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Abstract

New mixed-ligand Ni(II) complexes [Ni(tptz)(1,10-phen)] (1), [Ni(tptz)(2-Mimd)2] (2), and
[Ni(tptz)Imd)2] (3) were synthesized via a green, solvent-free mechanochemical approach using ball
milling. The primary ligand used was 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz), with secondary ligands
being 1,10-phenanthroline, 2-methyl imidazole, and imidazole, respectively. Structural characterization
by IR, UV-Visible, photoluminescence spectroscopy, and powder X-ray diffraction, supported by
DFT calculations, revealed a distorted square planar geometry for complex 1 and distorted tetrahedral
geometries for complex-2 and complex-3. Notably, bathochromic shifts in the UV-Vis spectra confirm
metal-ligand charge transfer transitions and extended n-delocalization. Powder XRD analysis determined
average crystallite sizes of 17.86 nm (1), 25 nm (2), and 14.7 nm (3). DNA-binding studies against
calf thymus DNA exhibited bathochromic and hypochromic shifts, indicating an intercalative binding
mode. Antibacterial evaluation showed that complexe-2 and complex-3 exhibited enhanced activity
against Bacillus subtilis and Escherichia coli, with inhibition zones up to 16 mm, compared to their
uncoordinated ligands. These results highlight the potential of Ni(II) coordination complexes as

bioactive agents.

1. Introduction

Transition metal complexes have been used as therapeutics to treat
cancer, diabetes, lymphomas, infection, and neurological disorders.
These metals have variable oxidation states and may interact with many
negative, neutral molecules. Due to this unique property, medicinal
inorganic chemistry research has started to develop Metallo-drugs
with significant therapeutic as well as diagnostic applications. Many
metal complexes are already in use for these purposes and this has
stimulated further research in this direction. Mixed ligand metal
complexes are very important in biological processes because these
are used as models for biochemical reactions [1], activation of enzymes
[2], storage and transport of active substances through membranes [3].
These complexes are also active against pathogenic microorganisms
[4]. Mixed ligand metal complexes have gained considerable research
interest because these are having valuable properties such as antifungal,
antibacterial, anticancer properties [5-8], magnetic exchange [9,10],
electrical conductivity [11], photoluminescence [12], and nonlinear
optical property [13,14]. Metallodrugs having Ni as the metal center
has extensive applications in pharmacology such as antimicrobial [15,
16], antioxidant [17,18], antiviral [19], antifungal [20], antimycobacterial
[21], anti-inflammatory [22], anti-ischemic [23], antiparasitic [24],
antithrombolytic [25], enzymatic treatments [26] anticancer agents
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[27] owing to their biological role and synergistic action with other
medicines.

2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz) is a versatile neutral
N-donor ligand which can function simultaneously as a tridentate
as well as bidentate ligand in coordination chemistry [28]. It has been
used as an efficient spacer for supramolecular complexes [29]. The
metal complexes of tptz have been screened for magnetic [30], optical
[31], antitumor [32], antibacterial [33], catalytic [34] properties. The
aim of this study was the mechanochemical synthesis of three mixed
ligand Ni(II) complexes using tptz as the primary ligand and imidazole/
2-methyl imidazole/1,10 phenanthroline as secondary ligand. These
complexes are characterized by different spectroscopic methods
and screened for their antibacterial activities against Bacillus subtilis
and Escherichia coli. DNA binding study of these complexes
has been carried out against Calf thymus DNA with the help of
UV-Vis spectroscopy.

2. Materials and methods
2,4,6-tris-(2-pyridyl)-1,3,5-triazine (tptz) was procured from
Merck and used without purification. All the materials were of

commercial reagent grade and used without further purification.
Tris HCI and agar gel from HiMedia, Double-stranded Calf thymus
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DNA (molecular biology grade), were procured from Sigma—Aldrich
and stored at —4°C. Doubly distilled water was used for DNA binding
studies. IR spectra were recorded in the 4000 cm™ to 400 cm! range
on a FT-IR Thermo Fisher Spectrophotometer using KBr pellets.
Photoluminescence spectra were recorded by using Shimadzu Spectro-
photofluorometer (RF-5301 PC) equipped with source of Xenon
discharge lamp (solid sample in glass slide with tape). Electronic
absorption spectra were recorded on Shimadzu UV—Vis double-beam
spectrophotometer.

2.1 Mechanochemical synthesis of complexes [1-3]

A fixed amount of 0.027 g of Ni(NOs)2 was added to 0.062 g of
tptz with varying amounts of 1,10-phenanthroline (0.035 g), 2-methyl
imidazole (0.015 g) and Imidazole (0.013 g) during grinding in
a planetary ball mill for 30 min at a speed of 2600 rpm to synthesize
the complexes. From quantum mechanical and experimental data,
the complexes are assigned with the formulae as [Ni(tptz)(1,10-phen)]
(1), [Ni(tptz)(2-Mimd)2] (2) and [Ni(tptz)(Imd)2] (3).

2.2 Computational details

The widely used hybrid functional B3LYP [35] method based on
DFT has been applied to optimize the geometry of the complexes
[1-3] without symmetry restriction. The hybrid B3LYP methods that
combine an exchange-correlation functional with some exact exchange
contribution yield a very reasonable accuracy even for transition metal
coordination complexes [36]. The IR spectra of these complexes along
with vibrational frequencies are also calculated using the B3LYP
method. A double-zeta split-valence basis set, 6-31+G*, was employed
for all atoms [37]. All calculations were performed using the Gaussian 09
suite of quantum chemistry programs, and the optimized molecular
structures and IR spectra were visualized using Chemcraft software [38].

2.3 DNA binding experiments

DNA binding experiments of the complexes with CT-DNA were
carried out in 5 mM Tris-HCI/NaCl buffer and adjusted to pH 7.2 with
HCl using an aqueous solution of metal complexes. The solution of
CT-DNA was absolutely free from protein contamination which was
confirmed by the ratio of UV absorbance at 260 nm and 280 nm and
it was 1.89 [39]. Absorption titration experiment was carried out with
fixed concentrations of complexes (1-3) while gradually increasing the
concentrations of (10, 20, 30, 40 and 50 pL) CT-DNA stock solution.
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2.4 Anti-microbial activity

The ligand tptz, co-ligands (1,10-phenanthroline/imidazole/2-
methyl imidazole) and metal complexes were investigated for anti-
microbial activity against one Gram-positive (Bacillus subtilis ATCC
6633) and one Gram-negative (Escherichia coli ATCC 35218) bacteria
by using disc-agar diffusion method. DMSO was used as a controller and
ampicillin was used as standard antibacterial reference. Using sterile
cork borer of 6 mm diameter, wells were bored into seeded agar plates
and they were loaded with 100 pL volume of the test substances with
a concentration of 500 mg-mL~! reconstituted in dimethylsulphoxide
(DMSO). Antibacterial activity was calculated by measuring the diameter
of the zone of inhibition against the bacteria (Escherichia coli) and
(Bacillus subtilis). All the plates were incubated at 37°C for 24 h. The
inhibition zone diameters around each disc were measured in mm.

3. Results and discussion

3.1 Structural description

Selected bond lengths and bond angles of the complexes (1-3)
were calculated at B3LYP/6-31+G* level is summarized in Table 1-3
and their structures are shown in Figure 1(a-c). The optimized geometry
of [Ni(tptz)(1,10-phen)] (complex-1) gives a distorted square planar
structure with four Ni-coordination: two with tptz moiety and two
with 1,10 phenanthroline but in [Ni(tptz)(2-Mimd)2] (complex-2) and
[Ni(tptz)(Imd)2] (complex-3) complexes, Ni has five coordination
out of which two with individual Imidazole moiety and three with
tptz which leads to distorted tetrahedral geometry. In complex-1, Ni
is coordinated with two nitrogens of same phenanthroline, therefore
due to the steric effect Ni is bonded with only pyridyl groups of tptz
moiety and converged to a distorted square planer structure. The bond
length of Ni with phenanthroline moiety in complex-1 varies from
1.78 A to 1.97 A and two bond lengths with tptz varies from 1.918 A
to 1.953 A. The bond angle of phenanthroline-Ni (N1-Ni-N2) is 92.58°,
tptz-Ni (N3-Ni-N5) is 83.03°, and the bond angle of phenanthroline-
Ni-tptz varies from 107.86° (N1-Ni-N5) to 108.07° (N2-Ni-N3). The
experimental value of Ni-phenanthroline bond length of complex
[Ni-(phen)s] [40] varies from 2.081 A to 2.095 A which is a maximum
0.2 A from of our calculated value for 4 coordinated Phen-Ni-tptz
complex and the experimental bond angle for N(phen)-Ni-N(Phen) is
around 80° which agrees very well with our theoretical value ~83.03°.

(©)

Figure 1. Optimized DFT based hybrid B3LYP structure of (a) complex-1, (b) complex-2 and (c) complex-3.
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Table 1. Optimized bond distances (A) and bond angles (°) for [Ni (tptz)(1,10-phen)] (1).

Structural parameters of complex-1

Bond Length (A) Bond Angle (°)
Nil-N1 1.78 NI1-Nil-N2 92.58
Nil-N2 1.97 N2-Nil-N3 108.07
Nil-N3 1.91 N3-Nil-N5 83.03
Nil-N5 1.96 N1-Nil-N5 107.86
N1-C4 1.39 C4-N1-C5 117.36
N1-C5 1.35 C7-N2-C12 118.06
N2-C7 1.39 C16-N3-C17 117.54
N2-C12 1.33 C13-N5-C14 11491
N3-C16 1.37 C13-N4-C15 116.83
N3-C17 1.35 C14-N6-C15 116.88
N5-C13 1.37 C26-N8-C29 118.44
N5-C14 1.35 C21-N7-C24 118.32
Table 2. Optimized bond distances (A) and bond angles (°) for [Ni(tptz)(2-Mimd)] (2).
Structural parameters of complex-2
Bond Length (A) Bond Angle (°)
Nil-NI 2.01 N1-Nil-N3 77.74
Nil-N7 1.92 N7-Nil-N3 96.16
Nil-N3 2.12 N7-Nil-N8 157.29
Nil-N5 2.01 N7-Nil-N1 91.13
Nil-N8 1.33 N7-Nil-N5 90.16
N1-C5 1.33 N8-Nil-N1 93.91
N1-C4 1.36 N1-Nil-N5 155.24
N3-Cl 1.33 N8-Ni-N5 93.79
N3-C2 1.33 N8-Ni-N3 106.53
N5-C12 1.33 N3-Nil-N5 77.51
N5-C9 1.36 C1-N3-C2 116.45
N7-C19 1.38 C2-N4-C3 114.77
N7-C26 1.36 C1-N2-C3 114.62
N8-C22 1.36 C4-N1-C5 118.62
N8-C21 1.38 C9-N5-C12 118.66
C14-N6-C17 117.83
C21-N8-C22 105.12
C19-N7-C26 104.92
C22-N9-C23 105.12
C20-N10-C26 104.94
Table 3. Optimized bond distances (A) and bond angles (°) for [[Ni(tptz)(Imd),] (3).
Structural parameters of complex-2
Bond Length (A) Bond Angle (°)
Nil-NI 2.01 N1-Nil-N3 77.54
Nil-N7 1.89 N3-Nil-N5 77.40
Nil-N3 2.16 N1-Nil-N5 154.94
Nil-N5 2.00 N7-Nil-N5 92.58
Nil-N8 1.91 N7-Nil-N1 92.21
N1-C5 1.33 N7-Nil-N3 101.95
N1-C4 1.36 N8-Nil-N1 92.73
N3-Cl 1.33 N8-Nil-N3 96.38
N3-C2 1.33 N8-Nil-N5 90.39
N5-C12 1.33 C1-N3-C2 115.47
N5-C9 1.36 C2-N4-C3 114.81
N7-C19 1.37 C1-N2-C3 114.68
N7-C24 1.36 C4-N1-C5 118.64
N8-C22 1.36 C9-N5-C12 118.70
N8-C21 1.38 C14-N6-C17 117.77
C21-N8-C22 104.28
C19-N7-C24 104.95
C22-N9-C23 104.26
C20-N10-C24 104.21
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In 2 and 3 complexes, both the pyridyl groups of tptz are bonded
with Ni atom and converged to a distorted tetrahedral geometry with
a little shift of Ni atom from the tptz plane. The bond lengths of 2-
methyl Imidazole and Ni of complex-2 and Imidazole-Ni of complex-3
varies from 1.89 A to 1.92 A but the bond angle of 2-methyl imidazole-
Ni-2-methyl imidazole (N7-Ni-N8) of 2 and that of imidazole-Ni-
imidazole (N7-Ni-N8) of complex-3 vary from 157.29° to 161.63°.
In tptz part the bond length of Ni-N (tptz) of complex-2 varies from
2.01 A to 2.12A and in complex-3, it varies from 2.0 A t0 2.16 A.
The bond angle of 2-Methyl Imidazole-Ni-N(tptz) of complex-2
and Imidazole-Ni-N(tptz) (N7s-Ni-Ni3/5) varies from around 91° to
106°. The N7-Ni-N3 bond angle for both complex-2 and complex-3
are little higher than that of N7/s-Ni-N1/5s which clearly indicates the
displacement of Ni atom from tptz. The bond length of Ni-N(tptz) of
complex-1is about 1.91 A and 1.96 A and that for complex-2 and
complex-3 are little elongated to 2.12 A and 2.16 A respectively.
Recent crystallographic data on bond length of Ni-tptz part in [Ni-
(tptz)C1(H20)2] and [Ni-(tptz)Cl2(H20)] complexes 1.987 A t02.17 A
which is very close to our calculated value with a maximum deviation
~0.05 A and also for angle of N1-Ni-N3 and N3-Ni-NS5 for both the

Ni-tptz complex varies from 76.67° to 77.05° and N1-Ni-N5 is about
153.12° to 153.39° which agree very well with our calculated value
~77.5° and ~155° respectively [41]. The same geometrical parameters
reported in a recent article on Ni(tptz)2 and Ni-(tptz)(CH3;OH)Cl also
support our calculated values [42].

3.2 IR spectral studies and DFT calculations

To determine the chelation sites of the ligands as well as co-
ligands that may coordinate to the metal center, the IR spectra of
mixed ligand metal complexes Figure 2(a-c) were compared with free
ligands/co-ligands. There is a significant change in the position and/or
intensities of these peaks after coordination. All the significant peaks
are also supported by calculated values depicted in Figure 3(a-c) and
it is summarized in Table 4. The strong band of C=C appears around
1590 cm™! to 1525 cm™! of the ligands and co-ligands have been shifted
to lower wave number in the ranges between (1579 ecm™ to 1529 cm™)
[32]. The intense peak at 1660 cm™ in the ligand tptz which is assigned
to C=N has been shifted to lower wave lengths (1625 cm! to 1611 cm™)
in the complexes.
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Figure 2. FT-IR spectra of (a) complex-1, (b) complex-2, and (c) complex-3 (Experimental).

Table 4. The observed FT-IR calculated frequencies (cm™) computed by DFT/B3LYP and Experimental.

S1 No. Complexes Vibrational assignments Experimental frequency B3LYP calculated frequency
[em™'] [em™]
1 C=N 1625 to 1611 1630
2 1 Cc=C 1590 to 1525 1539
3 C-C 1484 to 1255 1413, 1472
4 N-Ni-N 600 to 800 1000, 740
1 C=N 1611.87 1631
2 ) Cc=C 1533.47 1504
3 C-C 1484 to 1255 1393
4 N-Ni-N 600 to 800 697
1 C=N 1611.89 1586
2 3 Cc=C 1533.35 1425
3 C-C 1484 to 1255 1498
4 N-Ni-N 600 to 800 767
C-H 2900 to 3150 3176

J. Met. Mater. Miner. 35(2). 2025



Mechanochemical synthesis of Ni(1l)-tptz complexes with co-ligands: Spectroscopy, DFT, and biological studies 5

This shift has been occurred due to co-ordination of N-atom of
the tptz to Ni(II) [32]. There are several other bands at 800 cm™' to
600 cm™" which is the significant peak due to the coordination of
the pyridine ring with Ni(Il) [43]. Further few new peaks in the range
02900 cm™' to 3150 cm™! are appeared and are slightly shifted as
compared to the unbound ligands owing to absorptions of C—H
stretching and bending vibrations of the aromatic hydrogen
atoms [44].

3.3 Powder X-ray diffraction

The powder X-ray diffraction study has been carried out for
complex-1 to complex-3 and there are peaks at 20 =29.01 and 32.32
positions which corresponds to the presence of nickel metal ion [45].
The other peaks at 26 = 15 to 25 correspond to the presence of ligand
and co- ligands. In the complex-1 to complex-3, there are some new
diffraction peaks have occurred which suggest the formation of
metal chelates Figure 4(a-c). The crystallite size of the complex-1
to complex-3 has been determined by using Scherrer’s equation (D =
0.9 k/Bcosb) and it was found to be 17.86 nm, 25 nm, and 14.7 nm,
respectively [46,47].

3.4 UV-Vis and photoluminescence spectroscopy

The electronic spectrum of tptz and the complexes were measured
in methanol and shown in Figure 5(a-c). The Amax values of the ligand,
co-ligands and the complexes were listed in Table 5. The free ligand
tptz in methanol shows a band at 282 nm which is attributed to n-m* or
n-* transitions with in the triazine and pyridine rings. Upon coordination
with Ni(I), a bathochromic shift of approximately 10 nm is observed
in all Ni(IT) complexes. This red shift, primarily due to metal-ligand
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coordination, which leads to a reduction in the HOMO-LUMO energy
gap, stabilization of the excited states through strong ligand field
effects, and contributions from charge transfer transitions (MLCT/
LMCT) as well as increased n-electron delocalization. All spectral
measurements were performed in methanol under identical conditions,
minimizing the influence of solvent effects. Therefore, the observed
bathochromic shift can be attributed predominantly to electronic
changes induced by complex formation [48,26].

The photoluminescence spectra of the complexes were measured
in methanol with an excitation wave length 271 nm at room temperature
and are depicted in Figure 6(a-c). It has been observed that the photo-
luminescence intensities for the complexes are higher than that of
uncoordinated tptz ligand. This may happen due to the rigidity of the
bound ligand in the complexes as compared to the unbound ligand
[49]. The enhancement of intensity in the complexes arises due to
Ni(II) coordination with the ligands [50]. Intraligand emission (m-7*)
of tptz appeared at around 543.97 nm [51].

3.5 DNA binding

The absorption spectra of the complexes in the presence of CT-
DNA are given in Figure 7(a-c). There are two well-resolved bands
at approximately 272 nm and 291 nm for complex-1, 250 nm and
291 nm for complex-2, 251 nm and 291 nm for complex-3 respectively.
From this figure, it is confirmed that with increasing concentration of
DNA, bathochromic as well as hypochromic shifts occurred in all
complexes. This indicates that the complexes bind to CT-DNA through
intercalation as the intercalative binding of Schiff base complexes
with Ct-DNA is driven by n- stacking interactions, hydrogen bonding,
electrostatic attractions, and hydrophobic effects, leading to hypochromic
and bathochromic shifts in the absorption spectrum [52].
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Figure 3. FT-IR spectra of (a) complex-1, (b) complex-2, and (c) complex-3 (Theoretical).
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Figure 4. Powder X-ray diffraction of (a) complex-1, (b) complex-2, and (c) complex-3.

J. Met. Mater. Miner. 35(2). 2025



6 SENAPATI, D., et al.

Table 5. Electronic absorption spectral properties of Ni(Il) complexe-1 to complexe-3.

Ligand and complex Mmax

Free Bound

tptz 282 291

1,10-phenanthroline 267 271

2-Methyl Imidazole 243 251

Imidazole 210 to 220 253

Complex-1 271(LMCT, n-nt*), 291(n- *)
Complex-2 251,295

Complex-3 253,296
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Figure 5. UV-Visible spectra of (a) complex-1, (b) complex-2, and (c) complex-3 .
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Figure 6. Photoluminescence spectra of (a) complex-1, (b) complex-2, and (c) complex-3.
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Figure 7. Electronic spectra of the Ni(Il) complexes (10 uM) in the presence of 10 uL to 50 uL of CT-DNA (a) complex-1, (b) complex-2, and (¢) complex-3.
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Table 6. Antibacterial activity against Bacillus subtilis.

SI no. Zone of inhibition
Ligand Complex Control Standard
[mm] [mm] [mm] [mm]
45 12
7 12 0 26

3 8 16

Table 7. Antibacterial activity against Escherichia coli.

SI no. Zone of inhibition
Ligand Complex Control Standard
[mm] [mm] [mm] [mm]

1 42 10

2 0 12 0 32

3 7 12

S0

- Bacillus subtilis with ligand
- Bacillus subtilis with complex
B . coti with ligand

- E. coli with complex

& i o
= = =
I 1 1

Inhibition zone in (mm)
=

Complex (3)

Complex (1)  Complex (2)

Figure 8. Antibacterial study of complex-1 to complex-3.

3.6 Antibacterial study

In the present study after complex formation, the synthesized
ligands and their respective complexes are screened against two
different bacterial strains namely Bacillus subtilis and Escherichia
coli. The results of the antibacterial study showed that most of the
ligands and their complexes are sensitive to the test organisms used
as shown in Table 6-7. It was found that the complexes are more active
towards the test bacterial strains compared to the ligands. It is quite
interesting to note that the zone of inhibition increased in every case
except complex-1 from uncoordinated state to complex state Figure 8.
This may be due to the enhancement of stability and increase in the
bioavailability of the complexes as compared to the ligands [53]. The
decrease in the zone of inhibition for complex-1 (1,10-Phenanthroline)
is due to its rigid, planar structure and strong n-w stacking interactions,
which reduce its ability to enter bacterial membranes upon coordination,
while complexation also diminishes its free ligand DNA intercalation
ability, lowering antibacterial activity.

4. Conclusion

The synthesized Ni(II) complexes are characterized by micro
analytical and various spectral studies. The observed spectral and DFT

calculated data confirm the square planar environment around the
Ni(II) ions in complex-1 and distorted tetrahedral in complex-2 and
complex-3. The ligands coordinated to the metal ion in a tridentate
manner with two pyridine N and triazine N donor sites. The powder
X-ray diffraction pattern shows sharp crystalline peaks with micro-
crystalline and homogeneous particle nature. DNA binding of Ni(II)
complexes in solution has been investigated by UV-Visible spectroscopy.
A moderate interaction has been found for the complexes with DNA.
From the antibacterial activity studies, it has been found that these
complexes are active against Bacillus subtilis and Escherichia coli and
are more active than the free ligands owing to the lipophilic character
of the complexes.
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