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The electrocatalytic water oxidation activity of two mononuclear ternary copper(i) complexes, 1, [Cu(bipy)
(HLYI(CLO4),, [bipy = 2,2'-bipyridine, HLy = N*-(2-aminoethyl)ethane-1,2-diamine] and 2, [Cu(phen)(HL,)]
(ClOg4)2, [phen = 1,10-phenanthroline], has been investigated. Complexes 1 and 2 exhibit turnover fre-
quencies (TOF) of 483 s~! and 445 s~ at overpotentials of approximately 453 mV and 493 mV, respect-
ively, in neutral phosphate buffer. These ternary complexes demonstrate superior catalytic performance
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compared to their binary counterparts. In these ternary complexes, both ligands act complementarily to
enhance stability and redox activity, which are crucial for catalytic performance of the metal complexes.
Electrochemical investigations further reveal that the structural flexibility of the aliphatic amine ligand
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Introduction

The escalating global energy demand, driven by population
growth, industrialization, and economic development, poses a
critical challenge for energy sustainability. As the global commu-
nity grapples with the climate crisis caused by the overuse of tra-
ditional fossil fuel reserves, the pursuit of sustainable and eco-
friendly renewable energy sources has become imperative. In this
regard, green hydrogen produced by the electrolysis of water
emerges as a potential alternative fuel.' The efficiency of the
production of green hydrogen from water is directly proportional
to the rate of the water oxidation reaction, a critical step involving
transfer of four electrons and four protons to form the O-O bond.
In nature, this reaction is efficiently catalysed by the CaMn,O5
cluster within the oxygen-evolving complex (OEC) of photosystem
I (PSIIL)." Researchers have attempted to replicate the efficiency of
OEC using various transition metal complexes.”*

Among the various alternatives for electrocatalytic water oxi-
dation catalysts, copper (Cu) complexes have gained significant
attention due to their abundance, cost effectiveness, and tune-
able catalytic properties.’®™* Since the first report of a copper-
bipyridine water-oxidation electrocatalyst by Mayer and co-
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moiety influences the overall catalytic efficiency of the ternary metal complexes.

workers in 2012, there has been a rapid expansion in the study
of copper complexes.’® A significant number of complexes
with bipyridine-based ligand environments have been reported
to exhibit electrocatalytic water oxidation activity.'®?*>973?
However, achieving catalytic performance suitable for practical
applications remains a challenge. Notably, the inner coordi-
nation sphere of metal complexes plays a crucial role in deter-
mining their overall catalytic efficiency.

The structural rigidity and flexibility of the ligand frame-
work have also been reported to influence the catalytic activity
of metal complexes.”’® A rigid ligand can make a complex
inert, enhancing its stability under harsh catalytic conditions,
whereas a flexible ligand may allow the metal complex to
undergo necessary structural changes during the catalytic
cycle. In this regard, ternary metal complexes that incorporate
structurally diverse ligand frameworks offer the possibility of
fine-tuning the structural effects of the ligands to achieve
optimal catalytic activity.

In this study, we report the catalytic activity of two mononuclear
ternary copper(u) complexes, 1, [Cu(bipy)(HL,)](ClO,),, [bipy = 2,2
bipyridine, HL, = N'-(2-aminoethyl Jethane-1,2-diamine] and 2, [Cu
(phen)(HL,)](ClO,),, [phen = 1,10-phenanthroline]. Ternary com-
plexes 1 and 2 exhibit superior catalytic activity in neutral phos-
phate buffer compared to their binary counterparts.

Results and discussion
Synthesis and characterization

Ternary copper(u) complexes, 1 and 2, were synthesized using
the bidentate ligands bipyridine (bipy) and phenanthroline

This journal is © The Royal Society of Chemistry 2025
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(phen), respectively, along with the tridentate ligand HL,, as
their perchlorate salts (see the Experimental section for
details). Complexes were characterized by different spectro-
scopic as well as by powder and single crystal X-ray diffraction
techniques. The single-crystal X-ray structure of the complexes
(Fig. 1) revealed that in both complexes copper is coordinated
to five nitrogen donor atoms. Crystallographic data are given
in Table S1.t The powder XRD pattern of the bulk sample of
the complexes closely resembles the simulated pattern
(Fig. S10t). The UV-visible spectra of complexes 1 and 2, in a
neutral phosphate buffer, exhibit a broad d-d band at Aay (¢/
M~ em™): 651 nm (175) and 632 nm (171), along with rela-
tively strong intra-ligand absorptions in the UV region
(Fig. S13t). The UV-visible spectra of the complexes recorded
in water and buffer medium are found to be identical (Fig. S14
and S15%). The phosphate buffer solution of the complexes
was found to display a characteristic four line EPR spectrum at
room temperature (Fig. S2571).

Redox properties

To explore the electrocatalytic activity of the copper complexes,
cyclic voltammograms (CVs) and differential pulse voltammo-
grams (DPVs) were recorded in 0.1 M neutral sodium phos-
phate buffer using glassy carbon (GC) as the working electrode,
Ag/AgCl as the reference electrode and a platinum wire as the
counter electrode in a single compartment electrochemical
cell. Potentials are reported versus the normal hydrogen elec-
trode (NHE) through the addition of 0.197 V to the measured
potential.

The cyclic voltammograms (CVs) of 1 mM solutions of com-
plexes 1 and 2 are shown in Fig. 2. The onset potentials for
water oxidation are located near 1.27 V and 1.31 V vs. NHE for
complexes 1 and 2, respectively. These values were determined
from the half-peak potential of the catalytic wave observed in
the CVs of the complexes (Fig. $261)."* For complexes 1 and 2,
the overpotentials at which water oxidation occurs were deter-
mined to be 453 mV and 493 mV, respectively.
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Fig. 1 Structures of (a) complex 1 and (b) complex 2. ORTEP diagram of
(c) complex 1 and (d) complex 2 (50% thermal ellipsoid plot). In the
ORTEP diagram, hydrogen atoms and perchlorate ions are not shown
for clarity.
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Fig. 2 Cyclic voltammograms of 1 mM solution of (a) complex 1 (blue
line) and (b) complex 2 (blue line) in 0.1 M neutral phosphate buffer at a
scan rate of 100 mV s™. The red line indicates the cyclic voltammogram
of 0.1 M neutral phosphate buffer in the absence of the catalyst at a
scan rate of 100 mV s™%.

The differential pulse voltammograms (DPVs) (Fig. 3) of
complexes 1 and 2 in neutral phosphate buffer exhibited three
anodic peaks in a potential range from —0.30 V to +1.70 V vs.
NHE. The first anodic peaks for complexes 1 and 2 in neutral
phosphate buffer appear at around 0.02 V and 0.07 V vs. NHE,
respectively. This electrochemically quasi-reversible peak
shows a pH-dependency of nearly 0.060 V per pH unit and is
assigned to the Cu™/Cu’ couple.

The second anodic peak appears at +1.02 V and +1.01 V vs.
NHE for complexes 1 and 2 respectively in neutral phosphate
buffer. Calculations using Laviron equations®* (Fig. S27 and
S28t) and analysis of the Pourbaix diagrams (Fig. 3) indicate
the involvement of two electrons and two protons in this step.
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Fig. 3 Differential pulse voltammograms (DPVs) of (a) complex 1 and
(b) complex 2 in 0.1 M phosphate buffer at pH 6.28 (black), 6.52 (red),
6.82 (green), 6.98 (blue), 7.31 (cyan), 7.54 (navy) and 7.86 (purple) con-
ducted under a nitrogen atmosphere at room temperature. Pourbaix
diagram of (c) complex 1 and (d) complex 2 depicting the change of
potential of the first (red dot), second (green dot) and third (blue dot)
anodic peaks with variation of pH of the 0.1 M phosphate buffer
medium.
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Spectroelectrochemical investigation and comparison of CVs
and DPVs obtained from analogous Zn complexes (Fig. S29
and S307) suggest the formation of a Cu(u) species and conco-
mitant oxidation of the aliphatic ligand moiety at this poten-
tial (Scheme 1, Step 1). The DPV of ligand HL,, N'-(2-amino-
ethyl)ethane-1,2-diamine, shows a peak at 1.03 V vs. NHE in
neutral phosphate buffer. However, this type of peak was not
observed in the DPV of its N'-methylated form, N'-(2-amino-
ethyl)-N'-methylethane-1,2-diamine (Fig. S31f). This obser-
vation suggests that the redox activity of HL, originates from
the oxidation of a secondary amine site of the ligand in the
potential range of the second anodic peak of the complexes.
Monitoring of the UV-visible spectra of the complexes during
controlled potential electrolysis (CPE) at the potential of the
second anodic peak shows the formation of a new peak at Aax
(/M em™): 526 nm (340) and 502 nm (288) for complexes 1
and 2, respectively, (Fig. S321). This change in the UV-visible
spectra is believed to originate from the formation of a d® Cu
(m) species, [Cu™(bipy)(L;")(OH)* and [Cu™(phen)(L,)
(OH)J**, respectively, for complexes 1 and 2 (Scheme 1, Step 1).
A similar assignment of the oxidation potential to the for-
mation of Cu(m) species has been reported in recent studies
on copper-based electrocatalysts for the water oxidation
reaction.'>"”

The high oxidizing power that accumulates at this point on
the metal complexes drives the reaction with solvent water
molecules to form a Cu(u)-hydroperoxo intermediate
(Scheme 1, Step 2). The formation of a Cu(u)-hydroperoxo
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Scheme 1 Proposed catalytic cycle of complexes 1 and 2.
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intermediate during the reaction between Cu(u) reactive
species and water molecules is well documented in the
literature."*'®?>?% The formed Cu(u)-hydroperoxo species
further oxidizes at the potential of the third anodic peak to
release the oxygen molecule and regenerate the catalyst
(Scheme 1, Step 3). Calculations using Laviron equations
(Fig. S27 and S28f) and analysis of the Pourbaix diagrams
(Fig. 3) indicate the involvement of two electrons and one
proton in this step.

Kinetics of electrocatalysis

The cyclic voltammograms recorded for complexes 1 and 2 at
different concentrations revealed that the catalytic current
increases linearly with the concentration of the catalyst at a
scan rate of 100 mV s~ ' (Fig. $33 and $34%). This first order
kinetics suggests a single site mechanism for water oxidation
catalysis for both complexes. The dependence of the catalytic
current (i) on the catalyst concentration can be described by

eqn (1):*

icat = ncatFA[C](kcatDCu)l/Z (1)

In eqn (1), nea(= 4) is the number of electrons involved in
water oxidation, F is the Faraday constant, A4 is the area of the
working electrode (0.07 ecm?), [C] is the concentration of the
catalyst, k., is the rate constant for water oxidation and D¢, is
the diffusion coefficient. The value of D¢, was determined
from the plot of anodic peak currents (ig) of the Cu'/Cu’
couple vs. square root of the scan rates (v*'?) by using the
Randles-Sevcik equation®® (eqn (2)). The peak current varies
linearly with the scan rate for both the complexes and
diffusion coefficients of 12.96 x 1077 em” s~ and 11.72 x 10~’
em” s7' were determined for complexes 1 and 2, respectively
(Fig. S35 and S367).

iq = 0.446nFA[C]{(nFuDg,)/RT}"* (2)

In eqn (2), n (= 1e7) is the number of electrons involved with
the Cu"/Cu' couple, v is the scan rate, R is the ideal gas con-
stant and T is the temperature.

To obtain the kinetic information about the catalytic
process, cyclic voltammograms at different scan rates
(4-14 mV s™") [Fig. 4(a) and (b)] were recorded for complexes 1
and 2 in 0.1 M neutral phosphate buffer. The value of the cata-

lytic rate constant (k..) was determined using eqn (3):'%**2”

feat /i = 2.242 (Mgt /1) (RT/NF)'? (kear)?0 2 (3)
In eqn (3), i.a is the catalytic peak current, iy is the peak
current of the diffusion controlled peak (here we approximate
this current to the current associated with the Cu"/Cu'
couple), ncye (= 4) is the number of electrons involved in water
oxidation, n (= 1) is the number of electrons involved in non-
catalytic peak (here the Cu"/Cu' couple), k., is the catalytic
rate constant and v is the scan rate. Now, from the slope of a
linear fit line in the plot of i . /iq against v~ [Fig. 4(c) and (d)],
the values of k., are calculated to be 483 s™* and 445 s~ for
complexes 1 and 2, respectively. To investigate the impact of

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Cyclic voltammograms of (a) complex 1 and (b) complex 2 at 4
(black), 6 (red), 8 (green), 10 (blue), 12 (purple) and 14 (royal) mV s*
scan rates in 0.1 M neutral phosphate buffer. Plot of ja/iy vs. v for (c)
complex 1 and (d) complex 2.

the buffer base, we have recorded the cyclic voltammograms of
complexes 1 and 2 in different concentrations of phosphate
buffers (Fig. S37 and S387). The catalytic current is found to be
insensitive to the concentration of phosphate buffer used. This
observation implies that phosphate ions do not interfere with
the catalytic activity of the complexes.

A comparison of scan-rate-normalized CVs (/v at
different scan rates shows a decrease in i, with increasing v
(Fig. S39f), which is consistent with a contribution to the
current from a rate-limiting water oxidation catalysis.>> CV
carried out in D,O shows a much smaller catalytic current
(Fig. S40t), suggesting that the transfer of proton(s) from H,0 is
a significant component of the rate-determining step. Solvent
kinetic isotope effects (KIE) of 2.31 and 2.07 were determined
for complexes 1 and 2, respectively, according to eqn (4):*¢”

1/2)

KIE = keat(H,0) /keat (D20) = [icat (H20) /icat(D,0)]*  (4)

In eqn (4), keat(H,0) and k., (D,O) are the catalytic rate con-
stants and ica(H,0), icat(D,0) are the catalytic peak currents of
complexes measured in H,O and D,0 medium, respectively.
To compare the catalytic activity of ternary complexes with
their binary counterparts we have prepared the binary Cu(u)
complex, 3, with ligand HL, (see the Experimental section). The
complex was characterized by various analytical techniques
(Experimental section). The single crystal structure of the complex
was determined. The perspective ORTEP view of complex 3 is
shown in Fig. 5. The crystallographic data are given in Table S2.7
Electrochemical investigation of complex 3 (Fig. S41-S437)
shows that it is catalytically unstable in neutral phosphate
buffer and decomposes at the electrode surface during con-
trolled potential electrolysis (CPE). This is evident from the
CVs recorded before and after the electrolysis experiment

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Structure of complex 3 and (b) ORTEP diagram of complex 3
(50% thermal ellipsoid plot); the N1 and C2 atoms are modelled as dis-
ordered. In the ORTEP diagram counter ions and hydrogen atoms are
not shown for clarity.

(Fig. S42t) and from the SEM and EDX data of the ITO
working electrodes used in the CPE experiment (Fig. S431). We
have also prepared the binary copper(i) complexes of bipyri-
dine and phenanthroline (see the ESI}) to compare their cata-
Iytic activity with those of complexes 1 and 2. However, these
binary copper(u1) complexes of bipyridine and phenanthroline
are found to be catalytically inactive in neutral phosphate
buffer as evidenced from their cyclic voltammograms recorded
in the potential range —0.3 to +1.90 V vs. NHE (Fig. S44 and
S45%). The catalytic parameters of some recently reported
bipyridine and phenanthroline based copper(i1) complexes in
an alkaline buffer medium are listed in Table 1.

In comparison with other reported pyridine-based binary
complexes, the k., value for ternary complexes 1 and 2 shows
marked improvement. This enhancement in catalytic activity
could originate from the additional redox activity introduced by
HL, coordination and/or be due to the flexible nature of HL,.

To investigate the role of HL, in enhancing the catalytic
activity of the metal complex, four new ternary copper(ir) com-
plexes 4, 5, 6, and 7 were prepared using HL, [HL, = bis
(pyridin-2-ylmethyl)amine] and Lj [L3 = 2,6-di( pyridin-2-yl)pyr-
idine] in place of HL, (see the Experimental section). These
complexes were characterized by various analytical techniques
(see the Experimental section). The single crystal structures of
complexes 4, 5 and 6 were determined. The perspective ORTEP
views of complexes 4, 5 and 6 are shown in Fig. S1 and S2 (see
the ESIt). The crystallographic data are given in Tables S2 and
S3.1 The structures of these complexes are shown in Fig. 6.

Ligands HL, and L; are both tridentate ligands but have
different skeletal flexibility compared to HL,, with HL, being
the most flexible and L; the least. The structures of ligands
HL,, HL, and L; are shown in Fig. 7.

HL, and HL, are redox active, whereas, L; is redox inactive,
as evidenced by their CVs and DPVs recorded in neutral phos-
phate buffer (Fig. S467). Electrochemical investigations
(Fig. S47-S531) show that complexes 4 and 5 exhibit lower cata-
Iytic activity compared to complexes 1 and 2, while complexes 6
and 7 show no catalytic activity. The overpotential and k., values
calculated for complexes 1, 2, 4 and 5 are listed in Table 2.

These data clearly indicate that the flexible nature of ligand
HL, plays an important role in the catalytic activity of the
ternary metal complexes.

Dalton Trans., 2025, 54, 9418-9426 | 9421
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Table 1 Catalytic parameter of some bipyridine and phenanthroline

based copper(i) complexes
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Fig. 7 (a) Structure of ligand HL,; [N!-(2-aminoethyl)ethane-1,2-
diamine], (b) structure of ligand HL; [bis(pyridin-2-ylmethyl)amine] and
(c) structure of ligand L3 [2,6-di(pyridin-2-yl)pyridine].

Table 2 The overpotential and k., values calculated for complexes 1,
2,4and 5

Catalyst Overpotential (mV) kear 571
1, [Cu(bipy)(HL,)](C1O), 453 483

2, [Cu(phen)(HL,)](C1O,), 493 445

4, [Cu(bipy)(HL,)](C1O,), 903 39

5, [Cu(phen)(HL,)](ClO,), 913 34

12.6 477 0.356 30
11.5 800 5.8 23
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égm, ég,
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Complex 4
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Fig. 6 Structure of (a) complex 4, (b) complex 5, (c) complex 6 and (d)
complex 7.
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Controlled potential electrolysis

To measure the faradaic efficiency of the catalytic reactions,
oxygen evolution was investigated through controlled potential
electrolysis (CPE) at 1.32 and 1.34 V vs. NHE for complexes 1
and 2, respectively, using a large surface-area ITO working elec-
trode (4 cm?) in a gas-tight cell (Fig. $54t). Oxygen formed in
the solution was measured using a calibrated Ocean Optics
FOXY probe. Faradaic efficiencies close to 98% and 96%
(Fig. 8) were estimated for complexes 1 and 2, respectively,
during 4 hours of bulk electrolysis experiment.

The cyclic voltammograms and UV-visible spectra of the
complexes recorded before and after the bulk electrolysis
experiment were almost identical (Fig. S57 and S59t). The
cyclic voltammograms recorded with the ITO working elec-
trode before and after the bulk electrolysis experiment in the
absence of the catalyst were essentially identical (Fig. S617).
The FE-SEM and EDX data of fresh and used ITO working elec-
trodes show no evidence of deposition of the electroactive
species on the working electrode surface during long term
electrolysis experiments for complexes 1 and 2 (Fig. S637).

(@) (b)
350 350
S 300 S 300
2 3
= 250 = 250
@ )
;ﬂ’ 200 £ 200
= 19
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S 100 S 100
& 2
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0¥ 0¥
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Fig. 8 Oxygen evolution during the CPE experiment with an ITO elec-
trode (area = 4 cm?) for (a) complex 1 and (b) complex 2 at 1.32 and 1.34
V vs. NHE respectively for 4 hours with (blue line) and without copper
complexes (red line). The black line indicates the theoretical amount of
oxygen as assumed by charge passed with 100% faradaic efficiency.
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trations at 1.32 V vs. NHE and 1.34 V vs. NHE respectively. Plot of total
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of electrolysis.

The total charge passed after 1 h of electrolysis under the
same conditions varied linearly with the initial concentration
of the complexes (Fig. 9) with no evidence of an induction
period at an early stage of electrolysis, providing evidence for
homogeneous single site water oxidation catalysis. The lack of
evidence for a new electroactive species which is either
adsorbed on the working electrode or present in the electrolyte
mixture is collectively consistent with homogeneous catalysis.

Conclusions

In conclusion, the mononuclear Cu(n) ternary complexes 1
and 2, featuring a mixed environment of pyridyl-based and ali-
phatic amine ligand frameworks, exhibit high electrocatalytic
water oxidation activity at lower overpotentials under neutral
pH conditions. These ternary complexes demonstrate superior
catalytic performance compared to their binary counterparts.
The ligand complementarity in ternary Cu(u) complexes
enhances the stability and redox activity, both of which are
crucial for high catalytic performance. Electrochemical investi-
gations reveal that the skeletal flexibility of the aliphatic amine
ligand moiety significantly influences the overall catalytic
efficiency of these metal complexes.

Experimental section
Materials and methods

All reagents and solvents were purchased from commercial
sources and were of reagent grade. UV-visible spectra were
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recorded on a Cary-60 UV-visible spectrophotometer. FT-IR
spectra were recorded on a Cary 630 spectrophotometer with the
sample prepared as KBr pellets. The magnetic moment of the
complex was measured on a Cambridge magnetic balance.
Conductivity measurements were recorded using a Eutech
instrument CON 700. Elemental analyses were carried out on a
Thermo Scientific Flashmart Analyzer. Electrochemical measure-
ments were made using a CHI 7035E bipotentiostat. A Carl Zeiss
Supra 55 electron microscope was used for Field Emission
Scanning Electron Microscopy (FE-SEM) studies after Au coating.
A 20 kV electron beam was used for the collection of EDX
spectra. Powder X-ray diffraction (PXRD) data were collected
from 5 to 500 26 using a Bruker-D8 Advance X-ray diffractometer.
The single crystal data were collected on a Bruker Smart Apex
Duo diffractometer, utilizing MoKo radiation (4 = 0.71073 A).

Synthesis of complex 1, [Cu(bipy)(HL,)](ClO,),

2,2"-Bipyridine (bipy) (0.50 g, 3.2 mmol) was dissolved in
10 mL of methanol and to this solution, N'-(2-aminoethyl)
ethane-1,2-diamine (HL,) (0.33 g, 3.2 mmol) dissolved in
10 mL of methanol was added. To the resulting solution,
copper(u) perchlorate hexahydrate, [Cu(H,0)s](ClO,4), (1.18 g,
3.2 mmol) dissolved in 15 ml of methanol was added drop-
wise, which resulted in the appearance of a dark blue precipi-
tate. After 1 hour, the resulting mixture was filtered and the
precipitate was dissolved in a methanol-water mixture and
kept for crystallization at room temperature, which resulted in
dark blue crystalline compounds. Yield: 1.12 g (~92%).
Elemental analyses: caled for C,4H,;N5Cl,04Cu: C, 32.23; H,
4.06; N, 13.42. Found (%): C, 32.29; H, 4.02; N, 13.46. UV-
visible (methanol): 4.y, 648 nm (¢ = 344 M™' cm™'). FT-IR
(KBr pellet): 3425, 3232, 3125, 2918, 1598, 1432, 1092 cm™'.
Molar conductance: 209 S cm® mol™' (acetonitrile). The
observed magnetic moment is found to be 1.75uz.

Synthesis of complex 2, [Cu(phen)(HL,)](ClO,),

1,10-Phenanthroline (phen) (0.50 g, 2.5 mmol) was dissolved in
10 mL of methanol and to this solution N'-(2-aminoethyl)
ethane-1,2-diamine (HL,) (0.26 g, 2.5 mmol) dissolved in 10 mL
of methanol was added. To the resulting solution, copper(u) per-
chlorate hexahydrate, [Cu(H,0)s](ClO,), (0.93 g, 2.5 mmol) dis-
solved in 15 ml of methanol was added dropwise, which resulted
in the appearance of a dark blue colour precipitate. After 1 hour,
the resulting mixture was filtered and the precipitate was dis-
solved in the methanol-water mixture and kept for crystallization
at room temperature, which resulted in dark blue crystalline
compounds. Yield: 1.068 g (~89%). Elemental analyses: caled for
C16H,N5CL,05Cu: C, 35.21; H, 3.88; N, 12.83. Found (%): C,
35.25; H, 3.84; N, 12.89. UV-visible (methanol): 4,ax, 634 nm (& =
336 M~ em™). FT-IR (KBr pellet): 3451, 3218, 3111, 2932, 1519,
1434, 1085 cm™". Molar conductance: 206 S cm”> mol™ (aceto-
nitrile). The observed magnetic moment is found to be 1.73ug.

Synthesis of complex 3, [Cu(HL,)Br|Br

N'-(2-Aminoethyl)ethane-1,2-diamine (HL,) (0.20 g, 1.9 mmol)
was dissolved in 10 mL of acetonitrile. To this solution, copper
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(1) bromide, CuBr, (0.44 g, 1.9 mmol) dissolved in 25 ml of
acetonitrile was added dropwise, which resulted in the appear-
ance of a dark blue precipitate. After 1 hour, the resulting
mixture was filtered and the precipitate was dissolved in the
methanol-water mixture and kept for crystallization at room
temperature, which resulted in dark blue crystalline com-
pounds. Yield: 0.62 g (~88%). Elemental analyses: calcd for
C,H,N;Br,Cu: C, 14.76; H, 3.72; N, 12.91. Found (%): C,
14.72; H, 4.04; N, 12.93. FT-IR (KBr): 3431, 3234, 3139, 2922,
1585, 1082 cm ™. Molar conductance: 118 S cm” mol™" (aceto-
nitrile). The observed magnetic moment is found to be 1.6545.

Synthesis of complex 4, [Cu(bipy)(HL,)](Cl0,),

2,2"-Bipyridine (bipy) (0.50 g, 3.2 mmol) was dissolved in 10 mL
of methanol and to this solution bis(pyridin-2-ylmethyl)amine
(HL,) (0.64 g, 3.2 mmol) dissolved in 10 mL of methanol was
added. To the resulting solution, copper(n) perchlorate hexa-
hydrate, [Cu(H,0)6)(ClO,4), (1.18 g, 3.2 mmol) dissolved in 15 ml
of methanol was added dropwise, which resulted in the appear-
ance of a blue precipitate. After 1 hour, the resulting mixture
was filtered and the precipitate was dissolved in the methanol-
water mixture and kept for crystallization at room temperature,
which resulted in blue crystalline compounds. Yield: 1.21 g
(~94%). Elemental analyses: caled for C,,H,;N5Cl,05Cu: C,
42.77; H, 3.43; N, 11.33. Found (%): C, 42.74; H, 3.42; N, 11.36.
FT-IR (KBr): 3465, 3051, 2868, 1605, 1442, 1143, 1116,
1082 cm™". Molar conductance: 211 S em® mol™ (acetonitrile).
The observed magnetic moment is found to be 1.72uz.

Synthesis of complex 5, [Cu(phen)(HL,)](ClO,),

1,10-Phenanthroline (phen) (0.50 g, 2.5 mmol) was dissolved
in 10 mL of methanol and to this solution bis(pyridin-2-
ylmethyl)amine (HL,) (0.50 g, 2.5 mmol) dissolved in 10 mL of
methanol was added. To the resulting solution, copper(u) per-
chlorate hexahydrate, [Cu(H,0)s](ClO,4), (0.93 g, 2.5 mmol) dis-
solved in 15 ml of methanol was added dropwise, which
resulted in the appearance of a blue precipitate. After 1 hour,
the resulting mixture was filtered and the precipitate was dis-
solved in the methanol-water mixture and kept for crystalliza-
tion at room temperature which resulted in blue crystalline
compounds. Yield: 1.19 g (~88%). Elemental analyses: calcd
for C,,4H,,N5Cl,04Cu: C, 44.91; H, 3.30; N, 10.91. Found (%):
C, 44.92; H, 3.28; N, 10.88 FT-IR (KBr): 3438, 3024, 2882, 1598,
1428, 1136, 1109, 1096 cm™". Molar conductance: 208 S cm?
mol ™" (acetonitrile). The observed magnetic moment is found
to be 1.70ug.

Synthesis of complex 6, [Cu(bipy)(L3)](ClO,),

2,2"-Bipyridine (bipy) (0.50 g, 3.2 mmol) was dissolved in 10 mL
of methanol and to this solution 2,6-di( pyridin-2-yl)pyridine (Ls)
(0.75 g, 3.2 mmol) dissolved in 10 mL of methanol was added.
To the resulting solution, copper(u) perchlorate hexahydrate, [Cu
(H,0)6](Cl0Oy), (1.18 g, 3.2 mmol) dissolved in 15 ml of methanol
was added dropwise, which resulted in the appearance of a light
green precipitate. After 1 hour, the resulting mixture was filtered
and the precipitate was dissolved in the methanol-water mixture
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and kept for crystallization at room temperature which resulted
in light green crystalline compounds. Yield: 1.25 g (~90%).
Elemental analyses: calcd for C,sH;9N5Cl,05Cu: C, 46.06; H,
2.94; N, 10.74. Found (%): C, 46.08; H, 2.92; N, 10.75. FT-IR
(KBr): 3621, 3397, 3044, 1591, 1448, 1136, 1116, 1082 cm .
Molar conductance: 210 S cm?® mol ™" (acetonitrile). The observed
magnetic moment is found to be 1.76uz.

Synthesis of complex 7, [Cu(phen)(L3)](ClO,4),

1,10-Phenanthroline (phen) (0.50 g, 2.5 mmol) was dissolved in
10 mL of methanol and to this solution 2,6-di(pyridin-2-yl)pyri-
dine (L) (0.59 g, 2.5 mmol) dissolved in 10 mL of methanol was
added. To the resulting solution, copper(u) perchlorate hexa-
hydrate, [Cu(H,0)s](ClO,4), (0.93 g, 2.5 mmol) dissolved in 15 ml
of methanol was added dropwise, which resulted in the appear-
ance of a light green precipitate. After 1 hour, the resulting
mixture was filtered and the precipitate was dissolved in the
methanol-water mixture and kept for crystallization at room
temperature which resulted in light green crystalline compounds.
Yield: 1.27 g (~91%). Elemental analyses: caled for
Cy,H;oN5CL0sCu: C, 47.98; H, 2.83; N, 10.36. Found (%): C,
47.95; H, 2.84; N, 10.38. FT-IR (KBr): 3486, 3418, 3064, 1605,
1442, 1136, 1116, 1082 cm™'. Molar conductance: 205 S cm?
mol ™" (acetonitrile). The observed magnetic moment is found to
be 1.74ug.
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