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Abstract
Two new nickel(II) and cobalt(II) complexes, [Ni(MPAFA)3](BF4)2 (I) and [Co(MPAFA)3](BF4)2 (II) were synthesized 
from a pyrazole containing ‘NN’ bidentate Schiff-base ligand, N-(furan-2-ylmethyl)-1-(5-methyl-1H-pyrazol-3-yl)meth-
animine, (MPAFA) (L). The complexes I and II were characterized by various physico-chemical and spectral parameters. 
Both I and II were 1:3 (M:L) coordination complexes and behaving as 1:2 electrolytes. Single crystal X-ray diffraction 
studies revealed that both of them were distorted octahedral in nature with a N6 donor set. The binding interactions of 
the complexes with CT-DNA were studied by UV-Vis and fluorescence spectroscopic methods. I was found to bind with 
CT-DNA in a partial intercalative mode, whereas II bound via the groove-like manner in solutions. The ligand and the 
complexes were shown to have potential photocatalytic activity in degrading methylene-blue (MB) under UV-Vis light 
irradiation.
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1. Introduction
The amazing biological capabilities of Schiff bases 

and their transition metal complexes, as well as their ex-
tensive applicability in other domains such as pigments 
and dyes, catalyst carriers, corrosion inhibitors, polymer 
stabilizers and thermos-stable substances etc., attracted a 
lot of attention to their chemistry.1–3 Normally Schiff base 
ligands and their metal ion complexes exhibit a wide range 
of significant biological activities and also possess many 
important therapeutic applications in a variety of fields, 
including antibacterial, anticancer, antifungal, anti-malar-
ial, antiproliferative, antiviral, antipyretic and anti-inflam-
matory activities.4–7 Transition metal complexes of Schiff 
base ligands belong to an important class that plays a key 
role in biology because of their unique photochemical or 
electrochemical properties, well-defined coordination pat-
terns, and tendency to interact with DNA.8,9 Due to their 
ease in forming stable complexes with the majority of tran-
sition metals, Schiff bases play a significant role in inor-

ganic chemistry also.10 Recent years have witnessed a tre-
mendous development in interactions between metal ions 
and nucleic acids, which has created a challenging research 
area in inorganic and structural chemistry.11 In coordina-
tion chemistry, considering the synthetic work, catalytic 
activity, bioactivity and physico-chemical study, N and O 
donor Schiff base ligands with their metal complexes have 
long been crucial.12,13 The wide-ranging pharmacophoric 
characteristics of such Schiff bases are in the creation of a 
variety of top biologically active compounds.14 The metal 
complexes of these ligands have the potential to bind DNA 
molecules precisely and be developed as pharmaceuticals. 
Several scientists have shown their keen interest in met-
al-containing medications and their modes of interaction 
with proteins and DNA.15–17 The fundamental mechanism 
for the cytotoxic activities of some metal-based medica-
tions is assumed to be ROS generation and subsequent de-
struction of the DNA helix and/ or mitochondrial mem-
brane potential, leading to the induction of apoptosis. In 
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order to produce more potent medications that would tar-
get DNA, the association of bioinorganic compounds with 
DNA has drawn increased interest.18,19

It is known that human physiology depends largely on 
a number of trace elements like Ni, Co, Zn etc.20,21 The bio-
logical significance of nickel is gradually becoming under-
stood.22,23 Nickel complexes of the Schiff base ligands have 
displayed impressive antioxidant,24 antifungal,25 anticancer,26 

antibacterial27 and antiproliferative28 activities in the hunt for 
new metal-based medications. Cobalt plays a decisive role in 
numerous biologically important processes in human body, 
and majority of it is present in the form of vitamin B12 (co-
balamin).29 Because of their powerful antibacterial, antiviral, 
antifungal, antiprotozoal and anticancer properties, Schiff 
base complexes with cobalt have drawn much interest for 
their interactions with biomolecules such as proteins and 
nucleic acids, and a large number of therapeutically relevant 
cobalt complexes have been prepared.30–34

In the present days organic dyes, one of the main 
pollutants in wastewater, have received a great deal of at-
tention due to their reduction in water quality and harmful 
effects on aquatic creatures as well as on human health.35,36 
Degradation/ destruction of various organic dyes repre-
sents a big challenge to human civilization, and coordina-
tion compounds have recently gained a lot of attention for 
the investigation of photocatalytic degradation of such or-
ganic dyes in water.37–43 Coordination polymers (Cps) ob-
tained from reactions between Schiff bases and transition 
metals, are now being used as catalysts in photocatalytic 
dye degradation, which is decisive for industrial waste wa-
ter treatment. There have been considerable efforts in the 
treatment of industrial wastewater based on adsorption 
and separation,44,45 chemical treatment46 and photocata-
lytic methods.47 Among them, photocatalysis is a practi-
cal, economical and reliable method that has been used to 
remove toxins like organic dyes safely and effectively from 
the environment.48–51 Schiff base coordinated Ni(II) and 
Co(II) complexes show promising photocatalytic activities 
for the degradation of organic dyes.52–54

In this submission, we have described the synthesis, 
characterization, spectroscopy and structural elucidation 
of two new Ni(II) and Co(II) complexes, [Ni(MPAFA)3]
(BF4)2 (I) and [Co(MPAFA)3](BF4)2 (II) of a ‘NN’ biden-
tate Schiff base ligand, N-(furan-2-ylmethyl)-1-(5-methyl-
1H-pyrazol-3-yl)methanimine, (MPAFA). DNA binding 
interaction of the complexes with CT-DNA and photo-
catalytic degradation of methylene blue (MB) dye by the 
ligand and the complexes have also been reported here.

2. Experimental
All reagents were of AR/GR grade and obtained from 

commercial sources and used without further purification. 
The metal salts and other organic chemicals and solvents 
were purchased from SIGMA ALDRICH CHEMICALS 

PVT. LTD. For conductance and spectral measurements, 
Spectro-grade methanol purchased from SPECTRO-
CHEM was used.

2. 1. �Synthesis of the Ni(II) and Co(II) 
Complexes: [Ni(MPAFA)3](BF4)2 (I) and 
[Co(MPAFA)3](BF4)2 (II)
The Ni(II) and Co(II) complexes were synthesized 

by refluxing a 3:1 molar mixture of the ligand55 (0.3968 
gm, 0.0021 mol) and Ni(BF4)2.6H2O (for I) and Co(B-
F4)2.6H2O (for II) salts    (0.0007 mol each) in ethanol for 
about an hour on a boiling water bath. On slow evapora-
tion of the resulting greenish yellow / reddish solutions, 
the desired Ni(II) and Co(II) complexes crystallized, they 
were filtered off, washed with ethanol, dried over anhy-
drous CaCl2 (yield ~ 76–80%). X-ray quality single crys-
tals of [Ni(MPAFA)3](BF4)2 (I) and [Co(MPAFA)3](BF4)2 
(II) were obtained from chloroform-n hexane mixture by 
solvent diffusion technique. Anal. Calcd. (%) for C30H33B-
2F8N9NiO3 (I): C, 45.2; H, 4.3; N, 15.8; Ni, 7.5. Found (%): 
C, 45.0; H, 4.1; N, 15.7; Ni, 7.3.  Λm (MeOH): 196 Ω–1 cm2 

mol–1 at 30 °C. µeff 3.01 BM at 300 K. IR (KBr) ν (cm−1): 
1634 (νCH=N, azomethine), 1577 (νC=N, pyrazole), 1049 (νN–N, pyra-

zole) and 476 (νNi–N, azomethine). UV-Vis. (MeOH, λmax, nm): 
217 (π→π*), 239 (n→π*), 552 (d→d).

Anal. Calcd. (%) for C30H33B2F8N9CoO3 (II): C, 
45.2; H, 4.2; N, 15.9; Co, 7.6. Found (%): C, 45.1; H, 4.0; 
N, 15.6; Co, 7.4.  Λm (MeOH): 101 Ω–1 cm2 mol–1 at 30 
°C. µeff 1.98 BM at 300 K. IR (KBr) ν (cm−1): 1634 (νCH=N, 

azomethine), 1576 (νC=N, pyrazole), 1081 (νN–N, pyrazole) and 459 
(νCo–N, azomethine). UV-Vis. (MeOH, λmax, nm):  218 (π→π*), 
240 (n→π*), 585 (d→d).

2. 2. Physical Measurements 
The molar conductance values of the complexes 

in methanol were measured using a Systronics 308 dig-
ital conductivity metre. A Perkin-Elmer 2400 CHNS/O 
analyser was employed to carry out the elemental analyses 
(C, H, and N). The nickel and cobalt contents of the com-
plexes were determined gravimetrically as dimethylglyox-
imatonickel(II) and anhydrous CoSO4, respectively. Using 
KBr pellets, IR spectra (4000−450 cm−1) of the complexes 
were measured on a Perkin Elmer Model Spectrum Two 
FT-IR spectrophotometer. Magnetic susceptibilities were 
measured in the polycrystalline state on a PAR 155 sample 
vibrating magnetometer. The UV-Vis spectral study was 
performed on a Shimadzu UV-1900i spectrophotometer in 
MeOH. The fluorescence spectra of the complexes in meth-
anol were recorded using a Hitachi F-7100 Fluorescence 
Spectrometer. A Shimadzu UV-1900i spectrophotometer 
was used to study the photocatalytic degradation of Meth-
ylene Blue (MB) and a UV-400 type photochemical reactor 
equipped with 400 W mercury lamp was used as the UV 
and Visible light source during the irradiation process.
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2. 3. Crystallographic Measurements

Diffraction data for complexes I and II were col-
lected at 173 K using a Rigaku FR-X Ultrahigh Brilliance 
Microfocus RA generator/confocal optics with XtaLAB 
P200 diffractometer [Mo Kα radiation (λ = 0.71073 Å)]. 
All intensity data were collected at 173 K, using either 
both ω and φ steps or just ω steps, accumulating area de-
tector images spanning at least a hemisphere of recipro-
cal space. Data were collected using CrystalClear56 and 
processed (including correction for Lorentz, polarization 
and absorption) using CrysAlisPro.57 Structures were 
solved by dual-space (SHELXT)58 or direct (SIR2004)59 
methods and refined by full-matrix least-squares against 
F2 (SHELXL-2018/3).60 Non-hydrogen atoms were refined 
anisotropically, and carbon-bound hydrogen atoms were 
refined using a riding model. Hydrogen atoms bound to 
heteroatoms were located from the difference Fourier map 
and refined isotropically subject to a distance restraint. The 
structures of both complexes showed disorder in their an-
ions, these were modelled over two sites with occupancies 
of 0.91:0.09 and 0.79:0.21 for I and 0.88:0.12 and 0.78:0.22 
for II. Fluorine atoms in the minor component of the dis-
order were refined isotropically, and restraints to bond 
distances and thermal motion were used. All calculations 
were performed using the Olex261 interface.

2. 4. DNA binding Studies
2. 4. 1. Absorption Spectral Studies 

UV-Vis titration of a tris-HCl buffer (30 mM) at 
pH 7.5 at room temperature was used to assess the DNA 
binding characteristics of complexes I and II. The titration 
experiment was carried out in a quartz cuvette holding a 
constant concentration of each complex (1.25 × 10−4 M) 
and a changing concentration of CT-DNA (0–5.769 × 10−5 
M). The concentration of the CT-DNA solution was deter-
mined by absorption spectroscopy using 13,600 M–1 cm−1 
molar extinction coefficient at 260 nm.62 To eliminate the 
DNA's particular absorbance, equal quantities of CT-DNA 
solution were added to the complex and standard solu-
tions. Each complex received a DNA addition in Tris-HCl 
buffer, and the resultant solution was allowed to reach 
equilibrium at 25 °C for 10 minutes. The absorbances for I 
and II were calculated while being scanned at 240 and 244 
nm, respectively.

2. 4. 2. Emission Spectral Studies 
The fluorescence displacement assays with ethidi-

um bromide (EB) were performed at 25 oC in a 30 mM 
Tris-HCl buffer (pH 7.5). First, the CT-DNA was incu-
bated in a darkened atmosphere for around 30 minutes at 
35 °C with ethidium bromide ([EB]/[DNA] = 0.1).63 The 
resultant complex was then adjusted from 0–6.725 × 10−3 
M in an EB-bound CT-DNA solution. The effects of flu-

orescence quenching were determined by observing how 
the spectrum of fluorescence emission changed at varying 
concentrations of complexes. After excitation of the sam-
ple solutions at 510 nm, the fluorescence intensities for I 
and II were measured at 591 nm and 590 nm, respectively.

2. 4. 3. Viscosity Measurement 
A thermostatic water bath was used to evaluate the 

viscosity in a buffer containing 30 mM Tris-HCl at a con-
stant temperature of 25 °C (pH 7.5). The plots of binding 
ratio ([complex]/[DNA]) vs. relative specific viscosity {(η/
η0)1/3} were obtained for I and II, where [complex]/[DNA] 
= 0, 0.2, 0.6, 1.0, 1.4, 2.0; η and η0 were the specific viscosi-
ties of CT-DNA in the presence and in absence of the com-
plexes, respectively. The equation η = (t – t0)/t0 was used to 
calculate the relative viscosity, where t was the flow time 
of the CT-DNA solution in the absence or presence of the 
complex and t0 represented the flow time of the Tris-HCl 
buffer solution. CT-DNA was present at a concentration of 
25 × 10−5 M. The flow time of each sample was measured 
three times with a digital stopwatch, and the average flow 
time was calculated.

2. 5. Photocatalytic Experiment
Methylene Blue (MB) was used as the target dye in 

the investigation of photocatalytic activity of the ligand (L) 
and its complexes (I and II). Each compound could be well 
dispersed in the dye solution prior to the photocatalytic 
degradation experiment. 0.015 mmol of solid compound 
was added into 100 mL of MB aqueous solution (10 mg/L). 
The compounds were magnetically stirred for 30 minutes 
in the dark until an adsorption-desorption equilibrium 
was reached before applying UV radiation. The mixture 
was then exposed to UV and visible light for140 minutes. 
Samples were taken every 20 minutes interval throughout 
this time, and their absorbances were continually meas-
ured. To determine the photosensitivity of MB, the same 
experimental setup was used for the blank experiment 
(without the addition of compounds). The following equa-
tion was used to compute the degradation efficiencies of 
photocatalysts:

D% = At /A0 x100%
D% = the degradation efficiencies of photocatalysts.
A0 = �the initial absorbance values of the MB aqueous 

solution.
At = �the absorbance values of the MB aqueous solu-

tion at time t.

3. Results and Discussion
3. 1. Synthesis and Characterization

The two new mononuclear complexes, [MII(MPA-
FA)3](BF4)2 (where, M = Ni and Co for I and II, respec-
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tively) were prepared by refluxing ethanol solution of three 
equivalent of the ligand, MPAFA and one equivalent of re-
spective metal tetrafluoroborate salt in each case (Scheme 
1). Elemental analyses of the complexes were in good 
agreement with the molecular structures determined by 
the single crystal X-ray studies.

3. 2. IR spectra

Upon comparison of the infrared bands (4000−450 
cm−1) of the complexes with those of the free ligand, valua-
ble information on the bonding sites of the primary ligand 
molecule was obtained. A negative shift in ν(CH=N, azomethine) 
(1650 cm−1) band in the spectrum of the free ligand to low-
er values1633−1634 cm−1 in the complexes was consistent 
with the coordination of the azomethine nitrogen to the 
central metal ion. The pyrazolyl tertiary ring nitrogen atom 
(2N) as a potential binding site was indicated by the shifting 
of the ν(C=N, pyrazole ring) bands of the complexes to a higher 
frequency range 1576−1581 cm−1 than the free ligand it-
self at 1540 cm−1. A relatively strong IR band at 1010 cm−1 
in the free ligand, due to ν(N–N, pyrazole) vibration, was also 
found to shift to the higher wave numbers 1049−1081 cm−1 

in the metal complexes. This offered additional evidence 
that the tertiary nitrogen (2N) atom of pyrazole ring par-
ticipated in bonding.64 The appearance of new IR bands at 
459−481 cm−1 in the spectra of the complexes were then 
assigned to ν(M–N) vibrations (Figures S1 and S2).

3. 3. UV-Vis Spectra
The electronic absorption spectra of the free Schiff 

base ligand and its Ni(II) and Co(II) complexes were 

measured in methanol. The electronic spectrum of the free 
ligand exhibited a band at 368 nm, assigned to the (n→π*) 
transition of the azomethine group. A noticeable band ob-
served at 235 nm, which might be a (π→π*) transition.65 

The ligand to metal charge transfer (LMCT) bands for the 
Ni(II) and Co(II) complexes were visible at 217–218 and 

239–240 nm for (π→π*) and (n→π*) transitions, respective-
ly, as well as a low intensity major band for the d–d tran-
sition of a metal ion at 552–585 nm was also observed66 

(Figures S3 and S4).

3. 4. Fluorescence Property

Scheme 1. Synthetic procedure of the complexes I and II.

Figure 1. Fluorescence spectra of the complexes in I and II in MeOH 
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The fluorescence spectra of the complexes were re-
corded in methanol at a concentration of  2 × 10−5 M. The 
complex species displayed distinctive fluorescence traits. 
When the complexes were stimulated at wavelengths be-
tween 247 and 239 nm, the emission bands were found to 
be discernible between 453 and 456 nm (Table S1, Figure 
1). Among the complexes, II was more fluorescent than 
I. It demonstrated a strong emission band at the highest 
emission wavelength of 456 nm at the excitation wave 
length of 239 nm. The probable causes for the emission 
phenomenon displayed by the complexes might be due to 
the ligand to metal charge transfer (LMCT). The data sug-
gested that both I and II in particular, might be the suita-
ble candidate for a photoactive molecule.

3. 5. Structural Description
ORTEP-367 plots of the complexes, [Ni(MPAFA)3]

(BF4)2 (I) and [Co(MPAFA)3](BF4)2 (II) together with the 
atom numbering schemes are shown in Figures 2 and 3, 
respectively. The crystallographic data and refinement pa-
rameters are summarized in Table 1. The asymmetric unit 
of each structure consists of a [M(MPAFA)3]2+ cation, and 
two BF4

– counter ions, and complexes I and II are iso-
structural to the related complex [Ni(MPAFA)3](ClO4)2.

55 
The two complex cations reported here and the isostruc-
tural complex55 are geometrically very similar; selected 
bond distances and bond angles in the structures of I, II 
and [Ni(MPAFA)3](ClO4)2  are compiled in Table 2. Like 
the isostructural complex,55 the metal centres, in both the 
complexes I and II, display a distorted octahedral geometry 
and three neutral MPAFA molecules upon coordination to 
the respective metal centres, generate a N6 donor set. Each 
bidentate ligand molecule bonded to the metal ion via the 
azomethine and the pyrazolyl (tertiary) nitrogen atoms; 
two of the pyrazolyl nitrogen atoms (N16 and N30 for I; 

N2 and N30 for II), two of the azomethine nitrogen atoms 
(N7 and N35 for I; N7 and N21 for II) and the remaining 
pyrazolyl nitrogen and the azomethine nitrogen atoms (N2 
and N21 for I; N16 and N35 for II) coordinate to Ni1/ Co1 
in a trans, cis and cis manner, respectively.

Figure 3. Ortep-3 diagram (30% probability ellipsoids) of complex 
II with atom numbering scheme (hydrogen atoms are omitted for 
clarity)

Strong N-H···F hydrogen bonding interactions 
are observed in the crystal lattices of both I and II. The 
tetrafluoroborate anions and the pyrazolyl N-H groups play 
significant role in the formation of H-bonding interactions 
as shown in Figures 4 and 5. The details of the hydrogen 
bonding interactions observed in I and II are summarized 
in Table 3. π···π stacking interactions have also been identi-
fied in both the complex species. In I, intramolecular offset 
π···π stacking interaction is observed between the pyrazole 
ring (N29-N30-C31-C32-C33) of one ligand and the furan 
ring (C9-O10-C11-C12-C13) of another ligand; while in 
II, the same is observed between the rings (N1-N2-C3-
C4-C5) and (C23-O24-C25-C26-C27). The distances be-
tween the centroids of pyrazole and furan rings involved in 
the stacking interactions are 3.658 and 3.650 Å, and angles 
between the mean planes of the rings are 7.81 and 7.02º, 
and the offset between the centroids (in the plane of one 
ring) are 0.98 and 0.88 Å for I and II, respectively (Figures 
4 and 5). The stacking interactions, in both the complex 
species, are quite strong,68,69 given the offset as well as the 
relatively short distance between centroids, making the 
complex molecules more stable. Crystal packing of I and 
II are shown in Figures S5 and S6, respectively.

3. 6. DNA binding Performance
3. 6. 1. Stability of the Complexes

In research on biological activity, dimethyl sulphox-
ide (DMSO) is frequently used as a co-solvent. Time-de-

Figure 2. Ortep-3 diagram (30% probability ellipsoids) of complex 
I with atom numbering scheme (hydrogen atoms are omitted for 
clarity).
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pendent UV-Vis spectroscopy was used to determine 
the stability of the Ni(II) and Co(II) complexes at room 
temperature in DMSO and DMSO/Tris-HCl buffer (1:1 

V/V). The complexes were dissolved in DMSO or DMSO/
Tris-HCl buffer (1:1 V/V) at a concentration of 10–5 M, 
over a period of 48 hours, and the stability of I and II was 

Table 1. Crystal data and structure refinement parameters for complexes I and II

Crystal data	 [Ni(MPAFA)3](BF4)2  (I)	 [Co(MPAFA)3](BF4)2 (II)

Empirical formula	 C30H33B2F8N9NiO3	 C30H33B2F8N9CoO3
Formula weight	 799.96	 800.20
Temperature/K	 173	 173
Crystal system	 Monoclinic	 Monoclinic
Space group	 P21/c	 P21/c
a/Å	 13.0905(5)	 13.1847(4)
b/Å	 15.1604(5)	 15.1337(4)
c/Å	 18.2845(7)	 18.4095(6)
α/°	 90.0000	 90.0000
β/°	 105.003(4)	 105.613(4)
γ/°	 90.0000	 90.0000
Volume/Å3	 3505.0(2)	 3537.77(19)
Z	 4	 4
ρcalcg/cm3	 1.516	 1.502
μ/mm1	 0.643	 0.574
F(000)	 1640.0	 1636.0
Reflections collected	 44820	 45274
Independent reflections (Rint)	 8150 (0.0658)	 8179 (0.0495)
Data/restraints/parameters	 8150/206/523	 8179/181/523
Goodness-of-fit on F2	 1.034	 1.028
R1, wR2 [I ≥ = 2σ (I)]	 0.0502, 0.1027	 0.0473, 0.1033
R1, wR2 [all data]	 0.0919, 0.1146	 0.0877, 0.1159
Largest diff. peak/hole / e Å–3	 0.52/–0.39	 0.47/–0.30

Table 2. Selected bond lengths (Å) and bond angles (°) of I, II and [Ni(MPAFA)3](ClO4)2

	 I	 II	 [Ni(MPAFA)3](ClO4)2
55

	 Bond length (Å)		  Bond length (Å)		  Bond length (Å)

Ni1−N2	 2.077(2)	 Co1−N2	 2.0919(19)	 Ni1−N2	 2.0825(18)
Ni1−N7	 2.120(2)	 Co1−N7	 2.161(2)	 Ni1−N7	 2.1262(17)
Ni1−N21	 2.105(2)	 Co1−N21	 2.1631(18)	 Ni1−N21	 2.1120(18)
Ni1−N16	 2.062(2)	 Co1−N16	 2.117(2)	 Ni1−N16	 2.0552(18)
Ni1−N30	 2.053(2)	 Co1−N30	 2.0999(19)	 Ni1−N30	 2.0638(18)
Ni1−N35	 2.112(2)	 Co1−N35	 2.1534(19)	 Ni1−N35	 2.1127(17)

	 Bond angle (°)		  Bond angle (°)		  Bond angle (°)

N2−Ni1−N7	 77.95(8)	 N2−Co1−N7	 76.46(7)	 N2−Ni1−N7	 77.83(7)
N7−Ni1−N21	 167.04(8)	 N7−Co1−N21	 98.32(7)	 N7−Ni1−N21	 97.10(7)
N21−Ni1−N16	 77.85(8)	 N21−Co1−N16	 76.89(7)	 N21−Ni1−N16	 77.84(7)
N16−Ni1−N35	 97.32(8)	 N16−Co1−N35	 95.13(7)	 N16−Ni1−N35	 99.46(7)
N35−Ni1−N2	 171.50(8)	 N35−Co1−N2	 101.37(7)	 N35−Ni1−N2	 93.53(7)
N30−Ni1−N7	 91.63(8)	 N30−Co1−N7	 98.25(8)	 N30−Ni1−N7	 91.80(7)
N30−Ni1−N35	 78.00(8)	 N30−Co1−N35	 76.70(7)	 N30−Ni1−N35	 77.90(7)
N30−Ni1−N21	 99.32(8)	 N30−Co1−N21	 91.47(7)	 N30−Ni1−N21	 96.95(7)
N2−Ni1−N21	 94.02(8)	 N2−Co1−N21	 91.10(7)	 N2−Ni1−N21	 171.87(7)
N16−Ni1−N30	 174.50(8)	 N16−Co1−N30	 89.35(8)	 N16−Ni1−N30	 174.13(7)
N35−Ni1−N7	 96.71(8)	 N35−Co1−N7	 91.00(7)	 N35−Ni1−N7	 166.70(7)
N2−Ni1−N16	 89.52(8)	 N2−Co1−N16	 96.07(8)	 N2−Ni1−N16	 95.80(7)
N16−Ni1−N7	 91.78(8)	 N16−Co1−N7	 171.17(7)	 N16−Ni1−N7	 91.54(7)
N35−Ni1−N21	 92.36(8)	 N35−Co1−N21	 165.93(7)	 N35−Ni1−N21	 92.54(7)
N30−Ni1−N2	 95.41(8)	 N30−Co1−N2	 174.41(8)	 N30−Ni1−N2	 89.62(7)
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confirmed by their UV-Vis spectral patterns (which were 
almost same, no significant changes were noticed, Figures 
S7 and S8).

3. 6. 2. Absorption Spectral Studies
The UV-Vis spectroscopic technique was used to 

evaluate the binding characteristics of I and II with CT-
DNA. Observing the changes in the absorption spectra 
of the complexes upon addition of increasing amounts of 
DNA is one of the most extensively utilised approaches for 
analysing their binding abilities. Figures 6 and 7 depicted 
the absorption spectra of I and II at fixed concentrations 
and in the presence of increasing concentrations of CT-
DNA, respectively. As increasing amounts of DNA were 

added, the UV-Vis spectra of I were found to exhibit a 
hypochromic effect, while the same for II demonstrated a 
hyperchromic effect of the charge transfer region. Hence, 
a 2 nm red-shift of I absorption maximum (λmax I = 240 
nm) when CT-DNA bound I (λmax = 242 nm; Figure 6) 
and a 4 nm blue-shift of II absorption maximum (λmax II = 
244 nm) when CT-DNA bound II (λmax = 240 nm; Figure 
7) were observed. These changes highlighted the unique-
ness of the complexes that interacted with CT-DNA via 
non-covalent and / or covalent interactions.70 The hyper-
chromism or hypochromism, as well as significant red or 
blue shifts for I and II, indicated that DNA was interact-
ing with the complexes in solution. As complexes I and II 
exhibited hypochromism and hyperchromism effects, re-
spectively, it might be concluded that I and II were bound 
with CT-DNA via the partial intercalative mode71 and the 
groove binding mode,72 respectively. By the help of eqn. 
(1), one can calculate the intrinsic binding constant (Kb) 
values from the plots of [DNA] versus [DNA] / (εa–εf) for 
I and II in order to understand the strength of the binding 
between DNA and the complexes. The εb, εf  and εa  were 

Table 3.  Hydrogen bonding dimensions of complexes I and II  

D−H···A	 D−H/(Å)	 H···A/(Å)	 D···A/(Å)	 <D−H···A/(°)	 Symmetry

I

N1−H1···F31	 0.921(17)	 2.15(2)	 2.932(3)	 142(2)	 1 – x, ½ + y, ½ – z
N15−H15···F1	 0.930(18)	 2.06(2)	 2.847(3)	 141(3)	
N15−H15···F3	 0.930(18)	 2.48(2)	 3.313(4)	 148(3)	
N29−H29···F5	 0.937(17)	 1.831(18)	 2.762(3)	 172(3)	

II

N1−H1···F5	 0.924(17)	 1.852(18)	 2.760(3)	 167(2)	
N15−H15··· F41	 0.913(17)	 2.14(2)	 2.889(3)	 139(3)	 1 – x, ½ + y, 3/2 – z
N29−H29···F1	 0.943(17)	 2.01(2)	      2.830(3)	 144(3)	
N29−H29···F4	 0.943(17)	 2.58(2)	      3.416(5)	 147(2)	

Figure 4. Hydrogen bonding and π…π stacking diagram of com-
plex I.

Figure 5. Hydrogen bonding and π…π stacking diagram of com-
plex II.
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the metal complex extinction coefficient in fully bound-
ed form, the extinction coefficient of the free metal com-
plex and the ratio of absorbance/[complex], respectively; 
[DNA] indicated the concentration of DNA.

� (1)

The values of Kb were observed to be (1.828 ± 0.349) 
× 104 M–1 and (2.105 ± 0.399) × 104 M–1 for I and II, re-
spectively, which were calculated from the slope to inter-
cept ratios in the plots of [DNA] vs. [DNA]/(εa–εf).

Figure 6. UV-Vis titration spectra of complex I (1.25 × 10−4 M) in 
30 mM Tris-HCl buffer  at pH 7.5 upon addition of CT-DNA. Inset: 
[DNA]/(εa–εf) vs. [DNA] plot.

Figure 7. UV-Vis titration spectra of complex II (1.25 × 10−4 M) in 
30 mM Tris-HCl buffer at pH 7.5 upon addition of CT-
DNA. Inset: [DNA]/(εa–εf) vs. [DNA] plot.

3. 6. 3. Fluorescence Spectral Studies
To achieve a better understanding of DNA binding 

activities, the competitive binding of ethidium bromide 

(EB) vs. the synthesised metal complexes (I and II) with 
CT-DNA using fluorescence spectroscopy was studied. 
There was no emission from unbound EB because solvent 
molecules quenched its fluorescence. In presence of DNA, 
significant fluorescence was detected as a result of the in-
teraction with DNA base pairs. Upon raising the concen-
tration of the complexes, the emission intensity of EB was 
found to reduce. Figures S9 and S10 showed the emission 
spectra of the DNA-EB adducts in absence and in presence 
of I and II, respectively. As the concentration of the met-
al complexes increases, a considerable decrease in emis-
sion intensity was observed at 591 and 590 nm for I and 
II, respectively. Generally, some small molecules will be 
bound and others will remain unbound when they inter-
act independently with a set of equivalent macromolecule 
sites. The Scatchard equation illustrated the equilibrium 
between the bounded and unbounded molecules73: log 
[(I0 – I)/I] = log[K] + n log[Q]; where n and K denoted 
the binding sites and the number of binding constants, re-
spectively, I and I0 were the fluorescence intensities in the 
presence and absence of the quencher, respectively. Thus, 
the values of the binding constants were found to be (3.298 
± 0.177) × 103 M–1 and (3.742 ± 0.113) × 103 M–1 for I 
and II, respectively, from the plots of log[Q] vs. log [(I0 – 
I)/I], which were shown in Figures 8 and 9, respectively. As 
per the result, the binding constant of II was larger than I, 
which agreed well with the results obtained from UV-Vis 
spectral studies.

By analysing the values of the binding constants ob-
tained from the UV-Vis titration and fluorescence studies, 
the affinities for binding of complexes I and II could be de-
termined. It was proposed that I and II bound differently 
with CT-DNA under the experimental binding conditions. 
The presence of different metal ions might be the cause of 
the observed differential in binding affinities and binding 
modes between the Ni(II) and Co(II) complexes. Accord-
ing to the study, it might be inferred that, in solution, I 
interacted with CT-DNA via partial intercalation mode, 

Figure 8. Scatchard plot of log [(I0– I)/I] vs. log [Q] for complex I.
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while II did the same via groove binding or electrostatic 
mode.

Figure 9. Scatchard plot of log [(I0– I)/I] vs. log [Q] for complex II.

3. 6. 4. Viscosity Measurement
Since viscosity of DNA is sensitive to changes in 

DNA length, measurement of viscosity in solution can be 
used to evaluate the DNA binding mode of the complex-
es.63 In general, conventional intercalation causes the base 
pairs of DNA to split in order to accommodate the con-
strained metal complexes, resulting in an increase in DNA 
viscosity.74 However, the groove binding mode or partial 
intercalative mode can leave the viscosity unchanged or 
even decrease it, indicating that the DNA helix will short-
en its effective length.75 Therefore, the viscosity may in-
crease for the intercalation mode while remaining same 
or even decreasing for the groove binding mode. Hence, 

the relative specific viscosities, {(η/η0)1/3}, versus the bind-
ing ratios, {[complex]/[DNA]}, were plotted, where η and 
η0 were the specific viscosities of DNA in presence and in 
absence of the complex species, respectively (Figure 10). 
Furthermore, Figure 10 showed that the experiments us-
ing UV-Vis titration and fluorescence displacement based 
on ethidium bromide supported the results obtained from 
viscosity measurements.

3. 7. Photocatalytic Activities
Methylene blue (MB) was selected as a model pol-

lutant to investigate the photocatalytic activity of the li-
gand (L) and the metal complexes (I and II), because of its 
toxicity, carcinogenicity, non-biodegradability and wide-
spread applications in the textile and paper industries. 
According to the experiment, the photocatalytic studies 
were carried out under UV-Vis light irradiation. First, 
the stability of each of the compounds was evaluated us-
ing a blank experiment employing only UV light and no 
MB. The compounds did not degrade after 140 minutes 
of intense irradiation, according to FTIR (Figure S11) and 
UV-Vis (Figure S12) spectral measurements. The charac-
teristic absorption peaks of MB in aqueous solutions were 
found to weaken drastically as the irradiation period got 
prolonged (Figures 11, 12 and 13); after 140 minutes of UV 
irradiation, the photocatalytic degradation efficiencies of 
MB were found to increase in the presence of the com-
pounds, reaching 64.2% for L, 90.5% for I, and 89.6% for 
II. Only 14.8% of the MB was found to degrade within 140 
minutes in the blank experiment, demonstrating the ex-
tremely low self-photosensitivity of the MB solution with-
out a catalyst (K4 = 0.00106 min–1) (Figure 14). It was clear 
that the ligand and its complexes exhibited strong photo-
catalytic activity for the degradation of MB. The ligand (L) 
in this instance was less active than the associated metal 
complexes (I and II). These experimental results implied 
that MB photodegradation effectiveness might be sig-
nificantly influenced by the type of metal ions present in 
the complexes.76 The following pseudo-first-order kinetic 
equation (1) was used to analyze the photocatalytic degra-
dation of MB in aqueous solution.

−ln(A/A0) = Kt� (1)

By plotting –ln(A/A0) vs. t (A = maximum absorb-
ance of MB at variable irradiation time 't’, A0 = maximum 
absorbance of MB at initial time of irradiation), three 
straight lines passing from the origin with the slopes of 
0.00472 (K1 = 0.00472 min–1), 0.01149 (K2 = 0.01149 min–

1) and 0.01036 (K3 = 0.01036 min–1) for L, I and II, re-
spectively, were obtained (Figure 14). Hence the outcome 
indicated that the compounds L, I, and II could behave as 
UV-responsive photocatalysts and might be employed to 
degrade organic dye pollutants, with an appreciable degra-
dation efficiency (~ 90% for the metal complexes).

Figure 10. The relative viscosity profile of DNA (25 × 10−5 M) in 30 
mM Tris-HCl buffer upon increasing concentrations of complexes I 
() and II () at 25 °C.



119Acta Chim. Slov. 2024, 71, 110–122

Mandal et al.:   Synthesis, Spectroscopy, X-ray Structures, DNA Binding   ...

Figure 11. The absorption spectra of the MB solutions during the 
degradation reaction under UV light irradiation in the presence of 
ligand L.

Figure 12. The absorption spectra of the MB solutions during the 
degradation reaction under UV light irradiation in the presence of I.

Figure 13. The absorption spectra of the MB solutions during the 
degradation reaction under UV light irradiation in the presence of II.

Figure 14. The pseudo-first-order plot of MB solution under UV 
light irradiation with the use of L, I and II and no crystal in the same 
conditions (L: K1 = 0.00472 min–1; I: K2 = 0.01149 min–1; II: K3 = 
0.01036 min–1; without catalyst: K4 = 0.00106 min–1). The dots and 
the line represented the experimental data and the fitted line, re-
spectively.

3. 7. 1. Possible Photocatalytic Mechanism
The following explanations could be given for a 

probable pathway of degradation of dyes.77–80 In the first 
step of irradiation of the compounds, the electrons (e–) to 
be excited from the highest occupied molecular orbital 
(HOMO) and transition to the lowest unoccupied molec-
ular orbital (LUMO) as:

Compound + hν(UV)         Compound(e–
LUMO + h+

HOMO)

In the second step e– in LUMO might combine with 
dissolved oxygen (O2) and then produce O2

•– radical-an-
ion, which reacted with water to produce OH• radical as:

O2 + e–
LUMO                   O2

•–

O2
•– +H2O               OH• + H2O2

HOMO was in metastable states at the same time 
and needed e– to return to steady states. To create OH•, 
the h+ in HOMO trapped the e– in H2O as:    

H2O + h+
HOMO                  OH•

Then highly active OH• radical oxidised MB to CO2 as:

MB+ OH•              CO2 + H2O + other products

4. Conclusions
Here, the synthesis, characterization, X-ray crystal 

structures, DNA binding ability and photocatalytic ac-
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tivity of two Ni(II) and Co(II) complexes of a Schiff base 
ligand, N-(furan-2-ylmethyl)-1-(5-methyl-1H-pyrazol-3-
yl)methanimine, (MPAFA) have been discussed. Both the 
metal ions form (1:3) complexes with the ‘NN’ bidentate 
ligand and in the complex species, the metal centres as-
sume a distorted octahedral geometry with a NiN6 and 
CoN6 donor sets, for I and II, respectively. The complexes 
display non-covalent interactions like hydrogen bonding, 
and π…π stacking (between the centroid of pyrazole and 
furan rings). Both I and II exhibit fluorescence activi-
ty and II has been found to be more luminescent. DNA 
interaction studies reveal that both the metal complexes 
interact with the CT-DNA and I binds with CT-DNA in a 
partial intercalative manner, while II binds via groove-like 
mode. The ligand and the metal complexes show signifi-
cant catalytic activities for photodegradation of MB under 
UV light irradiation. It has been found that I and II dis-
played higher photocatalytic efficiency in degrading MB 
than the free ligand L.
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Povzetek
Z ligandom N-(furan-2-ilmetil)-1-(5-metil-1H-pirazol-3-il)metanimin, (MPAFA) (L), ki deluje kot Schiffova baza s pi-
razolnim obročem, smo sintetizirali dva nova kompleksa niklja(II) in kobalta(II), [Ni(MPAFA)3]2BF4 (I) in [Co(M-
PAFA)3]2BF4 (II). Obe spojini smo karakterizirali z različnimi fizikalno-kemijskimi in spektralnimi metodami. Obe 
spojini, I in II, imata razmerje M:L = 1:3 in se obnašata kot 1:2 elektrolita. Strukturna analiza na monokristalu kaže za 
oba kompleksa popačeno oktaedrično zgradbo z N6 donorskimi atomi. Interakcije pri vezavi kompleksa s CT-DNA smo 
preučevali z UV-Vis in fluorescenčno spektroskopijo. Ligand in kompleksi imajo potencialno fotokatalitsko aktivnost pri 
razgradnji metilenskega modrila (MB) pod obsevanjem z UV-Vis svetlobo.
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