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benzylideneamino)ethylamino)ethyl)-N2-(2-hydroxy-5-methylbenzylidene)ethane-1,2-diamine.
(Ligand 4) (9E)-N'-(2-((E)-3-(2-hydroxy-5- methylbenzylideneamino) propylamino) ethyl)-N>-(2-
hydroxy-5-methylbenzylidene)propane-1,3-diamine and (Ligand 5) (9E)-N-(2-hydroxy-5-methylben
zylidene)-3-(4-((E)-3-(2-hydroxy-5-methylbenzylideneamino)propyl)piperazin- 1-yl)propan-1-amine.
These compounds were described using spectroscopy and the elemental analysis method.
Researches were conducted into the luminous, Genetic code, catalytic, magnetism, and breaking
attributes of the [GdCuL1-5(bpy)2(NO3)2] complexes. In DMF with 0.1 M tetra-n-butylammo-
nium perchlorate, the binuclear [GdCuL1-5(bpy)2(INO3)2] network complexes exhibit two one elec-
tron irreversible reduction events. VSM was used to calculate the complexes’ magnetic
susceptibility. There is ferromagnetic coupling in the [GdCuL1-5(bpy)2(NO3)2] complexes. The
[GACuL1-5(bpy)2(NO3)2] complexes’ excited state lifetimes lengthen in the following order:
[GdACuL5(bpy),] [GACuL1(bpy)2(NO3)2] [GACuL3(bpy)2(NO3)2] [GdCuL4(bpy)2] and [GdCuL2
(bpy)2(NO3)2]. The binuclear [GdCuL1-5(bpy)2(NO3)2] complexes’ inceptive rate of progress for
oxidizing 1,2-benzenediol to cyclohexa-3,5-diene-1,2-dione are longer chains with higher activity.
Both the [GdCuLS5(bpy)2(NO3)2] and [GdCuL4(bpy)2(NO3)2] complexes have strong DNA
genetic code properties in the calf genus thymus. The complexes exhibit considerable singlet
oxygen-mediated oxidative rift of circular recombinant plasmid pBR322 cloning vector in the exis-
tence of 2-sulfanylethanol.

© 2023 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Numerous Schiff Base 2,2-bipyridyl based d-f hetero binuclear metal
complexes can be employed for the construction of structural ferromag-
netisms, as precursors for a range of Schiff Base processes, analogues of
reaction centers of optical materials, luminous materials, DNA binding
and dissociation reagents, metalloproteinase, etc. (Rahman et al., 2019)
Transition metal complexes with diverse coordination environments
and a range of spectroscopic and electrochemical properties substan-
tially improve the customization options for species that are appropri-
ate for catechol, DNA binding, and breakage activities (Chen et al.,
1995). This has triggered an increase in curiosity in the synthesis of
asymmetric and symmetric binuclear Gd(IIT)Cu(IT) complexes in the
past decade. Aside from their fascinating electrochemical and photo-
physical properties, they also exhibit deterministic coordination tenden-
cies, 2,2-bipyridines (bpy) have received a lot of research (Neidle et al.,
1997). Since they may catalyst reduction and oxidation reactions while
encapsulating a variety of substrates under visible light irradiation, d-f
Gd(IIT)Cu(IT) complexes have attracted a lot of attention.

The processes by which metalloproteinase function have been clar-
ified thanks to spectroscopic tags, functional models, and metal com-
plexes that include the active sites of proteins. Binucleating ligands
are especially appropriate for the synthesis of such complexes as
they’re more persistent and the Gd(III), Cu(II) two metal ions are
anchored firmly together. This has significant implications for metal—
metal interactions and their activity. These attributes have allowed
chemical nucleases to be adopted as nucleic acid targeting and separat-
ing agents (Arcamone et al., 1964) as well as adjuvants in PCR diag-
nostics (Finlay at al., 1951).

Gadolinium(III) copper(Il) side-off unilateral and asymmetrical
binuclear clusters have been produced. Various operating environments
are used by the imine and 2,2-bipyridyl moieties to co - ordinate the Gd
(IIT) and Cu(II) ions. Some of the Gd(III) ions is coupled to an acyclic
imine compartment, and the Cu(II) ion aligns to 2,2-bipyridyl moieties.
The mono nuclear acyclic Gd(III) complexes have already been
reported (Suckling et al., 2012). Here, we outline the preparation of
side-off asymmetric binuclear Gd(III)Cu(Il) complexes (Scheme 1)

and explore their luminescent, electro-chemical, catecholase activity,
magnetic, DNA bonding, DNA breakage, and anti - microbial
activities.

2. Experimentation techniques:

2.1. Solvent & starting material

The method outlined in the literature was utilized to produce
S-methylsalicylaldehyde (Kurmis et al., 2017). Gadolinium
nitrate, 2,2-bipyridyl, bought from Aldrich. We bought ace-
tonitrile, dimethyl form amide, and methanol of analytical
quality from Qualigens. TBAP is used in electrochemical anal-
ysis as a supporting electrolyte and is acquired from Fluka and
recrystallized with hot methanol. We procured N, N-bis-(3-
aminopropyl) piperazine, N, N-bis-(3-aminopropyl) ethylene
diamine, and tris-(2-aminoethyl) amine from Aldrich. We
bought copper corbanet, diethylenediamine, and triethylenete-
tramine from Qualigens.

2.2. Physical and analytical measurements:

The complexes are elementally analyzed on a Heraecus CHN
rapid analyzer. An Elico digital conductivity bridge modal
CM-88 is employed to analyze the conductivity of the com-
plexes using freshly prepared solutions of the complexes in
DMF. The FT-IR spectrum was obtained using a Perkin
Elmer FT-IR 8300 series spectrophotometer on KBr discs with
thicknesses ranging from 4000 to 400 cm~"'. On a Perkin-Elmer
UV-320 spectrophotometer, electronic spectrum studies were
captured between 200 and 1100 nm. ESI The samples had a
concentration of around 1.0 mol dm-3, and mass spectral data
were acquired using a JEOL DX-303 mass spectrophotometer.
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Scheme 1  Schematic diagram for the synthesis of binuclear Complexes.

The diluted solution was electro-sprayed at a needle voltage
of + 4.5 kV and a flow velocity of 510-6 dm™ min~'.

2.3. Typical electrochemical study procedure

A three-electrochemical cell with a working electrode com-
posed of glassy carbon, a reference electrode made of Ag-
AgCl, and an auxiliary electrode made of platinum wire was
used for the cyclic voltammetric trials on a CHI-600A electro-
chemical analyzer in an oxygen-free environment. Under the
experimental conditions, the ferrocene/ferrocenium(Fc/Fc +
) couple’s oxidation potential was 470 mV. As the inert elec-
trolyte, tetra-n-butylammonium perchlorate (TBAP) was
employed. At a temperature of 25 0.1 °C, experiments were
conducted in a pure nitrogen environment. All of the com-
plexes were present in 0.1 mol dm-3 TBAP (tetra-butyl ammo-
nium perchlorate) DMF solutions at concentrations of 1.05
10-3 mol dm-3. Before applying the voltage, the solutions were
deaerated for approximately 15 min. With measured uncer-
tainties of 2 mV, the half wave potentials, E1/2, were roughly
derived from (Epa + Epc)/2.

2.4. General procedure DNA cleavage studies

Using pBR 322, agarose gel electrophoresis has been used to
examine the cleavage activity of complexes. In different con-
centrations (20 M, 40 M, 60 M, 80 M, and 100 M) supple-
mented with 5 M H,0,, 0.2 G/L of pBR 322 DNA and
100 M Tris-Hel (pH 8.0), and the [GdCuL1-5(bpy)2(NO3)2]

complexes were used to treat the DNA. All of the samples
underwent a 2-hour incubation period at RT in both darkness
and light. The DNA concentration was measured by a spec-
trometer following the incubation period, and the results were
represented in g/l units. The remaining samples were loaded
using 6X gel loading buffer and 1 % agarose gel with 1 g/ml
ethidium bromide. In the TBE buffer, the electrophoresis
was run for 1.5 h at 100 V. UV light was used to see the bands,
and the Geldoc 100 (Biorad) equipment was used to take pho-
tos of them.

2.5. Synthesis of bipyridine based d-f hetero binuclear complexes

The d-f binuclear complex was created using a conventional
process, a steady addition of Cu(ClO4)2-.6H,O in ethanol
(0.0925 g, 0.25 m.mol) toward a rapidly agitated suspensions
of the mononuclear complex in methanol (10 mL) resulted in
a clear solution after 15 min. The aforementioned solution
was then added dropwise to a methanolic solution, to which
5 mL of 2,2-bipyridyl (0.07809 g, 0.5 mmol) was blended.
The resultant solution was then agitated for 3 h at 25 °C. When
the solvent evaporated at room temperature, a solid with a
dark green colour separated, and acetonitrile was reconstituted
from this solid.

2.5.1. [GdACuLl(bpy)2(NO3)2](ClO,) yellowish green solid
The yield of 0.0790 g, or 59 %, of yield. Data for
[C40H38CIN9O12CuGd] analysis; mass number: 1093.03
Determined (%): Found (%): C-48.12, H-4.15, N-12.54, Cu-
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6.24, Gd-15.67; C-48.26, H-4.05, N-12.66, Cu-6.38, and Gd-
15.79. chosen IR (KBr, cm™') 1637 s [v(C=N)]; 1522 s
[(C—O0)]; 1221 s [(NO*)]; 1075 s [(C104)]; 1107 s [(CIO*) unco-
ordinated]; 612 s [(M—0)]; ESI- MS (m/z) (%): [GACuL1(bpy)
2(NO5)2]+: 995.15 [MH + UV-vis [max, nm (M—1 cm™)]:
589 (151) 358 (17735) 320 (19836) 270 (22336); Conductance
(m, S cm? mol™'); in DMF: 121.

2.5.2. [GdCuL2(bpy)2(NO3)2](ClO,), yellowish green solid

0.070 g, or 49 %, of yield. Data for [C42H44CI2N9013CuGd],
M.Wt. 1174.57 Calculated (%) values were C-51.70; H-4.55;
N-12.92; Cu-6.51; and Gd-16.12; while actual values were C-
51.68; H-4.54; N; Cu; and Gd-16.10; specific IR (KBr, cm-1)
1637 s [V(C=N)], 1522 s [C—O], 1211 s [NO*], 1075 s
[C1O4], 1078 s [CIO4-) uncoordinated], and 612 s [M—O];
ESI- MS (m/z (%): [GdCuL2(bpy)2(NO3)] >*: 487.83
[MH + 1], calculated at 975.67 m/z; UV-vis [max, nm
(M—=1 cm™')] in DMF-594 (143) 363 (19686) 276 (22036);
Conductance (m, S cm? mol™") in DMF: 165.

2.5.3. [GdCuL3(bpy)2(NO3)2](ClO,)2 yellowish green solid

0.070 g (49 %), yield. Data for [C42H42CI2N90O13CuGd]
analysis; mass: 1172.54; Found (%): C-51.80, H-4.34, N-
12.94, Cu-6.52, and Gd-16.13; calculated (%): C-51.81, H-
4.35, N-12.95, Cu-6.53, and Gd-16.15. chosen IR (KBr, cm-
1) 1637 s [v(C=N)], 1522 s [C—O]; 1203 s [NO*]; 1075 s
[ClO4]; 1100 s [CIO*] uncoordinated; 612 s [M—O]; ESI- MS
(m/z (%): [GdCuL3(bpy)2(NO5)] 484.73 [MH-], Calcd (m/z)
973.64; UV—-vis [max, nm, M~! cm™'] in DMF: 611 (138)
375 (16885) 303 (20686) 278 (21937); Conductance (m, S cm?
mol™") in DMF: 182. 2 +.

2.54. [GdCul4(bpy)2(NO3)2](ClO,)2 Yellowish-green solid

51 % yield, or 0.087 g. Data for [C44H46CI2N9013CuGd]
analysis; mass: 1200.58 Calculated (%) values are 52.76C,
4.63H, 12.58 N, 6.34 Cu, and 15.70 Gd, while actual values
are 52.74C, 4.62H, 12.56 N, 6.32 Cu, and 15.69 Gd. chosen
IR (KBr, cm™!) 1638 s [v(C=N)], 1535 s [C—O], 1143 s
[NO*7, 1075 s [(ClO*) uncoordinated], and 622 s [(M—0)]:
ESI- MS [GdCuL4(bpy),] 499.87 [MH-], Caled (m/z)
1001.68.; UV—vis [max, nm M~! cm™'] in DMF: 635 (132)
383 (16485) 310 (20336) 282 (21737); Conductance (m, S cm?
mol™") in DMF: 173. 2+:

2.5.5. [GdACuL5(bpy)2(NO3)2](ClO,)2 green solid

Yield: 0.087 g, or 51 %; analytical statistics for
[C46H50CI2N9O13CuGd]; M.Wt: 1228.64; calculated (%):
C, 53.65; H, 4.89; N, 12.24; Cu, 6.17; Gd, 15.27; found (%):
C, 53.64; H, 4.88; N, 12.23; Cu, 6.15; Gd, 15.26; chosen IR
(KBr, cm™!) 1624 s [v(C=N)]; 1523 s [C—O]; 1134 s [NO*;
1047 w [(CIO*) uncoordinated] 656 m [(M—O)]; ESI- MS
(m/z) (%): [GdCuL5(bpy)2] 513.87 [MH-], Caled (m/z)
1029.74.; UV-vis [max, nm, M~' cm™'] in DMF: 650 (124)
390 (16134) 305 (20586) 285 (21587); Conductance (m, S cm?
mol™") in DMF: 181. 2+:

3. Results and discussion

All the complexes obtained were crystalline powders that are
stable in air and insensitive to light. d-f hetero binuclear
Gadolinium(I1I), copper(Il) complex is sparingly soluble in
water but other complexes were insoluble. They were also
insoluble in organic solvents such as ethanol, ether, and ben-
zene, but soluble in DMSO. All the spectral data given the
Tables 1-6.

3.1. IR spectra

The coordinated Schiff-base type (bpy) ligands’ predicted
bands are all present in the complexes’ infrared (IR) spectra.
Coordinated C=N- and C—O- stretching are ascribed to the
spectrum at 1585 cm™' and 1245 cm™', respectively. Imine
nitrogen and phenolic C—O—mediated coordination of such
ligand toward the metal is predicted to significantly decrease
the electron density in the imine and lower v(C=N) to
1623 cm™' and 1239 cm™!, respectively, demonstrating that
the ligand‘s imine nitrogen is firmly synchronized to the metal
center (Munde et al., 2014). The absence of a moderately
intense spectrum at 3330 cm™' that was seen in the unob-
structed ligand due to (OH) indicates that the ligand was
deprotonated before it was coordinated (Ashley et al., 1942).
Absorption at 420-456 cm™' for the complexes could be attrib-
uted to the -(M—0O) bond. Sharp peaks seen between 1335 and
1410 cm ™' are attributed to complexes containing v(Gd-NO3)
(Arafa et al., 2011). The -(M—N) bond may be responsible for
additional weak bands with lower frequency. Due to the aro-
matic C—H stretching vibration, bonds at 3155-3060 cm™!
dominate the spectra of all the complexes (Opperman et al.,
2016). A single spectrum at 1110 cm™! (3-antisymmetric

Table 1 Electronic spectral data of d-f binuclear [GdCuL1-5(bpy)2 (NO3)2] complexes.

No Complexes »max (nm) (/M~! em™)

d-d charge transfer
1. [GdCuL1(bpy)2(NO3)2] 589(151) 358(17735) 320(19836) 270(22336)
2. [GdCuL2(bpy)2(NO3)2] 594(143) 363(17485) 323(19686) 276(22036)
3. [GdCuL3(bpy)2(NO3)2] 611(138) 375(16885) 303(20686) 278(21937)
4. [GdCuL4(bpy)2(NO3)2] 635(132) 383(16485) 310(20336) 282(21737)
5. [GdCuL5(bpy)2(NO3)2] 650(124) 390(16134) 305(20586) 285(21587)
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Table 2 Excited state life time data of d-f binuclear [GdCuL1-5(bpy)2(INO3)2] complexes.

T /ns oy (%) Ta/ns o (%) T3 [ns o3 (%) x
Complexes
[GdCuL1(bpy)2(NO3)2] 0.953 21.84 2.150 44.58 8.253 33.58 0.979
[GdCuL2(bpy)2(NO3)2] 1.192 44.33 2.544 43.03 6.563 12.65 1.064
[GdCuL3(bpy)2(NO3)2] 0.892 24.71 2.753 48.96 6.933 26.33 1.000
[GdCuL4(bpy)2(NO3)2] 0.991 53.92 2.150 28.56 6.835 17.52 1.013
[GdCuL5(bpy)2(NO3)2] 0.453 18.12 1.434 56.68 4.903 25.20 0.928

Table 3 Electrochemical reduction at (cathodic potential)
data for the complexes.

Table 5 DNA binding constant of binuclear [GdCuL1-5(bpy)
2(NO;)2] Complexes.

Complexes Ell,c/V Elz,c/V
[GdCuL1(bpy)2(NO3)2] 1.62 2.20
[GdCuL2(bpy)2(NO3)2] 1.55 2.02
[GdCuL3(bpy)2(NO3)2] 1.43 1.90
[GdCuL4(bpy)2(NO3)2] 1.21 1.85
[GdCuL5(bpy)2(NO3)2] 1.10 1.80

Table 4 Catecholase activity data for the binuclear [GdCuL1-
5(bpy)2(NO3)2] complexes.

Complexes Rate constant (k) x 10" 3 min~"
Catecholase activity

[GdCuL1(bpy)2(NO3)2] 3.62

[GdCuL2(bpy)2(NO3)2] 4.12

[GdCuL3(bpy)2(NO3)2] 5.97

[GdCuL4(bpy)2(NO3)2] 6.45

[GdCuL5(bpy)2(NO3)2] 7.98

stretching) that is not split and a peak around 650 cm™' (4-
antisymmetric bending) indicate the presence of unsynchro-
nized perchlorate anions in all of the binuclear complexes.
Fig. 1 displays the FT-IR spectra.

Complexes Kp(M™1) Kb(app)(M’l)
[GACuL1(bpy)2(NO3)2] 2.96 x 10° 1.67 x 10°
[GACuL2(bpy)2(NO3)2] 3.56 x 10° 2.74 x 10°
[GdCuL3(bpy)2(NO3)2] 2.83 x 10° 1.56 x 10°
[GdCuL4(bpy)2(NO3)2] 3.32 x 10° 2.49 x 10°
[GdCuL5(bpy)2(NO3)2] 3.31 x 10° 2.48 x 10°

Table 6 Efficiency of the DNA cleavage for [GdCuL1-5(bpy)
2(NO3)2]complexes.

S. Samples O.D Concentration (ng/

No Value ul)

1 Control 1.83 2500

2 [GdCuLl1(bpy)2(NO3) 1.75 498.8
2]

3 [GdCuL2(bpy)2(NO3) 1.71 477.9
2]

4. [GdCuL3(bpy)2(NO3) 1.63 455.5
2]

5. [GdCuL4(bpy)2(NO3) 1.57 444.6
2]

6. [GdCuL5(bpy)2(NO3) 1.49 389.6
2]

3.2. ESI mass spectral exploration

The parent ion peak (Mn + ) is visible in the ESI mass spec-
trum of the binuclear complexes [GdCuL3(bpy)2(NO3)2]
(Cl04), and [GdCuL4(bpy)2(NO3)2](ClO4)2 at (m/
z) = 484.73 and 499.87, respectively. The complexes’ diverse
pieces are represented by certain noticeable peaks in the spec-
tra. Figs. 2a and 2b display the ESI mass spectrum of the bin-
uclear complexes [GdCuL3(bpy)2(NO3)] and [GdCuL4(bpy)2
(NO3)2] respectively.
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Fig. 1 FT-IR spectrum of. [GdCuL1(bpy)2(NO3)2].

3.3. Electronic spectral analysis of [Gd(III)Cu(II)LI1-5(bpy)2
(NO3)2] complexes

In DMF medium, electronic spectrum of all the complexes
were collected. The dx*y? dxy yz; dz% dxy linked with
deformed octahedral geometry around the Cu(Il) ion causes
a single weak d-d band in the area 573—-650 nm, which is visible
in the electronic spectrum of all the complexes. It has been
noted that an increase in chain length between imine nitrogen
causes a red shift in the maximum value of the d-d band width.

100 484.73

Relative Abundance
(5
o
1l

303 393.20

666.93 g21.47 9054

200 400 600 800 1000

Fig. 2a

1073.20

As the chain length increases, the distortion from planar
geometry may be the cause of this red shift. The ligand to
metal charge transfer transition is linked to the moderately
intense band seen in the range of 358-394 nm (Kahvedzic
et al., 2016). The intra ligand charge transfer transition m—mn*,
which has a peak in the 270-285 nm region, is thought to be
responsible. Figs. 3-5 provide the electronic spectra for each
hetero binuclear [GdCuL1-5(bpy)2(NO3)2] complex. Table 1
contains electronic spectrum information for all binuclear
[GACuL1-5(bpy)2(NO3)2] complexes.

3.4. Fluorescence spectra

Fig. 5 displays the complex [GdCuL1-5(bpy)2(NO3)2] emis-
sion spectra under excitation at 430 nm. The connection
between structure and attributes is what we find interesting.
Thus, the complexes of fluorescence properties are found.
The efficiency of the intramolecular transfer of energy between
the triplet levels of such ligands as well as the emitting state of
the ions, particularly relies on the energy gap between both
levels, is associated with the luminescence of Ln3 + chelates.
The ligand’s triplet state energy is thought to have a significant
role in the lanthanide ion’s stimulation during intramolecular
energy transfer (Lansiaux et al., 2002). There is a smaller emis-
sion band in the 400-700 nm range compared to compound 3
[GACuL3(bpy)2(NO3)2]. indicating that the ligands 3 totally
suppressed the fluorescence of the Gd, Cu ion in the cavity
(Nagle et al., 2012). However, the [GdCuL1,2,4 and 5] emis-
sion band in the 430-700 nm region has a larger emission
intensity. However, [GdCuL1-5(bpy)2(NO3)2] distinctive
emission spectrum was noticed. The 6Dj level, which corre-
sponds to the 8S7/2 6Dj transition, is the source of all emis-
sions. The 8S7/2 6Dj transition generates the weak band at
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Fig. 3  Electronic spectra of thebinuclear [GdCuL1-5(bpy)2(NO3)
2]complexes (a)[GACuLl (bpy)2(NO3)2], (b)[GdCuL2(bpy)2
(NO3)2], (c)[GACuL3(bpy)2(NO3)2], (d)[GdCuL4(bpy)2(NO3)2]
and(e) [GACuL5(bpy)2(NO3)2].

490 nm. A change in the coordination environment has no
impact on the band for 8S7/2 6Dj at 470 nm, which is
magnetic-dipole permissible. The emission intensity of the
strong band at 500 nm for 8S7/2 6Dj is dependent on the coor-
dination environment of Gd and represents an electric-dipole
allowed transition (III). This demonstrates that the ligand cen-
ter had an impact on the fluorescence emission of Gd(III) ions
within the complex.

Absorbance (a.u)

/

1000

. L] .. L] b L] . ]
500 600 700 800 900
Wavelength (nm)
Fig. 4 Electronic spectra of thebinuclear [GdCuL1-5(bpy)2(NO3)
2]complexes (a)[GACuL1l (bpy)2(NO3)2], (b)[GdCuL2(bpy)2
(NO3)2], (c)[GAdCuL3(bpy)2(NO3)2], (d)[GdCuL4(bpy)2(NO3)2]
and(e) [GACuL5(bpy)2(NO3)2].

3.5. Life time measurement [GdCulLl-5(bpy)2(NO3)2]
complexes

Due to advancements in the construction and miniaturization
of the lasers and electronics required for Time Correlated Sin-
gle Photon Counting (TCSPC) measurements of fluorescence
lifetime, the application of the time domain technique has
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Fig. 5 Emission spectra of thebinuclear [GdCuL1-5(bpy)2(NO3)
2]complexes (a)[GACuLl (bpy)2(NO3)2], (b)[GdCuL2(bpy)2
(NO3)2], (c)[GdCuL3(bpy)2(NO3)2], (d)[GdCuL4(bpy)2(NO3)2]
and(e) [GACuL5(bpy)2(NO3)2].
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Fig. 6 Life time decay plot of thebinuclear |GdCuL1-5(bpy)2
(NO3)2]complexes (a)[GACuL1 (bpy)2(NO3)2], (b)[GdCuL2(bpy)
2(NO3)2], (c)[GdCuL3(bpy)2(NO3)2], (d)[GdCuL4(bpy)2(NO3)2]
and(e) [GdCuL5(bpy)2(NO3)2].

become simpler. This fitting demonstrates unequivocally that
the complexes are all tri exponentially fitted compare to
(Nagle et al., 2014). The [GACuL1-5(bpy)2(NO3)2] complexes’
emission spectra and decay time observations allowed the cre-
dentials of the highest ligand triplet state depicted in Fig. 6.
Compared to other mono and binuclear nuclear complexes,
the [GACuL2(bpy)2(NO3)2] complex has a high life time value.
The life time is raised in order.

[GdCuL5(bpy)2(NO3)2] < [GdCuL1(bpy)2(NO3)2] < [Gd
CuL3(bpy)2(NO3)2] < [GdCuL4(bpy)2(NO3)2] < [GdCuL2
(bpy)2(NO3)2].

Table 2 presents the data. The amount of distinct luminous
centers, energy transmission, host flaws, and contaminants all
affect the exponential decay behavior.

Current pA

. T : T . T v r :
0.0 -0.5 -1.0 -1.5 -2.0 -2.5
Potential (V) vs Ag/AgCl

Fig.7 Cyclicvoltammograms of thebinuclear [gdcull-5(bpy),(-
NOs)2|complexes (Reduction process) (a)[GdCuLl (bpy)2(NO3)
2], (b)[GdCuL2(bpy)2(NO3)2], (c)[GdCuL3(bpy)2(NO3)2], (d)
[GdCuL4(bpy)2(NO3)2] and(e) [GdCuL5(bpy)2(NO3)2].

3.6. Cyclic voltammetric behavior

The binuclear complex, [GdCuLl1-5(bpy)2(NO3)2] cyclic
voltammogram was obtained in DMF medium between 0.0
and 2.3 V at a scan rate of 0.05 V s-1 and is shown in
(Fig. 7). Epcl = 1.62 V and Epc2 = 2.20 V(Ag/AgCl) are
the two well determined catholic peak potentials for the com-
plex [GdCuLl]. 1.91 V was calculated to be the half wave
potential E1/2 for the first reduction process, Cu(II)/Cu (I).
The ligand-centered mono nuclear complex [Gd(III)L1(bpy)2
(NO3)2] peak potential may correspond to the second reduc-
tion process, which was seen at the cathodic potentials Epc2
2.20 V. It is proposed that the total electrode reaction is
LGAIT)Cu(IT)/LGdIIT)Cu(I)/LeGd(IIT)Cu (I). The initial
reduction process for all five d-f complexes is Cu(Il)/Cu(I)
exclusively reduced, and the second reduction potential corre-
sponds to the ligand-centered peak potential of the Gd(III)
mono nuclear complex. Table 3 contains the electrochemical
data for each complex. Complex from [GdCuL1(bpy)2(NO3)
2] to [GACuL5(bpy)2(NO3)2] reduction potential value shift
to more negative potential direction; this could be because
the entire cyclic ring becomes more flexible, distorting the
geometry of the gadolinium(III) complexes while also increas-
ing the system’s flexibility (Vinoth et al., 2022) (Govindasamy
et al., 2017, 2019). In Fig.7. a cyclic voltammogram is
displayed.

3.7. Magnetic behavior

3.7.1. Magnetic properties of complex 5. [GdCuL’(bpy)2
(NO3)2](ClOy)>

In the temperature range of 20 to 300 K, magnetic susceptibil-
ity’s (m) temperature dependence is depicted in (Fig. 8). At
300 K, the effective magnetic moment (eff) is 7.78 B expressed
as MT vs T. The MT value is 7.85 cm3 K mol-1 at 180 K,
which approximately equates to the value anticipated for the
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Fig. 8 Thermal dependence of y\ 7T for [GACuL5(bpy)2(NO3)2|
at 0.5 T. The full line corresponds to the best data fit.

two uncoupled metal ions. The MT value rises with decreasing
temperature, reaching 10.5 cm3 K mol-1 at 20 K. This number
compares favorably to the (10.5 cm3 K mol-1) predicted value
for the S = 4 spin state produced by the ferromagnetic cou-
pling of Gd(III) (S = 7/2) and Cu(Il) (S = 1/2) under the
assumption that Gd = Cu = 2.0 is quite similar. Data were
collected. On the basis of a spin-only equation generated from
a spin Hamiltonian H= - JS¢, Sgq, @ quantitative analysis can
be done. The experimental data are based on the formula, tak-
ing into account the possibility that the two low-lying H = JS¢,
SGq levels E(4) = 0 and E(3) = 4 J may have distinct g values
(O’Sullivan et al., 2014), [4 = (7Gd + Cu)/8 and g3 =(9 Gd -
Cu)/8]. The parameters’ calculated values are J = 4.2 cm-1,
Cu = 2.05, Gd = 2.0, and R = [(obsT- calT)2/(obs T)2].
There is no question that the observed ferromagnetic behavior
is a fundamental characteristic of the core at 3.910-5. The J
values for the four structurally defined hetero binuclear (Cu,
Gd) complexes are slightly lower than those previously pub-
lished for GdO,Cu. The complex’s structural analysis reveals
that a third bridge connects an axial Gd site to an axial Cu site
that, at best, has a very weak spin density (Winpenny et al.,
1998). The measured J value (4.81 cm-1) is remarkably compa-
rable to values discovered for complexes in which the magnetic
interaction is mediated by a double bridge, such as CuO2Gd as
in the preceding examples (Li and Liao et al., 1995). Addition-
ally, the extremely good fit for (Fig. 8) that was achieved with
the aid of the formula above, which corresponds to a binuclear
Gd-Cu complex, conforms to the binuclear nature of the sam-
ple material.

3.8. Kinetic studies

3.8.1. Oxidation of pyrocatechol (Catecholase Activity)

Pyrocatechol was used as a simple model substrate to test the
catecholase activity of the [GdCuL1-5(bpy)2(NO3)2] com-
plexes created in the current study in order to identify func-
tional models for the metalloenzymes (Wermuth et al., 2011).
For this, 100 equivalents of pyrocatechol were added to solu-
tions of complexes in dimethylformamide at a concentration
of 10~ mol dm~* in the presence of air. At regular intervals
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Fig. 9 Catecholase activity of binuclear [GdCuL1-5(bpy)2(NO3)
2]complexes (a)[GACuLl (bpy)2(NO3)2], (b)[GdCuL2(bpy)2
(NO3)2], (¢)[GACuL3(bpy)2(NO3)2], (d)[GdCuL4(bpy)2(NO3)2]
and(e) [GACuL5(bpy)2(NO3)2].

of 5 min, the reaction’s progress was monitored spectrophoto-
metric ally at 390 nm for about 45 min. The slope was calcu-
lated using the initial rates approach by observing the
development of the product’s O- 390 nm quinine’s band.
First-order dependency on the complex concentration is
revealed by a linear relationship between the starting rate
and the complex concentration for [GdCuL1-5(bpy)2(NO3)2]
complexes.

Fig. 9 displays the log (Ao/As-A¢) Vs time plots for the cat-
echolase activity of the [GdCuL1-5(bpy)2(NO3)2] complexes.
The increase of the o-quinone chromophore in response to
[GACuL5(bpy)2(NO3)2] is depicted in Fig. 9's inset over time.
Table 4 provides the value of the [GACuL1-5(bpy)2(NO3)2]
complexes’ observed initial rate constant. Catalytic activity is
higher in the complex [GdCuL5(bpy)2(NO3)2] (7.98x10-
3 min-1) than in the complex [GdCuL4(bpy)2(NO3)2]
(6.45x10-3 min-1), which is higher than the complex
[GACuL1(bpy)2(NO3)2] (3.62x10-3 min-1). Below is a list of
the complexes in order of activity.

[GdCuL5(bpy)2(NO3)2] > [GdCuL4(bpy)2(NO3)2] > [Gd
CuL3(bpy)2(NO3)2] > [GdCuL2(bpy)2(NO3)2] > [GdCuLl
(bpy)2(NO3)2].

The findings show that when the chain length rises, the rate
of catecholase oxidation to o-quinone has risen. Due to flexi-
bility brought on by the coordination sphere’s distortion, the
catecholase activity of complexes with longer carbon chains
in the imine compartment is higher than that of complexes
with shorter carbon chains in the imine compartment. The
geometry of the complexes is more deformed as the chain
length increases. The increased reaction rate that has been seen
may be favored by this shape.

3.9. DNA binding and cleavage studies

3.9.1. Absorption spectral studies

Complexes [GACuL1(bpy)2(NO3)2], [GdCuL2(bpy)2(NO3)2],
and [GdCuL3(bpy)2(NO3)2] have binding properties. The
effects of [GdCuL4(bpy)2(NO3)2] and [GACuL5(bpy)2(NO3)
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2] on the UV spectra of calf thymus (CT) DNA are evaluated.
Due to the intercalative mode’s strong stacking contact
between an aromatic chromophore and the base pairs of
DNA, complex binding with DNA by intercalation typically
results in bathochromic (Edwards et al., 1992). The interaction
of the binuclear [GdCuL1(bpy)2(NO3)2], [GdCuL2(bpy)2
(NO3)2], [GdCuL3(bpy)2(NO3)2], [GdCuL4(bpy)2(NO3)2],
and [GdCuL5(bpy)2(NO3)2] complexes with CT DNA has
been studied in the current study. Using a constant concentra-
tion to which increments of the DNA (10 mM) stock solution
were added gradually at 25 °C, absorption titration tests of the
Gd(IIT)Cu(Il) complexes in buffer were carried out. In the
UV-vis absorption spectra, the complexes attachment to
duplex DNA resulted in a reduction in absorption intensities
and a little redshift. After intercalating DNA base pairs, the
intercalated ligand’s m* orbital may couple with the base pairs’
orbital, lowering the m—r* transition energy and producing
bathochromic (Trott et al., 2010).

For the purpose of quantitatively comparing the affinity of
the complexes toward DNA, the binding constant K of the
complexes to CT DNA was calculated by observing changes
in the absorbance of the charge transfer spectral band near
at 230 nm, 280 nm, and 350 nm for the complex [GdCulL2
(bpy)2(NO3)2], near 233 nm, 275 nm, and 375 nm for the com-
plex [GdCuL3(bpy)2(NO3)2] (b Fig. 10 depicted the com-
plexes’ spectroscopic titration. The degree of hypochromic
serves as a gauge for the intercalative binding’s strength. The
order bipyridyl-based binuclear complexes follows the
observed trend in hypochromic among the current complexes
(GdCu). Following the equation, the intrinsic binding con-
stants Kb of the four complexes with CT DNA were
calculated.

[DNA]/(sa — &f)) = [DNA]/(eb — &f) + 1/Kb (ch
- &) 3)
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Fig. 10  Absorption spectra of complex [GdCuL2(bpy)2(NO3)2]
(20 uM) in the presence of increasing quantity of CT DNA; 0-
80 uM. The arrow shows the absorbance change upon increasing
DNA concentrations. Inset shows the plot of (g, — &)/(gp, — &) Vs
[DNA] for the titration of DNA with the complex.

The apparent absorption coefficients a, f, and b correspond
to Aobsd/[M2], the extinction coefficient for free complexes,
and the extinction coefficient for complexes in the completely
bound state, respectively, where [DNA] is the concentration
of DNA in base pairs. Kb is determined by plotting [DNA] /
(b-f) versus [DNA] and calculating the slope to intercept ratio.
The complexes stated above have binding constant values Kb,
which are computed and provided in Table 5.

3.9.2. Fluorescence spectral studies

Fluorescence spectroscopy is a useful technique for examining
metal interactions with DNA. One of the most sensitive fluo-
rescent probes that can connect with DNA is ethidium bro-
mide (EB) (Yuan et al., 2020). After intercalating into DNA,
EB exhibits a greater rise in fluorescence. The amount of
EB-available DNA binding sites decreases as a result of the
metal intercalating into the DNA, which lowers the fluores-
cence of the EB-DNA system (Vanpatten et al., 2018).
Fig. 11. depicts the emission spectra of EB bound to DNA
in the presence and absence of the complexes [GdCulL2(bpy)
2(NO3)2], [GdCuL3(bpy)2(NO3)2], [GdCuL4(bpy)2(NO3)2],
and [GdCuL5(bpy)2(NO3)2]. At various complex concentra-
tions, 610 nm (510 nm excitation) fluorescence intensities were
recorded. 40 M DNA and 0.66 M Ethidium Bromide (EB, at
saturation binding level) were dissolved in a 2 mL solution
and titrated with 0-80 M metal complexes at 25 °C. The fluo-
rescence intensity considerably decreases when complex DNA
that has been pretreated with EB is added, demonstrating that
complex competes with EB for DNA binding. The degree to
which the emission intensity decreases provides information
on the complexes’ propensity to bind DNA as well as their
ability to stack (intercalate) between neighboring DNA base
pairs (Salvador et al., 2012). The fluorescence quenching curve
of DNA-bound EB by complexes shows that the linear Stern-
Volmert equation and the quenching of EB bound to DNA by
complexes are in good accord.
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Fig. 11  Emission spectrum of EtBr bound to DNA system
([EtBr] = 6.6 uM, [CD DNA] = 40 uM, [GdCuL2(bpy)2(NO3)
2] = 080 uM, Aemi 510 nm). The arrow shows the
intensitychange upon increasing [GdCuL2(bpy)2(NO3)2] concen-
trations. Inset shows the plot of emission intensity Io /I vs
[complex]/[DNA].
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a b c d e Control

Fig. 12a  Agarose Gel electrophoresis photograph of the super
coiled pBR322 DNA treated with different complexes [GdCuL1-5
(bpy)2(NO3)2]. Lanel. Control; Lane (a). pPBR322 DNA treated
with 100 pM of [GdCuL'(bpy)2(NO3)2] complex; Lane (b).
pBR322 DNA treated with 100 pM of [GdCuL2(bpy)2(NO3)2]
complex; Lane (c). pBR322 DNA treated with 100 pM of
[GdCuL3(bpy)2(NO;)2] complex; Lane (d). pBR322 DNA treated
with 100 uM of [GdCuL4(bpy)2(NO3)2] complex; Lane (e).
pBR322 DNA treated with 100 pM of [GdCuL5(bpy)2(NO3)2]
complex; Form I and II represents Supercoiled, Nicked circular
and Linear form of pBR 322 DNA respectively.

10/I = +Ksv[Q] 4)

The slope-to-intercept ratio, or Ksv, in the linear fit plot of
10/1 versus [complex]/[DNA], is the measure of the slope. Iy is
the emission intensity of EB-DNA when the complex is not
present, I is the emission intensity of EB-DNA when the com-
plex is present, and [Q] is the concentration of the quencher.
Table 5 provides the Kapp values for complexes.

3.9.3. DNA cleavage study for [GdCuLl-5(bpy)2(NO3)2]
complexes

The incubation duration at room temperature was prolonged
when using the [GdCuL1-5(bpy)2(NO3)2] complexes, which

enhanced the cleavage efficiency. It has been stated that the
complex’s binding activity with DNA was effective. All chem-
ical complexes exhibit a striking uniformity of expression in
that they all cleave DNA by forming cleaved bands. We can
therefore bring those compounds for additional therapeutic
development. In this article, we show how in vitro screening
based on DNA cleavage can be used effectively. When com-
pared to other ligands, the complex [GdCuL1(bpy)2(NO3)2]
exhibits significant bioactivity in in vitro infection experiments,
regardless of the ligand’s location or saturation condition (Lee
et al., 2020). These results support the value of complex activ-
ity for harmful microbes. The comprehensive work on in vitro
investigations and the identification of various bioactive
chemical types is abundantly possible with this exploratory
inquiry. These inhibiting studies will advance knowledge of
the molecular interactions between [GdCuL1-5(bpy)2(NO3)2]
complexes and bacterial vectors. The information is in
Table 6.

3.9.4. Antimicrobial activity

Studies have been done on the antimicrobial activity of syn-
thetic binuclear complexes [GdCuL1-5(bpy)2(NO3)2] against
five investigated bacteria. According to the results, all
[GACuL1-5(bpy)2(NO3)2] binuclear complexes had distinct
effects on various species, with Klebsiella sp. being the target
of the greatest activity at 125 M. Against all species, the com-
plexes [GdCuL1(bpy)2(NO3)2] and [GdCuL5(bpy)2(NO3)2]
show the strongest antibacterial activity. [GdCuL3(bpy)2]
shown the least activity, in comparison. This variation may
be brought on by the varied structures of [GdCuL1-5(bpy)2
(NO3)2] complexes and the activity side chains or by varia-
tions in the ligands’ binding sites to the molecules (Zhu
et al., 2021), comparing of the other Gadolinium complexes,
d-f hetero binuclear Gd(III)Cu(II) more active. Tables 7.1-
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Fig. 12b

Efficiency of the DNA cleavage for [GdCuL1-5(bpy)2(NO3)2]complexes (a)[GACuL1 (bpy)2(NO3)2], (b)[GdCuL2(bpy)2(NO3)

2], (©)[GACuL3(bpy)2(NO;)2], (d)[GACuL4(bpy)2(NO5)2] and(e) [GACuLS5(bpy)2(NO5)2].
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7.5 contains information on [GdCuL1-5(bpy)2(NO3)2] com-
plexes’ antimicrobial activity (see Figs. 12a and 12b).

4. Conclusion

The five d-f heterobinuclear Gd(IIT)Cu(II) complexes based on 2,2’ bi-
pyridine have been synthesized and studied. According to the spin
Hamiltonian seen, the complex’s ferromagnetic behavior is an inherent
quality of the core. Due to the lengthening of the chain, [Gd(IIT)Cu(II)
L1-5(bpy)2(NO3)2] complexes’ electronic spectra exhibit a red shift.
Time correlated single photon counting measurements [GdCul2
(bpy)2(NO3)2] complex having longer life time value. Measurements
of the [GdCuL2(bpy)2(NO3)2] complex’s electronic absorption and
fluorescence spectra show good CT DNA binding, most likely via
intercalation. In vitro, the complex [GdCuL1(bpy)2(NO3)2] is more
cleavage-active. Methyl group density around the metal improves the
catalytic performance. The antibacterial activity of each and every d-
f hetrobinuclear Gd(III)Cu(Il) complex is enhanced against both
gramme positive and gramme negative microorganisms.
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