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a b s t r a c t

The Schiff base is synthesized by the reaction of 2-hydrazinopyridine and salicylaldehyde. The copper(II)
binuclear complexes [Cu2(m-ClO4)(L)2(H2O)2](ClO4)�H2O(1) and [Cu2(m-pyrazine)(L)2](ClO4)2(2)with
2-[(E)-(pyridine-2yl-hydrazono)methyl]phenol (HL), were synthesized and characterized using various
physicochemical techniques. The molecular structures of both binuclear complexes were evaluated by
single-crystal X-ray analysis. Analysis of the supramolecular synthons and their effect on crystal packing
is conferred in the context of crystal engineering. The electron paramagnetic spectra are reported as well.
The electrochemical behavior of both complexes was explored using cyclic voltammetry (CV) and differ-
ential pulse voltammetry (DPV) techniques. The electronic and spectral properties are described by quan-
tum chemical calculations (TD and DFT).The cryomagnetic investigation (2–300 K) reveal
antiferromagnetic exchange coupling between two copper(II) centres of different strength:
JCuCu = �21.6 and JCuCu = -6.8 cm�1 for 1 and 2, respectively. The strong antiferromagnetic coupling
between the copper centers found in 1 could be explained not only by magnetic exchange through hydro-
gen bonds but also through the p-p stacking of the Schiff base ligands. Both binuclear complexes exhibit
catalytic activity toward the dismutation of superoxide anion at physiological pH. Although the activity in
both complexes is lower than the native enzyme, they have potential as antioxidant SOD model for phar-
maceutical applications.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

The design of binuclear complexes using tridentate Schiff bases
and bridging ligands have been carried out by many inorganic che-
mists [1–6]. The binuclear metal complexes with chelate ligands
such as tridentate Schiff bases are interesting to study to mimic
the biological properties of Cu-Zn superoxide dismutase [7]. In par-
ticular, copper(II) binuclear complexes are of significance owing to
their structural versatility, and variety of magnetic couplings they
can present [8–14]. Supramolecular interactions such as hydrogen
bonds and p-p stacking show an important role in crystal engi-
neering as they advance to directional molecular recognition
developments between molecules and therefore mediate self-
assembly of defined supramolecular synthons [15]. The role of
hydrogen-bonded supramolecular synthons is approved in crystal
engineering [16]. Copper complexes have been studied extensively
mainly because of its biologically relevant redox properties and to
mimic the functions of proteins [7,15–20].

The metal complexes used in the study were binuclear copper
(II) complexes 1 and 2 having a Schiff base ligand 2-[(E)-(pyri-
dine-2yl hydrazono)methyl]phenol (HL), with one pyridine, one
imine, one phenolic donor groups, and bridging pyrazine or per-
chlorate attached to it. The coordination behavior of transition
metals with azo ligands (-C@N-NH- or -C-N@N-) is of importance
for their p-acidity, functional coordination modes, and molecular
structures, dye and pigmenting behavior, redox, photophysical
and biological properties [21,22]. These properties are ascribed to
the low-lying p* orbitals of azo functionality. Hydrazones are an
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example of azo chelate ligands. The coordination chemistry of
hydrazone ligands is continuing to be an interesting field of
research. Hydrazone is a class of compounds that have potential
applications as catalysts [23,24], molecular sensors [25], lumines-
cent probes [26], and also as therapeutic agents [27]. The biological
properties and diversity of binding modes of such ligands inspired
us to explore the nature of coordination as well as the structural
features of binuclear copper(II) complexes with 2-[(E)-(pyridine-
2yl hydrazono)methyl] phenol ligand. Both redox and cryomag-
netic data were explored. Molecular structures of the present
complexes were determined using a single-crystal X-ray diffrac-
tion technique. Further, both complexes were characterized by
different physicochemical techniques viz., elemental analysis,
infrared (IR), and UV–visible (UV–vis) spectroscopy and electro-
chemical techniques like cyclic voltammetry (CV) and differential
pulse voltammetry (DPV). Both complexes were also studied using
electron paramagnetic resonance spectroscopy (EPR) and cryomag-
netic technique. These two techniques are widely used for the
identification and characterization of paramagnetic transition
metal complexes [21,22,28–30]. Binuclear transition metal com-
plexes show significant structural variation and can act as potent
magnetic materials. These techniques enable important insight
and binding properties of such transition metal complexes. Their
antioxidant properties were also studied and it was demonstrated
that copper(II) ion plays a key role in the mechanism of activity.
Determination of the antioxidant activity in the reaction with
superoxide radical-anion O��

2 is the most perspective approach.
We have already reported transition metal mono- and binuclear

complexes bearing NNO/NOO donor set [5,31–33]. Thus, in contin-
uation of these studies bearing similar donor set with heterocyclic
bases, we report here the synthesis, structural characterization and
electrochemical studies of copper(II) complexes with a new hydra-
zone Schiff base ligand 2-[(E)-(pyridine-2yl-hydrazono)methyl]
phenol (HL) obtained from the condensation of 2-hydrazinopy-
ridine and salicylaldehyde. Multinuclear metal clusters comprise
a small subset of a larger family of metal-based supramolecular
assemblies. The self-assembly of supramolecular structures com-
pressed via metal–ligand coordinate bonds along with other weak
interactions continues to attract considerable attention [34–36]. Of
particular relevance to the present work are the many supramolec-
ular complexes that utilize ligands which contain a pyridyl moiety.
As a result, several supramolecular metal(II) complexes are well
documented in the literature [37–40].
2. Experimental section

All used reagents and chemicals were of reagent grade.
2-hydrazinopyridine, salicylaldehyde, and copper(II) salts were
purchased from Across Organics and used as supplied.
3. Caution

Although no problems were encountered during the synthesis
of copper(II) complexes, perchlorate salts are potentially explosive
and must be handled with extreme care.

3.1. Synthesis of Schiff base ligand (HL)

The Schiff base (HL) was synthesized according to the reported
method [41,42]. The Schiff base 2-[(E)-(pyridine-2yl-hydrazono)
methyl]phenol (HL) was synthesized by the condensation of
100 mL of 2-hydrazinopyridine (1.091 g, 10 mmol) and salicylalde-
hyde (0.8 mL, 10 mmol) in presence of glacial acetic acid (0.5 mL,
10 mmol) in ethanol (20 mL). The reaction mixture was refluxed
in a water bath for 3 h. The resulting pale yellow coloration
indicated the formation of the Schiff base ligand precursor (HL).
During this period a yellow solid slowly precipitated. The solid
mass was filtered, recrystallized from ethanol and characterized
by analytical and spectral techniques. Yield: ~83%. Anal. Calcd.
(%) for C12H11N3O (M = 213.23 g mol�1): C, 67.60; H, 5.20; N,
19.70. Found: C, 67.53; H, 5.02; N, 19.94. FT-IR bands (KBr, cm�1)
m(C@N) 1654 m, m(–OH) 3186b, m(–NH-) 2988 m (Fig. S1). 1H
NMR (CDCl3, 400 MHz) d = 10.73 (Ar-OH), 7.96 (CH = N) and 7.68
(–NH-), 7.26 (2H, py), 7.22 (4H, py), 6.96 to 6.85 (Ar-H) (Fig. S2).

3.2. Synthesis of [Cu2(m-ClO4)(L)2(H2O)2](ClO4)�H2O(1)

To a 20 mL methanolic solution of HL (0.213 g, 1 mmol), copper
perchlorate hexahydrate (0.370 g, 1 mmol) was added and stirred
for 2 h at room temperature. The green solution was left undis-
turbed fora few days for evaporation at ambient temperature to
get green crystals. These green crystals were filtered off, washed
with ether, and dried in a desiccator over calcium chloride. Yield:
~73%. Anal. Calcd. (%) for C24H26Cl2Cu2N6O13 (M = 804.49 g mol�1):
C, 35.83; H, 3.26; N, 10.45. Found: C, 35.63; H, 3.18; N, 10.64. Con-
ductance (Ʌm/s cm2 mol�1) in DMSO 123. Electronic absorption
spectrum in DMSO (kmax, 648 nm e, 167 M�1 cm�1). FT-IR bands
(KBr, cm�1): m(C@N) 1563, m(C@O) 1611, m(ClO4

�) 1077 (Fig. S1).

3.3. Synthesis of [Cu2(m-pyrazine)(L)2](ClO4)2(2)

To a 20 mL methanolic solution of HL (0.213 g, 1 mmol) copper
(II) perchlorate hexahydrate (0.370 g, 1 mmol) was added with
constant stirring. After 20 min pyrazine (0.040 g, 0.5 mmol) was
added to the above solution with stirring. The resulting green solu-
tion was left for few days undisturbed for evaporation at ambient
temperature to obtain green crystals. The crystals were collected
by filtration and dried over calcium chloride desiccator. Yield:
~73%. Anal. Calcd (%) for C28H24Cl2Cu2N8O10 (M = 830.53 g/mol):
C, 40.49; H, 2.91; N, 13.49. Found: C, 40.06; H, 2.48; N, 13.54. Con-
ductance (Ʌm/s cm2 mol�1) in DMSO 235. The electronic absorp-
tion spectrum in DMSO (kmax, 638 nm e, 168 M�1 cm�1).FT-IR
bands (KBr, cm�1): m(C@N) 1561, m(C@O) 1610, m(ClO4

�) 1075
(Fig. S1).
4. Physical measurements

Elemental analyses were performed at SAIF, CDRI, Lucknow. The
UV–vis spectra were recorded on a Shimadzu UV-1601. The Fourier
transform infrared (FTIR) spectral data were obtained on a Perkin-
Elmer IR a-T spectrophotometer. NMR spectra of ligand were
recorded on a Bruker Avance III 400 MHz spectrometer. TMS was
used as an internal standard. The electron paramagnetic resonance
(EPR) spectra of copper(II) complexes in solid and solutions were
measured on Varian E-line Century Series Spectrometer operating
at X-band (9.25 G Hz) modulation frequency at room and low tem-
peratures. The EPR spectra were calibrated with tetracya-
noethylene(TCNE) as a field marker. Cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) measurements were per-
formed with a BAS-100 electrochemical analyzer under a dry nitro-
gen atmosphere. Ag/AgCl electrode was used as the reference
electrode and ferrocene as an internal standard in cyclic voltam-
metry [43]. Before the electrochemical measurements, a glassy car-
bon working electrode was polished, rinsed with distilled water,
washed with DMSO, and dried. Magnetic susceptibility measure-
ments were performed using a Quantum Design MPMSXL SQUID
magnetometer operating under an applied dc magnetic field of
5000 Oe in the 2–300 K temperature range. Finely ground crystals
of 1 (28.64 mg) and 2 (10.45 mg) were employed for the measure-
ments. The data were corrected for the sample holder, the intrinsic
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diamagnetic contributions of the compounds, and the tempera-
ture-independent paramagnetism.

4.1. X-ray crystallographic studies

Suitable air-stable single crystals for X-ray diffraction were
obtained by slow cooling of methanolic solutions containing 1
and 2. The X-ray diffraction data were measured on a Bruker D8
Venture diffractometer at 100(2) K. The intensity data were cor-
rected for absorption. All non-hydrogen atoms were refined
anisotropically. The structures were solved by the direct method
[44] and refined on F2 by a full-matrix least-squares procedure
using anisotropic displacement parameters [45]. All geometrical
calculations were performed using PLATON [46] and WINGX [47]
programs. The hydrogen atom positions were initially estimated
by geometry with anisotropic displacement data.

4.2. Biological (SOD) activity

The superoxide dismutase activity of complexes 1 and 2 was
assayed by its ability to inhibit the reduction of nitroblue tetra-
zolium by alkaline DMSO in phosphate buffer solution [48–50].
The course of the reaction was monitored spectrophotometrically
at 560 nm. A unit of antioxidant SOD activity is the concentration
of the complex, which causes 50% (IC50) inhibition of alkaline
DMSO and mediated reduction of NBT. The catalytic rate constants
were calculated as KMCCF ¼ KNBT[NBT]/IC50, where KNBTðpH7:8Þ ¼
5:94� 104M�1S�1 [51,52].

4.3. Computational method

All DFT calculations were performed starting from the single-
crystal X-ray data. Theoretical calculations were performed regard-
ing molecular structure optimization and HOMO-LUMO energies of
complexes 1 and 2. All calculations were performed with the
GAUSSIAN09 program [53], with the aid of the Gauss View visual-
ization program. Full geometry optimizations were carried out
using the density functional theory (DFT) method at the B3LYP
level [54]. All elements except Cu were assigned the LANL2DZ basis
set [55]. LANL2DZ with effective core potential for Cu atom was
used [56]. The vibration frequency calculations were estimated to
ensure that the optimized geometries represented the local min-
ima and that there was only positive Eigenvalue. In the computa-
tional model, the cationic complex was taken into account.
Vertical electronic excitations based on B3LYP optimized geome-
tries were evaluated using the time-dependent density functional
theory (TDDFT) formalism [57] in DMSO, using a conductor-like
polarizable continuum model (CPCM) [58].

5. Results and discussion

5.1. Synthesis and general characterization

The synthetic route to prepare the Schiff base (HL) and the cop-
per(II) complexes 1 and 2 are shown in Scheme 1. The formation of
the Schiff base ligand precursor 2-[(E)-(pyridine-2yl hydrazone)
methyl]phenol (HL) is supported by elemental analyses and infra-
red (IR) spectroscopy. The IR spectrum of HL shows m(NAH)
at ~ 2990 cm�1. The IR band at 1654 cm�1 indicates the presence
of an imine group as a result of the condensation of 2-hydrazinopy-
ridine with salicylaldehyde. The absence of the bands at 3335 and
3305 cm�1due to asymmetric and symmetric for –NH2 stretching
bonds modes indicates that the primary amine group of 2-
hydrazinopyridine has completely condensed with the carbonyl
group of salicylaldehyde. The most conclusive evidence that
supports the condensation of 2-hydrazinopyridine with salicy-
laldehyde is the single-crystal X-ray structures of 1 and 2 which
demonstrate the coordination of the deprotonated Schiff base
(L�)to the copper(II) center. Elemental analysis and FTIR data of 1
and 2 are consistent with the proposed formulae. The molar con-
ductance data reveal the ionic nature of both complexes, 1 and 2,
in accordance with the proposed formulations. Both complexes
retain the band corresponding to m(NAH) with small shifts. The
infrared spectra of both complexes 1 and 2 display a IR band at
1625 cm�1 which could be assigned to azo (>C@N) stretching fre-
quencies of the coordinated Schiff base (L�).The shift of this band
on complexation towards lower frequency with respect to the free
ligand also points out the coordination of the N-atom of the azo-
methine group. The coordination of the Schiff base is also substan-
tiated by a band in the range ~ 410–490 cm�1 for both complexes
corresponding to M�O and M�N stretching vibrations [59]. The
splitting of bands at 1210, 1121, 1000, and 911 cm�1 indicates
the presence of coordinated perchlorate in complex 1whereas in
complex 2 the bridging mode of pyrazine is observed at 554 and
708 cm�1 [59,60]. Both complexes exhibit the presence of bands
at 1092, 1012, 790 and 696, for complex 1, and 1091, 1013, 789,
and 702 cm�1, for complex 2, that indicate a Td symmetry of
ClO�

4 and suggest the presence of ionicClO�
4 [61,62].
5.2. Molecular geometries and supramolecular features: A
crystallographic study

The molecular structures of 1 and 2 were determined by single-
crystal X-ray diffraction (SCXRD) technique and ORTEP diagrams
are shown in Figs. 1 & 2. The crystallographic parameters, bond
angles, and bond parameters are presented in Tables 1–2 respec-
tively. The molecular structure of 1 reveals that it is a binuclear
perchlorate-bridged complex. Each of the subunits involves depro-
tonated tridentate (NNO) Schiff base ligand and one water mole-
cule. In this complex two subunits are connected by bridging
perchlorate anion. The copper–copper distance remains 4.867 Å,
which is similar to other similar perchlorate bridged complexes
[63]. As a result of the overall, the coordination in each copper(II)
center is pentacoordinate and geometry of both copper(II) centers
is distorted square pyramidal with s = 0.1 for Cu(1) and Cu(2),
[s = (b-a)/60, where, b and a are the two largest angles around
the center atom; s = 0 and 1 for the perfect square pyramidal
and trigonal bipyramidal geometries] [64]. In complex 1 the square
base of each copper(II) center is comprised by NNO of Schiff base
(L�), with bond distances in the range 1.9086–1.968 Å and one
oxygen atom of coordinating water molecule at a distance of
1.9590 Å, whereas the apical site is occupied by the oxygen atom
of perchlorate anions at a longer distance of 2.4061 Å. For the coor-
dination sphere of Cu(2), atoms O1B, N1B, N3B, and O2W define
the basal plane while perchlorate O12 [Cu(2)-O(12) 2.9251(2) Å]
occupies the axial position which is a short contact. The copper
atom from the basal plane is shifted by 0.116 Å towards the axially
bound perchlorate anion.

The model of this complex constitutes many inter- and
intramolecular hydrogen bonds. These hydrogen bonds are respon-
sible for forming various heterosynthons viz., R1

2ð6Þ, R2
2ð6Þ, R2

2ð8Þ
and R6

6 3ð Þ. These graph set motifs (heterosynthons) are shown in
Fig. 1(b). In the crystal packing of 1, the O2W and C7A atoms are
intermolecularly hydrogen-bonded to perchlorate oxygen atoms
(O22 and O21) via a pair of O2W-H2W1� � �O22 and C7-H7AA� � �O21
hydrogen bonds leading to the formation of inversion dimmers of
the dimer with R6

6ð34Þ graph set motif (cyclic dimmers) [65]
(Fig. 1b). Such hydrogen bonds are also responsible for dimer like
association, function, and dynamics of biological and chemicals



Scheme 1. Synthetic route of HL and complexes 1 and 2.
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models [66]. The hydrogen bonds are given in Table S1. These var-
ious hydrogen bonds form the supramolecular network (Fig. S3).

The comparison of bond distances Cu(1)�O(11) [2.4061 (18)A]
and Cu(2)�O(12) [2.925 (2)A] confirms the possibility of a bridging
dinuclear structure. The Cu�N and Cu�O bond distances are smal-
ler 1.969(2), 1.948(2) and 1.9086(18 A) suggesting the domination
of the deprotonated Schiff base (L�) in bonding. It is found that
Cu�N pyridyl bonds are 0.021�0.042 A larger than Cu�N imine
bonds showing the strength of azomethine nitrogen coordination.
The unit cell packing diagram of complex 1 viewed along the a-axis
is shown in Fig. 1(d). It is clear from the packing diagram that the
molecules are packed in a two-dimensional manner with two coor-
dinated water molecules.

The structure of complex 2 is different from that of 1 with
respect to the coordination environment of the copper(II) center.
In this complex, each copper atom has distorted square planar
geometry. In each subunit, the copper center is coordinated by
one pyridine nitrogen, one imine nitrogen, and one phenolic oxy-
gen atom of the tridentate deprotonated Schiff base (L�) and the
nitrogen atom of bridged pyrazine ligand. Some of the angles
around the copper(II) center ~ 172� and ~ 87� indicating a distorted
square planar geometry around each copper(II) center [67,68].
Also, bond angles are around copper centers deviate from 90� con-
firming a distorted square planar geometry for this binuclear com-
plex. Yang and co-workers [69] have suggested the geometry index
(s4) for four coordinate complexes s4 ¼ 360� aþbð Þ

141
� , where a and b are

the two largest angles in the four coordinate species subtracted
from 360�, all divided by 141� A perfect tetrahedral structure
yields s4 = 1 while a square planar structure gives s4 = 0. The
s4 = ~ 0.2–0.3 of this complex reflects the distorted square planar
geometry. The Cu�Cu distance in a dinuclear unit is 6.807A, which
is in agreement with those reported in the literature [70]. The bite
angles Nð1Þ � Cu� Nð3Þ ¼ 82:42ð8Þ� and O 1ð Þ � Cu�N 3ð Þ ¼
92:06 7ð Þ� are generated by the chelating of deprotonated Schiff
base ðL�Þ [71]. Two noncoordinated perchlorate anions are present
to neutralize the charge of the complex. These anions are located
at both side of the cation in such a way that it forms sym-
metric hydrogen bondsðC13�H13A � � �O11;C7�H7A � � �O12 and
N2�H2B � � �O13) leading to the formation of inversion dimers
with R2

2ð8Þ and R4
4ð34Þ graph-set ring motif (cyclic dimmers) [65]

(Fig. 2b). The cohesion of packing in 2 is further insured by Cl-O-
Cg[p] weak contracts.

Lone pair-aryl p(lp� � �p) interactions are operated by lone pair
electrons of oxygen atoms of ionic perchlorates and p electrons
of bridging pyrazine ligand (Fig. 2c). These lp� p(aryl) interactions
are also responsible for dimer like association, function, and
dynamics of biological and chemical models [66]. The unit cell dia-
gram of complex 2 shown along the b-axis is shown in Fig. 2(d). In
this diagram, it can be observed that the molecules are in a two-
dimensional manner with parallel arrangements of the rings with
two ionic perchlorates.
5.3. EPR spectroscopy

The X-band electron paramagnetic resonance (EPR) spectra of
both complexes in polycrystalline solids at room temperature
(RT) and in DMSO (3:0� 10�3M) solutions at liquid nitrogen tem-
perature (LNT) were recorded to obtain information about the
nuclearity and coordination geometry in the complexes (Fig. 3).
The epr spectra of both complex 1 and 2 in polycrystalline samples
are typical of S = 1 systems [72,73]. The polycrystalline samples at
RT exhibit the expected spectral features of singlet–triplet
transition (DMs ¼ �2) at a low magnetic field (ge � 4Þ [74]. These



Fig. 1. (a) ORTEP view of 1, (b) partial packing diagram (dimer of dimer model), and (c) packing diagram along a-axis.
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Fig. 2. (a) ORTEP view of complex 2, (b) partial packing diagram (dimer of dimer model) showing H-bondings with synthons, (c) lp� p(aryl) centroid interactions, and (d)
packing diagram with ionic perchlorate.
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Table 1
Crystal data and structure refinement parameters of synthesized copper(II)
complexes.

1 2

Empirical formula C24 H26 Cl2 Cu2 N6 O13 C28 H24 Cl2 Cu2 N8 O10

Formula weight 804.49 830.53
Temperature (K) 100(2) 100(2)
Wavelength (Å) 0.71073 0.71073
Crystal system Triclinic Triclinic
Space group P-1 P-1
a (Å) 8.0343(3) 6.7110(3)
b (Å) 11.2399(5) 10.8068(4)
c (Å) 17.2657(7) 11.1131(4)
a (�) 105.094(3) 99.618(3)
b (�) 100.673(3) 94.535(3)
c (�) 92.804(3) 106.393(3)
Volume (Å3) 1471.56(11) 755.52(5)
Z 2 1
Density (calculated) (Mg/

m3)
1.816 1.825

Absorption coefficient
(mm�1)

1.705 1.659

F(000) 816 420
Theta range for data

collection (�)
1.248 to 30.628 2.004 to 33.271

Index ranges �11	h	11,
�16	k	16,�24	l	24

�10	h	10,
�16	k	16,
�17	l	17

Reflections collected 50,750 21,193
Independent reflections 9056 [R(int) = 0.0719] 5762 [R(int) = 0.0612]
Completeness to

theta = 25.242�
100.0% 99.6%

Absorption correction None None
Refinement method Full-matrix least-

squares on F2
Full-matrix least-
squares on F2

Data/
restraints/parameters

9056/9/456 5762/0/226

Goodness-of-fit on F2 1.050 1.017
Final R indices [I greater

than 2sigma(I)]
R1 = 0.0398,
wR2 = 0.0931

R1 = 0.0480,
wR2 = 0.0876

R indices (all data) R1 = 0.0672,
wR2 = 0.1016

R1 = 0.0898,
wR2 = 0.1006

Extinction coefficient n/a n/a
Largest diff. peak and hole

(e�Å�3)
0.680 and �0.777 0.755 and �1.231
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observations are in agreement with the antiferromagnetic interaction
between the copper(II) ions in the binuclear complexes [5,75–79]. In
spin coupled systems, spin Hamiltonian parameter (H) for an S = 1
state interacting with a magnetic field (H) is given as:
H ¼ gbHs þ DS2z þ E S2x � S2y
� �

� 2=3ð ÞD
where D and E are the zero-field splitting parameters. The values for
gk; g?, D and E which fit with experimental X-band spectra of
bridged systems are presented in Table 4. The values for both com-
plexes are in the range. Thus, EPR spectra are in agreement with the
geometry confirmed by single-crystal X-ray analysis. The exchange
parameter G, which characterizes the exchange interaction between
copper centers in polycrystalline compounds, was estimated using
the expression G ¼ ðgk � 2Þ=ðg? � 2Þ [76–82]. The estimated G, val-
ues for 1 and 2 are less than 4 (G < 4Þ, suggesting that there is an
exchange interaction between copper centers (Table 3). The low
values of G of both complexes indicate a dx2�y2 the ground state
has a weak exchange coupling which may be propagated through
Cu�N2=O2Cl� Cu½ � cores [83,84]. The low-temperature EPR spectra
of samples dissolved in DMSO indicate the existence of different
species in solution and yielded the values (gk > g? > ge) for 1 and
2 consistent with the dx2�y2 ground state for copper(II) ions typical
for square pyramidal and square planar geometry [85–87] (Fig. 3).
The EPR parameters gk, g? and Ak (cm�1) and d-d energies were

used to estimate the bonding parameters (a2; b2andc2). These
bonding parameters are used to measure the covalency in the in-
plane r-bonding, in-plane p-bondings and out-of-plane p-bond-
ings. The orbital reduction factors (KkandK?) were also estimated
for the present complexes. The value of Kk ’ K? ’ 0.77 is for pure
sigma bonding [88] and in-plane p-bonding, Kk < K?, while for
out-of-plane p-bonding K? < Kk. In both complexes, it is found
that Kk < K? which indicates in-plane p-bonding. Other bonding

parameters (a2andb2) value is found to be less than 1.0 and there-
fore indicating the covalent nature of the bonds.

5.4. Electrochemical studies

The electrochemical studies of both complexes 1 and 2 were
examined using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV)in DMSO ð3:0� 10�3MÞin the presence of 0.1
Mtetrabutylammonium perchlorate (TBAP) as the supporting elec-
trolyte in the potential range �1.0 to 0.6 V (Fig. 4). The cyclic
voltammogram of both complexes shows a similar type of pattern
(Fig. 4). The cyclic voltammogram of complexes shows two redox
processes (Table 4). The corresponding redox peaks observed in
the CVs of each complex (1 and 2) were verified by comparing
the voltammogram at different scan rates maintaining the identi-
cal experimental conditions and also by comparing its wave height
with that of the ferrocene/ferrocenium couple. Both redox pro-
cesses are irreversible and identical numbers of electrons as sup-
ported by differential pulse voltammetric (DPV) experiments.
DPV is a good technique for identifying reduction peaks having
small differences in the peak potentials, provided the two peaks
differ in their formal potential by more than 0.18 V.

5.5. Electronic spectra

UV–visible spectra of both complexes have been recorded in
3:0� 10�3M DMSO. UV–visible spectroscopy is one of the most
used methods for characterizing the transition metal complexes.
The d-d spectra of present complexes are of little help in these
two complexes since the d-d transitions are masked by strong
charge transfer transitions. These bands observed at a higher con-
centration at 648 nm in 1 and 638 nm in 2are assigned to d-d tran-
sitions (in in-set) (Fig. 5). Furthermore, a shoulder at ~ 980 nm is
observed for both complexes. The apperence of a ~ 980 nm is
indicative of bridging mode of sulphate anion and pyrazine co-
ligands. The intense band noticed in the UV- the region is due to
the overlap of the transition of the azomethane with the charge
transfer band from bridging perchlorate oxygen to the vacant d
orbital (N/O ? M) of the copper (II) [22,89,90].

5.6. Catalytic activity

Both complexes (1 and 2) are exhibit catalytic activity toward
antioxidant SOD which was evaluated using the alkaline DMSO-
nitroblue tetrazolium (NBT) assay method [49,91,92]. The obtained
SOD results show how much superoxide radical production was
inhibited for each concentration of complex 1 and 2. The IC50 value
i.e. concentration of metal complexes which inhibits 50% of the
O��

2 /NBT reaction is used in the equation of the line which relates
the different concentrations of the complexes analyzed with the
respective percentage of NBT photoreduction inhibition. As the
reaction proceeds, the photoreduction of NBT to MF+is measured
at 560 nm. The dismutation of superoxide anions takes place at
physiological pH. Additionally, the SOD data of similar complexes
of biologically important ligands as well as the values of the best
SOD models reported in the literature so far are also presented in



Table 2
Coordination bond lengths [Å] and angles [�] for complexes 1 and 2.

X-ray DFT X-ray DFT

Complex 1
Bond length
Cu(1)-O(1A) 1.9086(18) 1.9086 Cu(2)-O(1B) 1.8811(18) 1.8812
Cu(1)-N(1A) 1.948(2) 1.9481 Cu(2)-N(1B) 1.9351(19) 1.9351
Cu(1)-O(1 W) 1.9590(18) 1.9590 Cu(2)-O(2 W) 1.9577(17) 1.9577
Cu(1)-N(3A) 1.969(2) 1.9692 Cu(2)-N(3B) 1.977(2) 1.9773
Cu(1)-O(11) 2.4061(18) 2.4061 O(12)-Cu(2) 2.925(2) 2.9251

Perchlorate anion
Cl(1)-O(14) 1.435(2) 1.4345 Cl(2)-O(23) 1.414(2) 1.4143
Cl(1)-O(13) 1.4441(19) 1.4441 Cl(2)-O(24) 1.420(2) 1.4210
Cl(1)-O(11) 1.4460(19) 1.4460 Cl(2)-O(22) 1.429(2) 1.4293
Cl(1)-O(12) 1.452(2) 1.4523 Cl(2)-O(21) 1.459(2) 1.4591

Bond angle
O(1A)-Cu(1)-N(1A) 91.96(8) 91.9643 O(1B)-Cu(2)-N(1B) 93.06(8) 93.0588
O(1A)-Cu(1)-O(1 W) 91.40(8) 91.4009 O(1B)-Cu(2)-O(2 W) 93.11(8) 93.1113
N(1A)-Cu(1)-O(1 W) 170.77(8) 176.1223 N(1B)-Cu(2)-O(2 W) 164.22(9) 164.2159
O(1A)-Cu(1)-N(3A) 172.14(8) 176.3804 O(1B)-Cu(2)-N(3B) 170.92(8) 176.0681
N(3A)-Cu(1)-O(11) 90.23(7) 90.2367 N(1B)-Cu(2)-N(3B) 81.65(9) 81.6510
N(1A)-Cu(1)-N(3A) 81.76(9) 81.7629 O(2 W)-Cu(2)-N(3B) 93.90(8) 93.8985
O(1 W)-Cu(1)-N(3A) 94.11(8) 94.1089 O(1B)-Cu(2)-O(12) 83.00(7) 83.9961
O(1A)-Cu(1)-O(11) 95.83(7) 95.8313 N(1B)-Cu(2)-O(12) 121.20(7) 121.1959
N(1A)-Cu(1)-O(11) 103.28(8) 103.2847 O(2 W)-Cu(2)-O(12) 74.01(7) 73.9961
O(1 W)-Cu(1)-O(11) 84.91(7) 84.9102 N(3B)-Cu(2)-O(12) 93.39(7) 93.3926

Perchlorate anion
O(14)-Cl(1)-O(13) 110.38(12) 110.3816 O(23)-Cl(2)-O(24) 110.7(2) 110.6653
O(14)-Cl(1)-O(11) 109.49(12) 109.4981 O(23)-Cl(2)-O(22) 109.92(16) 109.9263
O(13)-Cl(1)-O(11) 109.11(12) 109.1132 O(24)-Cl(2)-O(22) 109.58(16) 109.5801
O(14)-Cl(1)-O(12) 109.77(12) 109.7753 O(23)-Cl(2)-O(21) 109.41(14) 109.4246
O(13)-Cl(1)-O(12) 108.63(11) 108.6263 O(24)-Cl(2)-O(21) 108.94(14) 108.9431
O(11)-Cl(1)-O(12) 109.42(12) 109.4221 O(22)-Cl(2)-O(21) 108.21(13) 108.2113

Complex 2
Bond length
Cu–O(1) 1.8651(17) 1.8651 Cu–N(3) 1.958(2) 1.9581
Cu–N(1) 1.9366(18) 1.9366 Cu–N(4) 2.0183(18) 2.0183

Bond angle
O(1)-Cu–N(1) 92.06(7) 92.0638 O(1)-Cu–N(4) 86.80(7) 86.7981
O(1)-Cu–N(3) 172.83(7) 176.1224 N(1)-Cu–N(4) 172.69(8) 178.6688
N(1)-Cu–N(3) 82.42(8) 82.4225 N(3)-Cu–N(4) 99.25(8) 99.2464
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Table 5 for comparison [6,31,91,93–95]. The high SOD activity can
be associated with the coordinately metal centers and the flexibil-
ity of the used tridentate Schiff base, which would permit molecu-
lar rearrangement along the catalytic pathway [96]. SOD enzymes
have demonstrated pharmacological efficacy in some animal mod-
els of ROS-related diseases [97]. Their therapeutic use has been
limited by their high production cost, molecular size, and antigenic
activity [98]. Synthetic SOD mimetic compounds of low molecular
weight could compensate for the limitations of SOD because of the
lack of antigenicity, higher stability in solution, longer half-life, and
lower production cost [99,100]. The lower SOD activity of these
complexes compared to the best SOD models can be interpreted
by considering a possible correlation between the strength of the
equatorial field and the SOD activity [100]. Complex 2 showed less
SOD activity than 1. In complex 2 Cu(II) ion experiences a strong
equatorial field which makes difficult for the O��

2 radical to bind
axially, due to the coordination of the metal by four nitrogen
atoms. Similar SOD data have been obtained for other copper(II)
complexes [101]. The present complexes based on SOD may be
considered as potent SOD mimics [93–95,102,103].

5.7. Quantum chemical calculations

The structure of both binuclear complexes was also optimized
by DFT methods [104–106]. Based on the SCXRD analysis, a dis-
torted square pyramidal for 1 and a distorted square planar for 2
was considered. In Table 2, the comparison between experimental
and calculated bond parameters is summarized. As expected,
calculated values of bond distances and bond lengths slightly
divert from those observed experimentally. Such discrepancy of
bond parameters occurs owing to the crystal packing which mod-
ifies the parameters of the relaxed molecules. The density func-
tional theory (DFT) method at the B3LYP level is used to calculate
the HOMO-LUMO energies for complexes 1 and 2. The HOMO-
LUMO energies are popular quantum mechanical descriptors that
play an important role in governing a wide range of chemical inter-
actions [107]. These energy levels are shown in Fig. 6. During
HOMO-LUMO analysis of 1 and 2, the fifth-highest and highest
occupied MO’s (HOMO and HOMO-5), the lowest and lowest unoc-
cupiedMO’s (LUMO and LUMO + 5) are considered. Energy gaps are
shown in Table 6. The energy gap was estimated at 16.0568 eV for
1 and 4.7435 eV for 2. The energy gap for 1 is greater than 2.

Graphical representations of the Mulliken atomic spin densities
of both complexes were calculated using B3LYP/LanL2DZ basic set
for comparative purposes (Fig. 7). The delocalization of the single
unpaired electron is to the dx2�y2 orbital with a less contribution
of dz2 of both copper centers and donor atoms of both complexes.
The p-conjugated hydrocarbon network of Schiff base and triden-
tate ligand also carry spin density in both complexes due to the
spin-polarization mechanism [108,109].
5.8. Magnetic measurements

The cryomagnetic susceptibility data for complexes 1 and 2
were measured in the temperature range 2–300 K. Plots of



Fig. 3. EPR spectra of complexes (a) 1 and (b) 2 (half field spectra of complexes 1 and 2 indicated in the inset).
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magnetic susceptibility vs. temperature are shown in Figs. 8 and
10. The magnetic measurements obtained for 1 agree with previ-
ously reported data [110]. The value obtained for the vMT product
of 1 at 300 K is 0.83 cm3�K�mol�1, slightly larger than the one
expected for two isolated copper(II) ions with a g value of 2. This
value is constant until approximately 90 K. Further cooling of the
sample leads to a decrease of vMT caused by antiferromagnetic
interactions. This decrease is especially pronounced bellow 50 K,
reaching a value of 0.02 cm3�K�mol�1 at 2 K. The vM vs T plot shows
a maximum at 18 K, indicative of antiferromagnetic coupling, and a
small paramagnetic tail bellow 4.4 K (Fig. 8).

The magnetic data of 1 were fitted using the following equation
that considers an intradimer coupling (J) through the Bleany-Bow-
ers expression and the existence of a small S = ½ paramagnetic
impurity (P), responsible of the small paramagnetic tail observed
in the vM data and the plateau at low temperature in the vMT data:

vM ¼ 1� Pð Þ2Ng
2b2

3KT
3

3þ exp � J
KT

� �þ 0:375
P
T

(Derived from the H = -JS1�S2Hamiltonian. N, b and k have their
usual meanings).

The best fit of our data (r2 = 1.8 � 10�5) led to g = 2.16,
J = � 21.6 and P = 0.05. The fit estimates the existence of a para-
magnetic impurity of a 5% that could not be anticipated by the ele-
mental analysis (35.64% C; 3.35% H; 10.35% N) obtained for the
sample batch used for the magnetic measurements. An antiferro-
magnetic exchange pathway, Cu1Cu2, through hydrogen bonds
was proposed in the literature [110]. However, the magnitude of
this coupling could be explained by an additional exchange
through p-p interactions, which looks particularly strong between
the Schiff base ligands bonded to Cu2 centers [111] (Fig. 9). This
hypothesis is supported by the spin density structure around the
ligands of 1 deduced from DFT calculations.

The dinuclear 2 complex displays a constant value, 0.79 cm3-
�K�mol�1, of the molar magnetic susceptibility-temperature pro-
duct (vMT) from 300 K to approximately 35 K. This value is
consistent with the existence of two S = ½ ions in the structure
(calculated Curie constant of 0.75 cm3�K�mol�1). Lowering the



Table 4
Electrochemical data for binuclear copper(II) complexes 1 and 2 in DMSO ð3:0� 10�3MÞ containing 0.1 M TBAP as a supporting electrolyte.

Complex Epc1ðVÞ Epa1ðVÞ Epc2ðVÞ Epa2ðVÞ DEpc1ðVÞ DEpc2ðVÞ DDpcðVÞ E11=2ðVÞ E21=2ðVÞ DE1=2ðVÞ

1 0.127 0.388 �0.492 0.193 0.208 �0.473 0.681 0.257 �0.149 0.406
2 0.080 0.425 �0.519 0.256 0.192 �0.469 0.661 0.254 �0.131 0.385

Fig. 4. (a) Cyclic voltammogram of complexes 1–2 in DMSO ð3:0� 10�3MÞ solution, (b) DPV of complexes 1–2 in DMSO ð3:0� 10�3MÞ solution.

Fig. 5. Absorption spectra of 3:0� 10�3 M DMSO solution of complexes 1 and 2.

Table 5
SOD activities (IC50 values kinetic catalytic constant and SOD activity) Cu(II) complexes.

Compound IC50 KMCCF (molL�1)�1S�1 SOD activity (lM�1) Reference

[Cu(L)(H2O)2](NO3) 6 55.44 166.66 6
[Cu2(L1)2(HL2)2(H2O)](NO3)2��2H2O 38 8.75 26.31 96
[Cu2(L1)2(HL2)2] (NO3)2�H2O 35 9.50 28.57 96
[Cu2(bdpi)(CH3CN)2](ClO4)3CH3CN�3H2O 0.32 – 31.25 99
[(bipy)2Cu–Im–Cu(bipy)2] (ClO4)3�CH3OH 22 15.12 45.45 100
[Cu2(Me4bdpi)(H2O)2](ClO4)3��4H2O 1.1 – 909.09 99
[Cu(L)(neocuprin)](NO3)�H2O 21 15.84 47.62 31
[Cu2(2-(2-pyridyl)benzimidazole)2(L)2](ClO4) 17 19.57 58.82 31
[Cu(L)(H2O)(NO3)]�H2O 8 41.58 125.00 6
[Cu(idb)] 1.18 – 847.5 101
1 3.9 85.24 256.41 This work
2 8.6 38.87 116.27 This work

KMCCF ¼ KNBT � ðNBTÞ=IC50, KNBT ¼ 5:94� 10�4M�1S�1, [NBT] = 56 lM, SOD activity = 1000/IC50 (lM�1).

Table 3
EPR parameters of copper(II) complexes.

EPR parameter 1 2

Polycrystalline state (298 K)
gk 2.187 2.185
g? 2.074 2.074
G 2.52 2.50
D (cm�1) 0.019 0.033
E (cm�1) 0.00 0.01

Frozen solution in DMSO (77 K)
gk 2.251 2.222
gk 2.251 2.207
g? 2.067 2.068
Ak(1) 175 127
Ak(2) 175 175
f (cm) (1) 138 190
f (cm) (2) 138 138
a2 0.768 0.727

b2 0.951 0.993

c2 1.011 1.084
Kk(1) 0.761 0.721
Kk(2) 0.761 0.696
K? 0.776 0.788
Ed�d=kmax(cm

�1) 15,432 15,677
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Fig. 6. Frontier molecular diagram of complexes (a) 1 and (b) 2.

Table 6
Theoretical transition levels between HOMO and LUMO frontier orbital were calculated by B3LYP/LanL2DZ method in complexes 1 and 2.

Level MO Energy (eV) DE (eV)

1 2 1 2

HOMO �7.2514 �5.4773 16.0568 4.7435
LUMO 8.8054 �0.7338
HOMO-1 �7.2354 �5.4773 16.0490 4.7446
LUMO + 1 8.8136 �0.7327
HOMO-2 �7.9338 �5.5368 18.0535 4.9385
LUMO + 2 10.1197 �0.5983
HOMO-3 �7.3932 �5.5347 18.5714 5.1402
LUMO + 3 11.1782 �0.3945
HOMO-4 �8.3510 �5.5510 17.5864 5.5157
LUMO + 4 9.2354 �0.0353
HOMO-5 �7.1592 �5.5510 17.1891 5.5157
LUMO + 5 10.0299 �0.0353
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temperature further results in a sharp decrease of the vMT product,
ascribed to intradimer antiferromagnetic interactions (Fig. 10).

The existence of antiferromagnetic interactions is also sup-
ported by the maximum at 6.4 K observed in the representation
of the temperature dependence of the molar magnetic susceptibil-
ity (Fig. 9). Taking into account the dimeric nature of 2, the exper-
imental data were fitted using the Bleany-Bowers equation to
estimate the J and g values. The best fit of the data
(r2 = 1.6 � 10�4) with this model led to g and J values of 2.08
and � 6.8 cm�1, respectively. The value of the coupling constant
obtained from this fit agrees well with that of other similar cop-
per(II) complexes in which pyrazine bridges mediate antiferromag-
netic interactions with Jj j values in the range of 3 to 12 cm�1

[6,112].



Fig. 7. Graphical illustrations of the Mulliken atomic spin densities for the ground state (S = ½) of 1 and 2 with a surface threshold level of 0.004.

Fig. 8. Temperature dependence of vM(blue circles) and vMT (red squares) of 1.
Solid lines represent the fit of the experimental data as described in the main text.

Fig. 10. Temperature dependence of vM(blue circles) and vMT (red squares) of 2.
Solid lines represent the fit of the experimental data as described in the main text.
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6. Conclusions

Based on the single crystal X-ray crystallography and theoreti-
cal techniques, molecular geometries, weak interactions, electron-
ics and catalytic properties of two new binuclear complexes (1 and
2) have been investigated. In perchlorate bridged binuclear com-
plex 1, both copper(II) centers have square pyramidal geometry
Fig. 9. Representation of the structure of 1 showing its main p-p interactions. The shorte
for clarity.
whereas in pyrazine bridged binuclear complex 2, both copper cen-
ters have square planar geometry. Both complexes showed two
reduction waves. Spin density on both copper(II) center was also
calculated. Cryomagnetic magnetic susceptibility measurements
showed that both complexes exhibit antiferromagnetic interac-
tions. From the coupling parameter (JCuCu) values of 1 and 2, it is
confirmed that 1 possesses stronger antiferromagnetic interaction
st distances between atoms of different units are given inÅ. Perchlorates are omitted
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compared to 2, probably due to exchange through H-bonds and
also through p-p stacking. The supramolecular chemistry of
supramolecular synthons is also observed. It is capable of further
self-assembly into chains and sheets. Both complexes showed good
antioxidant SOD activity, which indicated that both complexes
have the potential possibility to sure as antioxidant SOD mimics
for pharmaceutical applications.
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