exhibit significant antioxidant activity
[59-61]. Hence we carried out systematic investigation to explore the antioxidant effi-
cacy of free ligand and metal complexes by DPPH method using L-ascorbic acid
(standard). The antioxidant data of the compounds at variable concentrations are
shown in Supplementary material Table S4 and concentration-dependent curves are
depicted in Figure 9. The inhibitory effects of all the tested compounds are dose-
dependent and the suppression ratio increases with increasing concentration. The
DPPH-scavenging activity of 4 was higher than that of ascorbic acid. Complex 4 had
significant scavenging effects with increasing concentration of 100-500 ug mL~". The
scavenging activity of 4 is higher compared to ascorbic acid with 1Cso values of 11.70
and 37.14 g mL™" for 4 and ascorbic acid, respectively. The higher DPPH radical-scav-
enging activity is associated with the lower ICsy value. The ICsy values of ligand and
1-3 are 38.23, 91.30, 44.07, and 77.77 pug mL~, respectively, which is higher than that
of ascorbic acid showing lower scavenging activity.

4, Conclusion

A binuclear Schiff base ligand (L) and its metal(ll) complexes 1-4 have been synthe-
sized and characterized using various spectroscopic techniques. All the complexes
showed octahedral geometry except 4, which had tetrahedral geometry. The presence
of lattice water and coordinated water in metal complexes were analyzed using TGA/
DTG analysis. The powder XRD shows sharp peaks, indicating microcrystalline struc-
tures. The SEM micrograms confirmed the homogeneous particle nature. The geomet-
rical structure of Schiff base ligand and 4 were computed. From this, the bond angles,
bond lengths, torsion angles and various other quantum chemical parameters were
calculated. The synthesized ligand and their metal complexes were screened against
Gram-(+) bacteria (S. aureus and B. subtilis), Gram-(—) bacteria (E. coli and P. aerugi-
nosa) and fungal species (C. albicans and A. niger). Complexes 1, 2, and 4 had higher
activities than the ligand against the bacterial species. The Ni(ll) complex showed
good activity against the fungal species compared with other metal complexes. The
complexes showed enhanced activity than the parent ligand. The Zn(ll) complex
showed pronounced antioxidant activity compared to all other complexes.
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