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Two copper(II) complexes have been synthesized and characterized using elemental and spectral analysis. The molecular 
structures of both complexes have been confirmed by single crystal X-ray analysis. The stability of the metal centre was 
examined using cyclic and differential pulse voltammetry in DMSO solution. X-band electron paramagnetic spectra were 
recorded both in solid and frozen solution to confirm the d9 configuration. Frozen solution spectra of complexes have the 
trend in the spin Hamiltonian parameters 𝑔∥ ൐ 𝑔ୄ ൐ 2.0023 and 𝐴∥ ≃ 156 ൈ 10ିସ cm-1 revealing a 𝑑௫మି௬మ ground state 
with tetragonal symmetry for copper(II) ion. Density functional calculations have been performed and results are found to 
agree with the experimental results. Antibacterial activities of complexes were screened by taking gram-positive and 
gram-negative bacteria. Further, in vitro antioxidant (superoxide dismutase) properties of 1 and 2 showed considerable 
activity compared to other SOD mimics. 
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Copper is one of the essential member in varied 
biological processes and its importance in both 
enzymatic1 and non-enzymatic2 chemical systems is 
well established. One such enzyme is superoxide 
dismutase (SOD). This enzyme serves a vital role in 
defending oxygen-utilizing life forms from oxidative 
damage3. All mammalian life utilizes molecular 
oxygen as the ultimate oxidant during cellular 
respiration during which one electron reduction 
product, superoxide anion (Oଶ

ି) is released. This 
deleterious oxygen-derived free radical has been 
demonstrated to be a mediator of reperfusion diseases, 
such as acute mitochondrial stroke, shown to be 
associated with the development and contamination of 
inflammatory processes. This is involved in many 
diseases such as arthritis and plays a major role in the 
initiation of neurological disorders such as 
Parkinson’s disease. The rational design and synthesis 
of low molecular weight copper(II) complexes that 
mimic a natural enzyme function possess a potential 
for use as a human pharmaceutical in the prevention 
of such diseases. Such oxidative enzyme SOD control 
the overproduction of toxic Oଶ

ି by dismutation 

processes into molecular oxygen and hydrogen 
peroxide (Eqns 1 and 2).  

Oଶ
ି  ൅  M୬ାଵ  →  Oଶ  ൅  M୬ … (1)

M୬  ൅  Oଶ
ି  →  HଶOଶ  ൅ M୬ାଵ … (2)

In light of chemical data surrounding the use of the 
SOD enzymes4, the low molecular weight of the 
enzyme SOD has been proposed for the treatment of 
several diseases. In fact, we are interested in the 
synthesis of low molecular weight complexes as a 
structural and functional model for SOD mimics using 
Di(2-picolyl)amine and pyrazine. With these views in 
mind, in the present article two new copper(II) mono- 
and polynuclear complexes [Cu(DPA)4](ClO4)2 (1) 
and [Cu2(μ-pyrz)(pyrz)3](ClO4)4 (2) have been 
synthesized and characterized using various physico-
chemical techniques. Molecular structures of these 
newly synthesized complexes were determined using 
single crystal X-ray analysis. Experimental bond 
angles and bond distances were also compared with 
theoretical data generated by quantum chemical 
calculations. We have explored their performance  
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in-vitro as SOD mimics using nitro blue tetrazolium 
chloride (NBT) assay method.  
 
Materials and Methods 

All used reagents and chemicals were of reagent 
grade. Di-(2-picolyl)amine, pyrazine and copper(II) 
perchlorate hexahydrate# were purchased from Across 
Organics and used without further purification. 
 
Synthesis of [Cu(DPA)4](ClO4)2 (1) 

Copper perchlorate hexahydrate (0.370 g, 1 mmol) 
was added to 20 mL methanol. After 30 min, Di-(2-
picolyl)amine (0.8 mL, 1 mmol) added and stirred for 
3 h at room temperature. The obtained solution was 
left undisturbed for few days for evaporation at 
ambient temperature to get blue crystals. These 
crystals were washed with ether and finally dried over 
calcium chloride in a desiccator. Yield: (~73%). Anal 
(%) Calcd (Found) for C48H51Cl4Cu2N12O16  
(M. W. = 1320.89 g mol-1): C, 43.64 (43.78); H, 3.89 
(3.83); N, 12.72 (12.64). Conductance (DMSO); m 
= 235 S cm2 mol-1. Electronic absorption spectrum 
(DMSO); λmax ~652 nm and  = 403 M-1 cm-1, FT-IR 
bands (KBr, cm-1): υ(C=N) 1573, υ(C=O) 1610, 
υ(ClO4

-) 1086 (Supplementary Data, Fig. S1).  
 
Synthesis of [Cu2(μ-pyrz)(pyrz)3](ClO4)4 (2) 

20 mL methanol solution of copper(II) perchlorate 
hexahydrate (0.370 g, 1 mmol) was constantly stirred 
for 20 min and after that pyrazine (0.040 g, 0.5 mmol) 
was added in a dropwise manner. The obtained green 
solution was left undisturbed for few days to 
evaporate at ambient temperature to obtain blue 
crystals. The crystals were collected by filtration and 
dried over calcium chloride desiccator. Yield: 
(~73%). Anal (%) Calcd (Found) for C9H8ClCuN6O4 
(M. W. = 830.53 g/mol): C, 29.76 (29.82); H, 2.22 
(2.17); N, 23.13 (23.01). Conductance (DMSO);  
m = 211 S cm2 mol-1. Electronic absorption spectrum 
(DMSO); λmax = 620 nm and  = 133 M-1 cm-1, FT-IR 
bands (KBr, cm-1): υ(C=N) 1626, υ(C=O) 1537, 
υ(ClO4

-) 1086 (Supplementary Data, Fig. S1).  
 
Characterization techniques 

Elemental analyses were performed at SAIF, 
CDRI, Lucknow. The UV-visible absorption spectra 
were recorded on a Shimadzu UV-1601 
spectrophotometer. The Fourier transform infrared 
(FTIR) spectral data were obtained on a Perkin-Elmer 
IR α-T Spectrophotometer. The electron paramagnetic 

resonance (epr) spectra of copper(II) complexes in 
solid and solutions were recorded with a Varian  
E-line Century Series Spectrometer operating at  
X-band (9.25 G Hz) modulation frequency at room 
and low temperatures. The electrochemical 
behaviours of complexes were collected with the help 
of cyclic voltammetry (CV) and differential pulse 
voltammetry (DPV) measurements under a dry 
nitrogen atmosphere. Ag/AgCl electrode was used as 
the reference electrode and ferrocene-ferrocenium 
couple as an internal standard in cyclic voltammetry5.  
 
X-ray crystallographic studies 

The crystals suitable for single crystal X-ray 
diffraction studies were obtained by slow cooling of 
methanol solutions containing 1 and 2. The diffraction 
data were collected at 298 K using Bruker D8 Venture 
diffractometer equipped with graphite monochromated 
Mo-Kα radiation. The intensity data of both complexes 
were corrected for absorption. All non-hydrogen atoms 
were refined with anisotropic thermal parameters. Both 
structures were solved by direct method6 and refined on 
F2 by a full-matrix least-squares procedure using 
anisotropic displacement parameters.7 All geometrical 
calculations were performed using PLATON8 and 
WINGX9 programs. The hydrogen atom positions 
bonded to carbon atoms were initially estimated by 
geometry with anisotropic displacement data. The 
molecular structures were solved by SHELXS 9710 and 
refined on F2 full-matrix least square procedure.  
 
Antibacterial activity measurements 

Antibacterial activities of the complexes were 
evaluated using the diffusion disk method11. The 
details of this technique was followed from the 
published work12.  
 
SOD activity measurements 

Inhibition of superoxide anion radical anion ሺOଶ
ି) 

formation by alkaline DMSO (NBT assay) was 
evaluated according to the previously reported 
procedures13. In the presence as well as the absence of 
the complexes the  Oଶ

ି was generated in situ by alkaline 
DMSO and NBT reduction to MF+ by  Oଶ

ି was 
monitored spectrophotometrically at 560 nm in 
phosphate buffer. A unit of antioxidant SOD activity is 
the concentration of the complex, which causes 50% 
(ICହ଴) inhibition of alkaline DMSO and mediated 
reduction of NBT. Two assays were performed for 
each concentration of metal complexes. The catalytic 

#Caution! Although no problems were encountered during the synthesis of copper(II) complexes, perchlorate salts are potentially 
explosive and handled with extreme care. 
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rate constants were calculated14 as 𝐾୑ిେ୊ ൌ 𝐾୒୆୘ 
[NBT]/ICହ଴, where 𝐾୒୆୘(pH 7.8) = 5.94 × M-1 S-1.  
 
Computational method 

Theoretical calculations were performed regarding 
molecular structure optimization and HOMO-LUMO 
energies etc. of complexes 1 and 2. Full geometry 
optimizations were carried out using the density 
functional theory (DFT) method at the B3LYP level 
for the complex.15 All DFT calculations were carried 
out starting from the experimental single crystal X-ray 
data as input geometries. The geometry optimizations 
of both complexes were carried out in the gas using 
Gaussion 9 software package. All elements except Cu 
were assigned the LANL2DZ basis set.16 LANL2DZ 
with effective core potential for Cu atom was used17. 
In the computational model, the cationic complex was 
taken into account. All calculations were performed 
with the GAUSSIAN09 program,18 with the aid of the 
Gauss View visualization program. Vertical electronic 
excitations based on B3LYP optimized geometries 
were evaluated using the time-dependent density 
functional theory (TDDFT) formalism19 in DMSO, 
using a conductor-like polarizable continuum model.20  

 
Results and Discussion 

Two new copper complexes were prepared by the 
reaction of tridentate Schiff base (HL) and copper(II) 
salt in methanol. The synthetic routes of complexes  
are shown in Scheme 1. All kinds of general 
characterizations were carried out with polycrystalline 
samples. The microanalyses data for both the complexes 
were found to be consistent with their corresponding 
chemical compositions. Both complexes were air stable 
and soluble in DMSO and DMF. The FTIR data of 
both complexes show absorption band resulting from 
the skeleton vibration of the aromatic rings in the 
region of 1390-1630 cm-1. The splitting of band ~1085 
cm-1 indicates the coordinated perchlorate ion in 121.  

In both complexes, the presence of bands at 1090, 1092, 
622 and 619 cm-1 indicate a tetrahedral symmetry of 
perchlorate ion. This, therefore, suggest the presence of 
perchlorate outside the coordination sphere22. The 
coordination of ligands is substantiated by a band due to 
υ(M-N/O) in the range of ~440-525 cm-1.23  
 
Description of structures 

Crystallographic data, refinement parameters, bond 
distances and bond angles for both the complexes  
are given in Table 1 and in Supplementary Data, 

 
Scheme 1 — Synthetic route of complexes 1 and 2 

 

Table 1 — Crystal data and structure refinement parameters  
of synthesized complexes 1 and 2 

Parameter 1 2 
Empirical formula  C48H51Cl4Cu2N12O16 C9H8ClCuN6O4 
Formula weight  1320.89 363.20 
Temperature (K) 100(2) 100(2) 
Wavelength (Å) 0.71073 0.71073 
Crystal system  Monoclinic Tetragonal 
Space group  P 21/n P 4/n b m 
a (Å) 23.1720(9) 9.779(16) 
b (Å) 9.2985(3) 9.779(16) 
c (Å) 25.5553(10) 6.786(11) 
α (°)  90 90 
β (°)  95.481(2) 90 
γ (°) 90 90 
Volume (Å3) 5481.1(4) 649(2) 
Z 4 2 
Density (calculated) (Mg/m3) 1.601 1.859 
Absorption coefficient 
(mm-1) 

1.052 1.915 

F(000) 2708 364 
Theta range for data 
collection (°) 

2.521 to 28.368 2.946 to 30.746 

Index ranges -30<=h<=30, -
12<=k<=12, 
-34<=l<=34 

-11<=h<=13, -
8<=k<=12, 
-6<=l<=9 

Reflections collected 78937 1122 
Independent reflections 13683 [R(int) = 

0.0527] 
483 [R(int) = 

0.0819] 
Completeness to theta = 
25.242° 

99.9 % 94.2 % 

Absorption correction None None 
Refinement method Full-matrix least-

squares on F2 
Full-matrix least-

squares on F2 
Data / restraints / parameters 13683 / 138 / 824 483 / 0 / 30 
Goodness-of-fit on F2 1.064 1.154 
Final R indices 
[I>2sigma(I)] 

R1 = 0.0455, wR2 
= 0.1002 

R1 = 0.0982, 
wR2 = 0.2317 

R indices (all data) R1 = 0.0809, wR2 
= 0.1233 

R1 = 0.1274, 
wR2 = 0.2459 

Extinction coefficient n/a n/a 
Largest diff. peak and hole 
(e.Å-3) 

1.122 and -0.833 1.388 and -0.915
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Table S1. Crystal structure of the mononuclear 
complex, 1 consists of two [Cu(HL)2]2+ species along 
with four perchlorate molecules. Molecular structure, 
coordination sphere, partial packing diagram (dimer 
of dimer model), H-bondings with atom numbering 
scheme and packing diagram along with b-axis for 
compex 1 are given in Fig. 1. The species consists of 
a copper ion and tridentate ligand in one whereas in 
another species one copper ion, one tridentate ligand 
and one perchlorate anion weakly coordinated to 
copper ion (Cu-O = 2.774 Å). The coordination 
geometry around the copper ion is best described as a 
distorted octahedral geometry. The least-square plane 
constituted by four equatorially coordinated atoms 
reveals appreciable distortions with the maximum 
atomic deviations of 0.021 Å and 0.030 Å. The 
distortion in geometry from ideal octahedral is also 
expressed by the difference in the range of cisoid 
angles [78.79(9)-96.90(11) and 79.67(12)-101.36(10)] 
and transoid angles [159.58-178.02(11) and 
176.11(10)-179.80(12)], which deviate from the ideal 
angle of 90° and 180°, respectively. Furthermore, 

axial distances Cu(1)-N(3A) and Cu(1)-O(41) = 
2.354(2) and Cu(1)-O(41) in one cationic unit  
and Cu(1)-N(5B) and Cu(2)-N(1B) in the second unit 
are markedly longer than the average Cu-N  
distances (≅2.0 Å).  

The hexa-aqua copper cation is sitting on a 
crystallographic center of symmetry. One interesting 
feature of the crystal structure of complex 1 is that the 
stability of this structure is assumed to be due to the 
four perchlorate counter ions which stabilize the 
whole system by strong H-bonding network 
systematically distributed throughout the lattice (Fig. 
1b). The extended network of H-bonding is 
constructed through the perchlorate molecules and 
hydrogen atoms of tridentate HL. The hydrogen atom 
of HL C5AA-H5AA forms trifurcated H-bonding 
with Cl3, O32 and O33 atoms. Similarly, H-atom of 
C24A-H24A also forms bifurcated H-bondings with 
Cl2 and O22 and C12B-H12B yields H-bonding with 
O21 and Cl2, Rଶ

ଵ ሺ3ሻ. Two large synthons are formed 
by C2B-H2BA and C3B-H3BA H-atoms with two O 
atoms of perchlorate O32 and O33, Rଶ

ଶሺ7ሻ. O31 atom 

 
 

Fig. 1 — (a) Molecular structure, (b) coordination sphere, (c) partial packing diagram (dimer of dimer model), (d) H-bondings with atom 
numbering scheme, and (e) Packing diagram along with b-axis of complex 1 
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of this perchlorate atom also involves in formation of 
heterosynthon, Rଶ

ଵ ሺ5ሻ with H-atoms of C5AA-H5AA 
and C18A-H18B, all kinds of H-bonding parameters 
are presented in Supplementary Data, Table S2. 
Hydrogen atoms of H18C and H15A attached to 
C18B and C15A are involved in the intermolecular C-
H⋯ π interactions with phenyl ring, C13B, C14B, 
C15B, C16B, C17B and N4B (cg1). Similarly, H1AA 
attached to C1A is involved in intermolecular C-H⋯ π 
interactions with phenyl ring, C13, C14B, C15B, 
C16B, C17B and N4B (cg2). In addition, to these C-
H⋯ π interactions, one anion intramolecular π 
interaction with chelate ring is observed. The O41 
attached to Cl4 is involved in Cl4-O41⋯ π (metal 
chelate) ring, Cu1, N2A, N3A, C7A and C8A (Fig. 1c). 
In this complex, the ring centroid (H/O⋯cg) distances 
are in the range of 332-2.862 Å. The C-H⋯cg(1/2), 
angles remain in the range 3.332-3.254 Å are still 
below the optimum value (180º) for strongest C-H⋯ π 
interactions, which may be due to the steric constraints 

in the molecule. Such type of inter and intra C-H⋯ π 
interactions are responsible for extra stabilization of 
complex in its solid state. A view of the unit cell along 
the b-axis is shown in Fig. 1d. It can be seen that the 
molecules are packed in a two-dimensional manner 
with a parallel arrangement of rings. 

The single crystal X-ray analysis of complex 2 
shows that the complex exists a pyrazine bridged 
polymers. The molecular structure, coordination 
sphere, Partial packing diagram (dimer of dimer 
model), lp െ π(aryl) centroid interactions and packing 
diagram along a-axis of complex 2 are shown in  
Fig. 2. The molecule is centrosymmetric with c1 
symmetry, the centre of symmetry being located at the 
copper central metal. The coordination sphere around 
the copper(II) center can be described as octahedral, 
having CuN6 chromophore. In this complex, the 
equatorial positions are occupied by two pyrazine 
nitrogen atoms (N2). The bond distances in the 
equatorial are 2.058 Å. Axial distances (Cu-N) are 

 
 

Fig. 2 — (a) Molecular structure, (b) coordination sphere, (c) partial packing diagram (dimer of dimer model), (d) lp െ π(aryl) centroid 
interactions, and (e) Packing diagram along a-axis of complex 2 
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2.333 Å. The axial Cu-N distances are elongated due 
to Jahn-Teller distortion.24 In this complex all the 
cisoid angles are 90 and transoid angles are 180°. 
Therefore, the coordination geometry of each copper 
centre is best described as axially elongated ideal 
octahedral.25 In this complex H-bonding is 
constructed through H-atoms of phenyl ring of  
HL and O atoms of perchlorate anions (Fig. 2b).  
In this complex anion beside these H-bondings, 
anion-π interaction is present in 2 (Fig. 2c). The O 
atoms of perchlorate anion remain perfectly centered 
on the coordinate pyrazine ring (angle to O⋯centroid 
90°. Similar anion⋯π interactions in copper(II) 
complexes are reported.26 Anion⋯π interactions are 
quite versatile and should be of general importance 
for the solid state structures and supramolecular 
assembly.  
 
Epr spectra 

Epr spectra of both complexes were recorded for a 
polycrystalline sample at room temperature (RT) and 
in DMSO solutions ሺ3 ൈ 10ିଷ Mሻ at LNT are shown 
in Fig. 3. Polycrystalline spectrum at RT shows 
hyperfine splitting (anisotropic) with g∥ ൌ 2.14 and 
gୄ ൌ 2.064. A very weak signal at a low magnetic 
field (gୣ ൌ 4.0) due to a singlet-triplet transition 
(△ Mୱ ൌ േ2) is present. Such observation is in 
agreement with the antiferromagnetic interaction 
between a copper ion in solid state due to dipole-
dipole interaction27. Such interaction is not detected 
when the complex is dissolved in DMSO. The 
parameter (G), gives information about exchange 
interaction between copper centers in polycrystalline 
state28. The obtained G value of this complex is 2.25. 
This value (G ൏ 4) suggests that there is an exchange 
interaction between the copper centers in 129. These 
epr behaviour of 2 in polycrystalline is most likely 
caused by spin-exchange between paramagnetic 
copper centers. A frozen solution epr spectrum of this 

complex is consistent with the monomeric structure 
and found a trend in the spin Hamiltonian parameters 
(g∥ ൐ gୄ ൐ 2.0023) and A∥ ⋍ 156 ൈ 10ିସ cmିଵ 
indicates a 𝑑௫మି௬మ ground state with tetragonal 
symmetry for copper(II).5 Half-field signal was not 
detected in frozen solution epr spectra.29 The observed 
g∥ value for this complex is 2.202 which is less than 
2.3 indicates a covalent environment30. 

Polycrystalline RT spectrum of polynuclear 
complex 2 is quite different in appearance than 
complex 1. A weak half-field signal (~1500 G) is 
observed at the g ≅ 4.37, which is associated with the 
△ Mୱ ൌ േ2 transitions from a coupling between 
𝑠 ൌ 1

2ൗ  metal ions, in a molecule (intra dipole-dipole 
interaction). Such epr spectral behavior suggests that 
the two copper centers are coupled 
antiferromagnetically as evidenced by magnetic 
susceptibility measurements. Additionally, parameter 
G yielded G = 3.00, suggesting interaction in a 
polycrystalline state which may be propagated 

through [ ]n+ core.31 Frozen solution  
epr spectrum of 2 consistent with monomeric 
structures. Obviously, DMSO causes the dissociation 
of the polynuclear complex into a mononuclear 
complex responsible for the doublet spectrum and 
probably, a dinuclear species, although the half-field 
signal is not detected in the frozen solution  
epr spectrum.  
 
Electrochemistry 

The electrochemical behaviour of the complexes 
was studied using CV and DPV in DMSO solution 
ሺ3 ൈ 10ିଷ Mሻ. The cyclic and differential pulse 
voltammograms are displayed in Fig. 4 and 
electrochemical data are presented in Table 4. The 
conductivity values were found to be 235 and 211 Ώ-1 
mol-1 cm2 for 1 and 2, respectively. This indicates that 
both the complexes are 1:2 type electrolytes32.  

 
 

Fig. 3 — Epr spectra of complexes (a) 1 and (b) 2 
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The CVs of both complexes displayed two distinct 
reduction and oxidation waves. These two one 
electron reduction waves correspond to Cu୍୍Cu୍୍ ⇌
Cu୍୍Cu୍ ⇌ Cu୍Cu୍ process33. The observed extra  
peak at more negative potential may be due  
to the reduction of ligand moiety. Such findings  
are indicative of significant metal coupling for 
 both complexes34 and reduction potential found  
for 1 and 2 are in agreement reported in  
the literature35. 

The observed couples are irreversible with peak 
separation ~0.684 V. The stability of mixed-valence 
CuሺIIሻ െ CuሺIሻ species increases with increasing 
ligand instauration and can be expressed in terms of 
the conproportionation constant 𝑘௖௢௡

36. The larger the 
separation between the peak potentials of the couple, 
the greater is the stability of the mixed-valence 
species with respect to conproportionation. The values 
of ∆𝐸 and 𝑘௖௢௡ are presented in Supplementary Data, 
Table S3. The 𝑘௖௢௡ of 1 was found 9.7 ൈ 10ଷ 
compared to the value of𝑘௖௢௡ 9.6 ൈ 10ସ for 2 
suggesting that 2 is more stable.  
 
UV-visible absorption spectra 

The absorption spectra of both complexes were 
recorded in DMSO ሺ1 ൈ 10ିଷ Mሻ. The light green 
coloured complex 1 displays two peaks centered at 
652 nm with a shoulder at 922 nm. The spectrum of 2 
also displayed a broad d-d band consisting of two 
peaks centered at 620 nm and shoulder at 976 nm 
(Fig. 5). The ligand to the metal charge transferred 
(MLCT) ~425 nm and π-π* ~352 nm due to ligand 
only are also observed37. The extinction coefficient () 
of d-d bands are in the range of 620-976 M-1 cm-1. 
Such a low value of  suggests the d-d nature of the 
transition from the low-lying filled d-orbital to the 
upper-filled orbital38.  

Computational studies 
 

Orbital analysis 
The ground-state electronic structures of the 

present complexes are computed to obtain further 
insight into the electronic structures (atomic 
arrangement) of complexes. The computed features of 
frontier molecular orbital (FMO) is in terms of 
energies, the present composition of the ligand and 
metal orbitals and the contribution of used different 
ligands are listed in Table 2 and shown in Fig. 6. The 
highest occupied molecular orbitals (HOMO) are in 
general assigned by the π-orbitals of proligand (Schiff 
base) whereas the lowest occupied molecular orbitals 
(LUMO) are devoted by π* ligands.  
 

Global chemical reactivity 
Different quantum chemical parameters obtained 

from DFT strategies which were estimated to explain 
the stability and reactivity of complexes (1 and 2). 
The calculated parameters reveal energies of HOMO 
and LUMOs (EHOMO and ELUMO), the energy gap (ΔE), 

 
 

Fig. 4 — (a) CV and (b) DPV plots of complexes 1 and 2 in DMSO ሺ3.0 ൈ 10ିଷMሻ solution 
 

 
 

Fig. 5 — Absorption spectra (zoomed region from 500–1000 nm 
is shown in inset for clear visibility)) of 1 ൈ 10ିଷ M DMSO 
solution of complexes 1 and 2 
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electronegativity (𝜒), chemical potential (𝑃௜), global 
hardness (𝜂), global softness (𝜎), global 
electrophilicity index (𝜔) and additional electronic 
charge (ΔNmax)39. The value electronegativity (𝜒) is 
estimated by using 𝜒 ൌ 𝐼𝑃 ൅ 𝐸𝐴 2⁄ . Similarly 
𝜂 ൌ 𝐼𝑃 െ 𝐸𝐴 2⁄  and S = ½.40 The ΔE between FMOs 
indicating HOMO and LUMO energies indicating the 
electron-donating and accepting capability describes 
spectroscopic features of the molecules, molecular 
chemical stability chemical reactivity. During the 
complex formation, metal behaves as a Lewis acid 
(electron acceptor) and ligand acts as an electron as a 
Lewis base (electron donor). The chemical reactivity 
of a complex molecule is a function of HOMO and 
LUMO of the different reacting species41. Estimated 
values of ΔE, global softness and chemical potential 
also support this suggestion. Absolute hardness (𝜂) 
and softness (S) are important properties to evaluate 
the molecular stability and reactivity. The greater the 
ΔE, the higher is the stability of the complexes. On 
the basis of the data in Table 2, it can be said that the 
complexes are stable transition metal complexes42. 
The evaluated ΔE of 211 revealed that the Cu2+ 
complex has the lower ΔE, which is indicative of 
more probable complex formation.  

Natural bond Order (NBO) calculations 
The NBO calculations were made at the 

B3LYP/LANL2DZ level of theory43. NBO 
calculations reveal a closer insight into the effect of 
single donors participating in the coordination sphere 
of the transition metal complexes. They permit the 
correlation between structural features and 
electrochemical properties of complexes. Values of 
NBO analysis for the complex 1, the electronic 
arrangement of the copper atom is: [Ar] 4s (0.23) 3d 
(9.76) 4p (0.38) 5p (0.01). The 17.994 core electrons, 
10.376 valence electrons and 0.012 Rydberg 
electrons, which yields a sum of 28.382 electrons and 
+0.617 charge on copper atom (Table 3). This is in 
concurrence with the natural charge of the copper 
atom (+0.617), which agrees with the difference 
between 28.382 and the total number of electrons in 
an isolated copper atom (29e). Similarly, the core, 
valence, Rydberg electrons and natural charge on 
copper atoms of complex 2 have also been calculated 
and collected in Table 4. The formal charges of donor 
atoms of ligands reveal that the electron distribution is 
not limited to the coordination bonds in between 
metal and donor atoms as the estimated formal 
charges of Cu (0.619) is smaller than +2. Such a 
lower charge value is presumed upon complex 

 

Table 2 — Calculated quantum chemical parameters 
Compound EHOMO ELUMO ΔE 𝜒 𝜂 𝜎 𝜔 Pi ΔNmax 

1  -3.291 -0.419 2.872 1.855 0.927 0.539 1.855 -1.855 2.001 
2  -2.241 -2.102 0.139 2.171 0.069 7.246 34.152 -2.171 31.463 

 

Table 3 — Natural electron configuration of copper(II) complexes 
Complex Natural electronic configurations Core  Valence Rydberg 

 4s 3d 4p 5p 
1 Cu(1) 0.23 9.76 0.38 0.01 17.994 10.376 0.012 
2 Cu(2) 0.28 9.29 0.58 0.01 17.994 10.143 0.014 

 

 
 

Fig. 6 — Frontier molecular diagram of complexes (a) 1, and (b) 2 
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formation with charge transfer from the metal 
(copper) centers to the ligand.  
 
Hirshfeld surface analysis 

Molecular Hirshfeld surfaces44 in the crystal 
structures of 1 and 2 were constructed on the basis of 
the electron distribution calculated as the sum of 
spherical atom electron densities45. For a given crystal 
structure and a set of spherical atomic densities, the 
Hirshfeld surface is unique46. The normalized contact 
distance (dnorm) based on both de and di (where de is 
the distance from a point on the surface to the nearest 
nucleus outside the surface and di is the distance from 
a point on the surface to the nearest nucleus inside the 
surface) and the vdW radii of the atom, as given by 
Eqn. (3) enables identification of the regions of 
particular importance to intermolecular interactions.44 
The combination of de and di in the form of two-

dimensional (2D) fingerprint plot47 provides a 
summary of intermolecular contacts in the crystal44. 
The Hirshfeld surfaces mapped with dnorm and 2D 
fingerprint plots were generated using the Crystal-
Explorer 2.148. Graphical plots of the molecular 
Hirshfeld surfaces mapped with dnorm used a red-
white-blue colour scheme, where red highlight shorter 
contacts, white represents the contact around vdW 
separation, and blue is for longer contact. 
Additionally, two further coloured plots representing 
shape index and curvedness based on local curvatures 
are also presented in this paper49. 
 
𝒅𝒏𝒐𝒓𝒎 ൌ

𝒅𝒊ି𝒓𝒊
𝒗𝒅𝑾

𝒓𝒊
𝒗𝒅𝑾 ൅

𝒅𝒆ି𝒓𝒆
𝒗𝒅𝑾

𝒓𝒆
𝒗𝒅𝑾  ...(3) 

 
The Hirshfeld surfaces for complexes 1 and 2  

are presented in Fig. 7. The dnorm surface has been 
mapped over a range of -0.5 to 1.5 Å while  
shape index and curvedness are mapped over the 
ranges -1.0 to 1.0 Å and -4.0 to 0.4 Å, respectively. 
For better visualization of the aromatic rings,  
chelate rings and other entities in both complexes 
these surfaces are presented as transparent. The  
weak interactions discussed in the structural 
description for all the three complexes are presented 
effectively in the various spots. In the dnorm surfaces, 
the large circular deep red depressions are indicating 
hydrogen bonding contacts. The other dominant 
interaction C−H∙∙∙π interactions in 1 and O···π 
interactions in 2 in surface plots are evinced as a  
faint red shaded area. 

The fingerprint plots for the complexes 1 and 2 are 
shown in Fig. 8. The figure depicts that the 
complementary regions in plots can be visualized 
where one molecule behaves as a donor (de>di) while 
another behaves as an acceptor (de<di). The 

 

Table 4 — The NBO charge of atoms in complexes 
Complex  atom NBO charge atom NBO charge

1 

Cu1 +0.617 O61 -0.914 
N2 -0.536 O62 -0.860 
N3 -0.744 Cu63 +0.612 
N5 -0.521 N64 -0.478 
N6 -0.558 N65 -0.703 
N7 -0.670 N67 -0.515 
N9 -0.544 N68 -0.516 

Cl58 +2.613 N69 -0.913 
O59 -0.893 N70 -0.506 
O60 -0.850   

2 

Cu1 +0.847 N25 -0.506 
N2 -0.506 N26 -0.506 
N3 -0.599 N27 -0.599 
N9 -0.433 N32 -0.433 
N14 -0.449 N41 -0.433 
N15 -0.506 N47 -0.449 
N20 -0.433   

 
 

Fig. 7 — Hirshfeld surfaces mapped with dnorm, shape index and curvedness for complexes 1 and 2 
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fingerprint plots for both the complex don’t possess 
spikes of equal lengths. Also, the peculiar fingerprint 
plot associated with 2 is because of its polymeric 
characteristics. The O∙∙∙H interactions complex 1 
appears as two distinct spikes of unequal width while 
in the case of 2 it appears as a single spike of wavy 
character in their corresponding decomposed 2D 
fingerprint plots. The fingerprint plots can be split 
apart to highlight particular atom pair close contacts. 
This enables the separation of contributions from 
different interaction types, which overlap in the full 
fingerprint. In 1, O∙∙∙H interactions appears in the 
region 1.0 Å < (de + di) < 2.6 Å whereas in 2 it arises 
in the region 1.0 Å < (de + di) < 2.6 Å (for 2) as light 
sky-blue pattern. In 1, C-H∙∙∙π interaction area covers 
relatively more area than O∙∙∙H which ranges in the 
region 0.5 Å < (de + di) < 2.8 Å, while, in 2, the O∙∙∙π 
interactions appear at the upper region in the 
fingerprint plot in the region 1.8 Å < (de + di) < 2.8 Å. 
The proportions of O∙∙∙H interactions constitute 
38.7% and 44.5% of their total Hirshfeld surfaces in 1 
and 2, respectively. The C-H∙∙∙π interactions in 1 and 
O∙∙∙π interactions in 2 exhibit contributions of 19.5% 
and 8.3% in their respective total Hirshfeld surfaces.  
 
Antibacterial activity studies 

The antibacterial actions of the complexes 1 and 2 
were screened on one gram-positive (Staphylococcus 
aureus) and two gram-negative (E. coli and Proteus 
vulgaris) bacteria by diffusion disk technique14. The 

results of antibacterial activity are collected in Table 
S4 and the effects of the complexes on the growth are 
shown in Fig. 9. It is clear from this figure that the 
growth inhibitions are smaller than control 
(tetracycline). The antibacterial activity of complexes 
could be explained on the basis of chelation theory50. 
Both complexes show enhanced activity against  
E.coli and Proteus vulgaris (gram-negative) than  
S. aureus (gram-positive bacteria). Complex 2 is 
highly active against E. coli.   
 
Antioxidant superoxide dismutase (SOD) activity 

SOD activity of both complexes was explored 
using the alkaline DMSO (NBT) assay method  
(Fig. 10). In this method, superoxide anion (Oଶ

ି)  
 

 
 

Fig. 8 — Fingerprint plots for complexes 1 and 2 showing percentages of contact contributed to the total Hirshfeld surface area of the 
molecules 

 
 

Fig. 9 — Biological activity of the complexes 1 and 2 
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originated by the alkaline DMSO reduces yellow 
NBT to the blue formazan (MFି) and magnitude of 
MFାis measured spectrophotometrically at 560 nm. 
The alkaline DMSO allows the generation of a large 
amount of Oଶ

ି which is stable in solution. Therefore, 
the compound can compete with NBT for the 
oxidation of the generated Oଶ

ି. Scavengers can inhibit 

the formation of blue formazan. SOD activity (IC50) 
along with other parameters are shown in Table 5. 
The measured IC50 values of both complexes exhibit 
catalytic activity towards dismutation of Oଶ

ି. SOD 
data of other mononuclear SOD mimics are also given 
in the table for comparison points of view51-53. Both 
complexes exhibited moderate SOD activity value. 
The moderate SOD activity of these complexes can be 
explained by considering a possible correlation 
between the strength of the equatorial field and the 
superoxide activity54. The SOD value of complex 1 is 
more than 2. The SOD activity of present complexes 
was significantly higher than vitamin C (control). 
Probably the observed difference in SOD data could 
be due to different molecular structures in complexes 
1 and 2. The proposed catalytic mechanism could be 
in the following two steps (Scheme 2). In step (i), an 
inner-sphere electron transfer occurs between the 
coordinated superoxide and copper-ligand bond is 
assisted due to protonation by the solvent and oxygen 
molecule. In step (ii), reoxidation of Cu+ to Cu2+ by 
the next Oଶ

∙ି happened with the transfer of a proton to 
the hydroperoxide ion55.  

 

 
 

Scheme 2 — Suggested mechanism of Oଶ
∙ି dismutation reaction catalyzed by the complex 

 
Table 5 — SOD activity data of complexes 

S. No. Complex IC50(μM) SOD Activity (μM-1) k୑ౙେ୊  (mol L)-1 s-1 × 104 Reference 
1 [Cu(salicylate)2] 16 16.50 20.79 51 
2 [Cu(acetyl salicylate)2] 23 43.48 14.36 51 
3 [Cu(L1)(H2O)(NO3)]H2O 8 125.00 41.58 52 
4 [Cu(L1)(H2O)(NO3) 6 166.67 55.44 52 
5 Vc 852 1.17 0.39 53 
6 [Cu2(DPA)4(ClO4)].3ClO4 13 76.92 25.58 This work 
7 [Cu2(μ-pyrz)(2-pyrz)3].4ClO4 18 55.55 18.48 This work 
 

 
 

Fig. 10 — Plot of % inhibition of NBT reduction vs concentration
of complexes 1 and 2 
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Conclusions 
In summary, we have synthesized and 

characterized two new copper(II) complexes of 
[Cu(DPA)4](ClO4)2 (1) and [Cu2(μ-
pyrz)(pyrz)3](ClO4)4 (2). The molecular structures 
were determined using single crystal X-ray diffraction 
technique. Structures of both complexes were 
stabilized by strong hydrogen bondings. The 
electrochemical behaviour of complexes was studied 
using cyclic voltammetry and differential pulse 
voltammetry. Cyclic voltammograms of both 
complexes revealed two distinct reduction and 
oxidation waves. X-band epr spectra in frozen 
solutions with 𝑔∥ ൐ 𝑔ୄ ൐ 2.0023 showing a 𝑑௫మି௬మ 
ground state for copper(II). Antibacterial and 
antioxidant data were also collected for both 
complexes. Results of SOD activity showed 
considerable activity and inspire us to work for the 
development of good SOD mimics.  
 
Supplementary Data 

The X-ray crystallographic data for the structures 
reported in this article have been deposited at the 
CCDC as supplementary data CCDC No. 2050277 (1) 
and 2050278 (2). These data can be obtained  
free of charge via https://summary.ccdc.cam. 
Ac.uk/structure-summary-from the Cambridge 
Crystallographic Data Center, 12 Union Road, 
Cambridge CB2 1EZ, UK; E-mail: 
deposit@ccdc.cam.ac.uk. Supplementary data 
associated with this article are available in the 
electronic form at http://nopr.niscair.res.in/ 
jinfo/ijca/IJCA_60A(04)506-518_SupplData.pdf.  
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