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Effect of ligand substituents on the reactivity
pathways of copper(i) complexes towards
electrocatalytic water oxidationt

Hemrupa Kuilya,® Pranjal Das,? Swati Basak,® Debajit Sarma, 2°
Pradyumna Mazumdar,® Diganta Choudhury (2 *® and Apurba Kalita (2 **

The electrocatalytic water oxidation activity of three copper(i) complexes [Cu(LyH)(L)](ClO4) (1), [Cu(LzH)
(Lo)(H,O)(CLOy) (2) and [Cu(LsH)(L,)I(CLO,) (3) with aryl oxime ligands LiH, LoH and LsH [LyH = 1-(pyridin-
2-yl)methanone oxime, Lo,H = 1-(pyridin-2-yl)ethanone oxime and LzH = 1-(pyridin-2-yl)propanone
oxime] was investigated. All the three ligands have in common a pyridyl group attached to the carbon
centre of the oxime moiety and differ in the second substituent attached to the carbon centre.
Electrochemical investigation of the catalytic activity of complexes 1, 2 and 3 shows that the nature of the
substituent attached to the carbon centre has an influence on the catalytic pathway and overall catalytic

rsc.li/dalton activity of these complexes.

Introduction

With the progress of modern society, the global energy
demand is increasing exponentially. Energy sources commonly
explored by mankind are fossil fuels, which are non-renewable
and depleting at a high rate. Moreover, the wide use of these
conventional energy sources leads to environmental pollution,
compelling society to move towards green and renewable
alternative sources of energy. In this regard, electrocatalytic
oxidation of water to yield oxygen and hydrogen is believed to
be one of the several alternative pathways to achieve a renew-
able source of energy.

To date, several homogeneous electrocatalytic water oxi-
dation catalysts with varying degrees of efficiency have been
reported. Transition metal complexes have found a good place
among these catalysts."™ In this case, the selection of ligands
is an important step as ligands play a vital role in the catalytic
activity of most of these complexes. Oxidation of water to
oxygen requires multiple electron- and proton-transfer reac-
tions. In natural photosynthesis, ligation environments of
Mn,Ca clusters direct the reactivity of the clusters at each
step.” Metal complexes with a redox-active ligand framework
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can mimic the activity of oxygen-evolving complexes (OECs)
and effectively manage multi-electron transfer reactions by
facilitating proton-coupled electron transfer in the course of
catalysis.®® Complexes containing oxidation-resistant ligands
with highly donating ligation sites are found to be useful in
retaining the molecular structure of catalysts under harsh cata-
lytic conditions'® and stabilising high-valent metal oxo
species,”" a key intermediate postulated in most transition-
metal-catalysed water oxidation reactions. Structural features
of ligands are also reported to have a profound influence on
the reactivity pattern and overall catalytic activity of metal
complexes.'**?

In this work, we explored the influence of ligand substitu-
ents on the electrocatalytic water oxidation activity of tran-
sition-metal complexes by comparing the electrocatalytic
activity of copper complexes [Cu(L;H)(L,)](ClO,) (1), [Cu(L,H)
(L,)(OH,)](ClO,) (2), and [Cu(LsH)(L,)](ClO,) (3). Among these,
1 and 2 are binary complexes with redox active oxime ligands
L;H [1-(pyridin-2-yl)methanone oxime] and L,H [1-(pyridin-2-
yl)ethanone oxime], whereas complex 3 is a ternary complex
prepared using ligands L,H and L;H [1-(pyridin-2-yl)propa-
none oxime] in equal proportions. All the complexes were
characterized by employing different spectroscopic techniques
and single-crystal X-ray diffraction. The formation of a ternary
complex is evident from the powder XRD pattern of the bulk
sample of complex 3, which closely resembles its simulated
pattern (Fig. S157). Electrocatalytic water oxidation activity of
complex 2 in a neutral phosphate buffer has been reported by
our group recently.® Complex 2 exhibits a remarkably high
TOF, nearly equal to 100 s,
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Results and discussion

The molecular structures of complexes 1, 2 and 3 were deter-
mined by single-crystal X-ray diffraction (Fig. 1). The crystallo-
graphic data are given in Table S2.f

To explore the electrochemistry of the copper complexes,
their cyclic voltammograms (CV) and differential pulse voltam-
mograms (DPV) were recorded in a 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. The potentials are reported versus the normal hydrogen
electrode (NHE) by adding 0.197 V to the measured potentials.
The cyclic voltammograms (CV) and differential pulse voltam-
mograms (DPV) of complexes 1, 2 and 3 are depicted in Fig. 2.

The differential pulse voltammograms of complexes 1, 2
and 3 in the neutral phosphate buffer exhibited five anodic
peaks in the potential range from —0.09 V to +1.5 V vs. NHE
[Fig. 2(b)].

The first anodic peaks of complexes 1, 2 and 3 appeared at
around —0.02, —0.09 and —0.11 V vs. NHE, respectively. This
electrochemically quasi-reversible peak could be assigned to
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Fig. 1 ORTEP diagrams (50% thermal ellipsoid plot) of (a) complex 1, (b)
complex 2 and (c) complex 3. Counter anions, hydrogen atoms and
solvent molecules are removed for clarity.
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Fig. 2 Cyclic voltammograms of 1 mM solutions of (a) complex 1, (b)
complex 2 and (c) complex 3 in a 0.1 M neutral phosphate buffer at a
scan rate of 100 mV s~%. (d) Differential pulse voltammograms (DPV) of
complex 1 (black), complex 2 (red) and complex 3 (blue) in a 0.1 M
neutral phosphate buffer.
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the Cu"/Cu' couple, which exhibits a pH dependence of
~0.059 V per pH unit [Fig. $20-S227], indicating the involve-
ment of one electron and one proton in this step.

The second anodic peaks were found at +0.76, +0.64 and
+0.60 V for complexes 1, 2 and 3, respectively. Calculations
using Laviron equations® [Fig. $23-S251] and the analysis of
the Pourbaix diagrams [Fig. S20-S227%] indicate the involve-
ment of one electron and one proton in this step. The UV-
visible spectra of the complexes showed distinct changes in
the d-d transition region during controlled potential electroly-
sis (CPE) at the potential of the second anodic peak [Fig. S26t]
due to the formation of a Cu(um) species in the complexes
(Scheme 1).

The third and fourth anodic peaks of the complexes 1, 2
and 3 in the potential range of +0.85 to +0.97 V vs. NHE were
assigned to a ligand-based redox process (Scheme 2) by com-
paring them with the cyclic voltammograms of analogous Zn**
complexes in the neutral phosphate buffer [Fig. S27-S297].
The third anodic peaks of all the complexes were found to be
pH dependent, and the analysis of the Pourbaix diagrams
[Fig. S20-S221] indicated the involvement of one electron and
one proton in this step. The fourth anodic peaks were found to
be pH independent for complexes 1 and 2, whereas, it showed
a pH dependency of ~0.052 V per pH unit in the case of
complex 3 (Fig. S227), leading to the formation of a metal-oxo
intermediate. It is believed that the highly electron-donating
nature of the ligand substituent in complex 3 allows it to incor-
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porate the metal-oxo reactive intermediate in its catalytic
cycle, thus overstepping complexes 1 and 2. To rationalise the
possible formation of metal-oxo species, theoretical calcu-
lations were carried out using the Gaussian 09 software
package.”’ The geometry of the oxo intermediate was opti-
mized using the DFT functional B3LYP and LANL2DZ basis
set. Stable geometry was obtained, and vibrational frequency
calculations were carried out based on analytical second
derivatives at the same level of theory to confirm proper con-
vergence to the local minima. The theoretically optimised
structure and the orbital overlap illustration showing the inter-
action between the metal and the oxo group are shown in
Fig. 3.

The high oxidising power that accumulates at this point on
the metal complexes drives their reaction with the solvent
water molecule and the concomitant formation of the O-O
bond. The UV-visible spectra of the complexes during con-
trolled-potential electrolysis at the potential of the respective
4th anodic peaks showed the appearance of a new peak at
around 328, 408 and 413 nm for complexes 1, 2 and 3, respect-
ively. This peak could be assigned to the formation of the
metal-peroxo species®® (Fig. S491). Time-dependent DFT
(TDDFT) calculations of the optimized structures of the peroxo
intermediates obtained from complexes 1, 2 and 3 were per-
formed (Fig. S597). The geometries of the peroxo intermediates
were optimized using the DFT functional B3LYP and the
LANL2DZ basis set. To incorporate the effect of the solvent
phase, TDDFT calculations were carried out at the same level
of theory in water using the PCM model. TDDFT calculations
showed electronic transitions at 358, 385, and 387 nm for com-
plexes 1, 2 and 3 (Fig. S60, S61 and S621), respectively, because
of the n* — d CT transition, leading to the overlap of the n*
orbital of the peroxide ion with a d orbital of the Cu(u) ion.
The orbitals associated with the transitions are shown in
Fig. S63, S64 and S65,t respectively. The metal-peroxo species
formed at this stage of the catalytic cycle of the complexes act
differently. For complexes 2 and 3, it directly oxidises at the
respective catalytic potential (E.,) to release the oxygen mole-
cule and regenerate the catalyst (Scheme 3).

(a) (b)

Fig. 3 (a) DFT-optimised structure of the metal-oxo intermediate [Cu
(Ls")(L>)(O)12*. (b) Boundary surface diagram of the HOMO-12 orbital
showing the interaction between the metal center and the oxo group.
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Scheme 3 High-valent metal hydroxo/oxo species generated from (a)
complex 2 and (b) complex 3 react with water to generate the hydroper-
oxo complexes that further oxidise to release the oxygen molecule.

The peroxo species generated from complex 1 concomi-
tantly react with another ground state complex to form a
peroxo bridge dimer (Cu™-0-0O-Cu™), Scheme 4 which exhibit
one electron oxidation peak at +1.08 V vs. NHE to form Cu™-
0-0-Cu™ species (Scheme 4).This species is further oxidised at
1.51 V vs. NHE, releasing an oxygen molecule and regenerating
the catalyst.
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Scheme 4 Plausible reaction pathway of the formation of the peroxo
bridge dimer from the high-valent metal-hydroxo species generated
from complex 1 and its concomitant oxidation, leading to the release of
the oxygen molecule and regeneration of the catalyst.
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The formation of the dimeric species was evident from the
concentration variation study at the peak current of complex 1
(Fig. S317). It was found that the peak current varied linearly
with the concentration of the complex till the fourth anodic
peak, but for the fifth anodic peak, it varied linearly with the
square of the concentration of complex 1 (Fig. S327).

To obtain kinetic information of the catalytic process, a
foot-of-the-wave analysis was carried out according to the
methodology described by Savéant et al.>® Under catalytic con-
ditions, eqn (1) is operative for oxidation involving four
electrons.

feat/ig = [2.24n(RTkobs JFv)" 2} /[1 + exp{(E, — E)F/RT}]
(1)

where E.,, is the standard potential of the catalysis-initiating
redox couple, 7., is the current intensity in the presence of the
substrate, iy is the current intensity in the absence of the sub-
strate, n (= 4) is the number of electrons involved in the cata-
lytic cycle, F is the Faraday constant, v is the scan rate, kops is
defined as k¢ x C, (C, is the concentration of substrate; 55.56
M for water), and R is gas constant (8.314 J mol™ K™ *). The
background-corrected CVs of the complexes at different scan
rates are shown in Fig. 4.

Then, kops were extracted from the plots of i.,/iq versus
1/{1 + exp|[(F/RT)(Ez — E)]}, as shown in (Fig. 835, S37 and
S39) in the ESIL.} The largest slopes at the very beginning of
the catalytic process showed the values of kops ~ 32 ™%, ~100
s and ~248 s™' for complexes 1, 2 and 3, respectively.
Catalytic activity in terms of TOF was found to increase with
the electron-donating ability of the substituents attached to
the carbon center of the oxime moiety. In Table 1, the TOF
values and the reaction conditions of some recently reported
copper-based water oxidation catalysts are summarized.

The onset potential for water oxidation was located close to
1.51, 1.49 and 1.52 V vs. NHE for complexes 1, 2 and 3, respect-
ively (Fig. S347). The overpotentials of the 1 mM solutions of
complexes 1, 2 and 3 to attain a current density of 1 mA cm™>
were determined to be ~693 mV, ~675 mV, and ~703 mV,
respectively.

Oxygen evolution was investigated through -controlled-
potential electrolysis (CPE) at 1.51, 1.49 and 1.52 V vs. NHE for
complexes 1, 2 and 3, respectively, using a large-surface-area
ITO working electrode (4 cm?®) in a gas-tight cell (Fig. S44%).
The oxygen formed in the solution was measured using a cali-
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Fig. 4 Background-corrected CVs of 0.5 mM solutions of (a) complex
1, (b) complex 2 and (c) complex 3 in a 0.1 M neutral phosphate buffer at
different scan rates.
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Table 1 Kinetic data of complexes 1, 2, 3 and some related copper
based water oxidation catalysts

Catalyst structure Ligand substituent  pH TOF (s™)  Ref.

r * Ry=R,=H 7.0 32 T.W.
E;_{. @ R, =R, =Me 7.0 100 T.W.
- : :
S o, R, = Me, R, = Et 7.0 248 T.W.
Oy ©
r r R * R;=R,=H 115  3.56 9
2 1 _ _
R, =R, = Me 11.5  3.58 9
R;=H,R,=OMe 115 0.3 9
oo N_N_o R, =R, = OMe 115  0.16 9
T X
(o] IT/ \Ir (0]
r * R=H 6.5 0.33 17
® R =Me 6.5 9.77 17
N R-t-Bu 6.5 0.30 17
R MO N R R=Ph 6.5 1.47 17
0 ‘2\_7'
R
T R R = R=H 9.2 54 18
Q R =Me 9.2 — 18
0; _N_ N-—_o
T T
| 70" Yo

T.W. stands for this work.

brated Ocean Optics FOXY probe. Faradaic efficiency values
close to 90%, 94% and 95% were estimated based on the long-
term electrolysis study of complexes 1, 2 and 3, respectively
(Fig. S45, S46 and S477). The CV and UV-visible spectra of the
complexes recorded before and after the bulk electrolysis
experiment were almost identical (Fig. S48 and S497). The total
charge passed after 1 h of electrolysis under the same con-
ditions varied linearly with the initial concentration of the
complexes [Fig. 5 and S41-S43}] with no evidence of an induc-
tion period at the early stage of electrolysis, providing evidence
for homogeneous water oxidation catalysis. The CVs recorded
with the ITO working electrode before and after each electroly-
sis experiment in the absence of the catalyst were essentially
identical (Fig. S50-S52t). The FE-SEM and EDX data of the
fresh and used ITO working electrodes showed no evidence of
deposition of the electroactive species on the working elec-
trode surface during the long-term electrolysis experiment
(Fig. S53-S587) of the complexes. The lack of evidence for a
new electroactive species adsorbed on the working electrode or

0.7 216
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Fig. 5 Plots of total charge vs. concentration after 1 h of electrolysis:
(a) complex 1, (b) complex 2 and (c) complex 3.
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present in the electrolyte mixture collectively indicates homo-
geneous catalysis. All three complexes also showed activity
towards chemically driven water oxidation with CAN as the
primary chemical oxidant (Fig. S67 and Table S77).

Conclusions

In conclusion, complexes 1, 2 and 3 with similar first coordi-
nation environments behave as stable homogeneous electrocata-
lysts for water oxidation in a neutral pH medium. In all these
complexes, the copper(u) metal ion is coordinated with the oxime
ligand, but they have different alkyl substituents attached to the
oxime carbon. Electrochemical investigation reveals that com-
plexes 1, 2 and 3 behave differently on the working electrode
during the electrocatalytic process. The ternary complex 3 with
ethyl and methyl substituents attached to the oxime ligands
stabilises and incorporates the highly oxidising metal-oxo inter-
mediate at a relatively lower electrode potential, which in turn
catalyses the formation of the O-O bond with a high TOF (~248
s™). Complex 1 with an aldoxime ligand prefers a bimolecular
pathway to catalyse the water oxidation reaction with a relatively
low TOF (~32 s™"). The homoleptic complex 2 with a methyl sub-
stituent attached to the oxime ligands exhibits a TOF of ~100 s,
which is lower than that of complex 3 but greater than that of
complex 1. This difference in catalytic behaviour of the com-
plexes is believed to originate from differences in the electron-
donating ability and steric effect of the substituents attached to
the carbon center of the oxime moiety.

Experimental section
Materials and methods

All reagents and solvents were purchased from commercial
sources and were of reagent grade. The UV-visible spectra were
recorded on a Cary-60 UV-visible spectrophotometer. The
FT-IR spectra were recorded on a Cary 630 spectrophotometer
with the samples prepared as KBr pellets. Elemental analyses
were carried out on a Thermo Scientific Flashsmart Analyzer.
Electrochemical measurements were recorded using a CHI
7035E bipotentiostat. The single-crystal data were collected on
a BRUKER AXS (D8 Quest System) X-ray diffractometer
equipped with a PHOTON 100 CMOS detector at 293(2) K. The
X-ray generator was operated at 50 kV and 30 mA using Mo Ka
(4 =0.71073 A) radiation.

Synthesis of ligand L,H

To a solution of pyridine-2-carboxyaldehyde (2 g, 18.69 mmol)
in methanol, hydroxylamine hydrochloride (3.24 g,
46.62 mmol) and sodium carbonate (4.9 g, 46.22 mmol) were
added with constant stirring. The reaction mixture was
refluxed for 1.5 h at 60 °C. After the completion of the reac-
tion, the reaction mixture turned light pink. The reaction
mixture was then filtered, and the filtrate was used for crystalli-
zation. The white crystals obtained were dried and weighed.

This journal is © The Royal Society of Chemistry 2024
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Yield: 2.30 g (~82%). Ligand L,H was characterized by FT-IR,
'H-NMR and "C-NMR spectroscopy. FT-IR (KBr pellet): 3483,
3016, 1594, 1512, 1437, 1329, 1000, 792, 735, and 665 cm™";
'H-NMR (400 MHz, CDCL): dypm, 8.62, 7.82, 7.75, 7.70, 7.27,
and 4.45. ?C-NMR (100 MHz, CD;CL): Sppm, 151.76, 148.97,
137.23, 124.10, 121.27, and 48.99. Mass: (m + H')/z: caled
123.05; found, 123.91.

Synthesis of ligand L,H

To a solution of acetylpyridine (1 g, 8.2 mmol) in methanol,
hydroxylamine hydrochloride (0.63 g, 9.0 mmol) and sodium
carbonate (1.3 g, 1.22 mmol) were added with constant stir-
ring. The reaction mixture was refluxed for 1.5 h at 60 °C. After
the completion of the reaction, the reaction mixture turned
light pink. The reaction mixture was then filtered, and the fil-
trate was used for crystallization. The white crystals obtained
were dried and weighed. Yield: 0.930 g (~84%). Ligand L,H
was characterized by FT-IR, 'H-NMR and "“C-NMR spec-
troscopy. FT-IR (KBr pellet): 3178, 2846, 1594, 1490, 1438,
1000, 933, 829, 785, and 681 cm™'; 'H-NMR (400 MHz,
CD3COCD3): 8ppm, 10.58, 8.55, 7.87, 7.29, 2.90, and 2.27.
*C-NMR (100 MHz, CD3COCD3): 8ppm, 154.97, 148.78, 136.06,
123.41, 119.87, 87.22, and 9.36.

Synthesis of ligand L;H

To a stirred suspension of finely pulverized KOH (5.6 g,
0.1 mmol) in toluene (30 mL), 18-crown-6 (0.26 g, 1 mmol)
and 2-acetylpyridine (1.21 g, 10 mmol) were added. Mel
(11.4 g, 80 mmol) was added dropwise to the orange reaction
mixture, which immediately caused an exothermic reaction.
The mixture was stirred at room temperature. After 19 h, the
mixture turned pale yellow. After filtration, the solvent was
evaporated at reduced pressure, and the residue was distilled
in a vacuum to give 1.0 g (67%) of ketone (1-(pyridin-2-yl)
propan-1-one). To a solution of 1-(pyridin-2-yl)propan-1-one
(1.5 g, 10 mmol) dissolved in methanol, hydroxylamine hydro-
chloride (1.38 g, 19.85 mmol) and sodium carbonate (2.12 g,
20 mmol) were added with constant stirring. The reaction
mixture was refluxed for 1.5 h at 60 °C. After the completion of
the reaction, the reaction mixture turned light pink. The reac-
tion mixture was then filtered, and the filtrate was used for
crystallization. The white crystals obtained were dried and
weighed. Yield: 1.45 g (~87%). Ligand L,H was characterized
by FT-IR, 'H-NMR and '*C-NMR spectroscopy. FT-IR (KBr
pellet): 3170, 2854, 1594, 1487, 1006, 935, and 800 cm'.
'H-NMR (400 MHz, CDCly): 8,pm, 8.50, 7.84, 7.73, 7.30, 2.90,
2.25, 1.25, and 1.07. ">’C-NMR (100 MHz, CD5CL): 8ppm, 9.76,
19.22,120.93, 123.30, 138.60, 148.20, 154.78, and 162.31.

Synthesis of complex 1, [Cu(L,H)(L,)](ClO,)

Copper(un) perchlorate hexahydrate with the formula [Cu
(H,0)6](Cl0O,), (0.303 g, 0.818 mmol) was dissolved in 25 mL
methanol, and to this blue solution, ligand L;H (0.2 g,
1.64 mmol) was added dropwise. The color of the solution
changed from blue to green. The resulting mixture was stirred
for 1 h. Then, the volume of the solution was reduced to
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~10 mL. It was then kept for crystallization at room tempera-
ture, which resulted in green crystalline compounds. Yield:
0.52 g (~75%). UV-visible (methanol): Apax, 650 nm (¢ = 227
M~ ecm™). FT-IR (KBr pellet): 3445, 1607, 1563, 1474, 1341,
1120, 905, and 780 cm™". Molar conductance: 182 S cm?® mol™*
(water), 139 S em?® mol ™" (acetonitrile). The observed magnetic
moment was found to be 1.83ug.

Synthesis of complex 2, [Cu(L,H)(L,)(H,0)](Cl04)**

Copper(un) perchlorate hexahydrate [Cu(H,0)s](ClO,), (0.68 g,
1.8 mmol) was dissolved in 25 mL methanol, and to this blue
solution, ligand L,H (0.5 g, 3.6 mmol) was added dropwise. The
color of the solution changed from blue to dark green. The result-
ing mixture was stirred for 1 h. Then, the volume of the solution
was reduced to ~10 mL. It was then kept for crystallization at
room temperature, which resulted in green crystalline com-
pounds. Yield: 0.68 g (~79%). UV-visible (methanol): Apay,
580 nm (¢ = 138 M~ ecm ™). FT-IR (KBr pellet): 3505, 1607, 1472,
1139, 1087, 779, and 616 cm™'. Molar conductance: 117 S cm?
mol . The observed magnetic moment was found to be 1.7

Synthesis of complex 3, [Cu(L;H)(L,)](C10,)

To a methanolic solution of L,H (0.18 g, 1.32 mmol) and L;H
(0.2 g, 1.33 mmol) in a 50 mL round-bottom flask equipped
with a magnetic stirring bar, copper(u) perchlorate hexahydrate,
[Cu(H,0)6](ClO,), (0.49 g, 1.32 mmol) dissolved in methanol,
was added drop-wise. The colour of the solution changes to
dark green. The resulting mixture was stirred for 1 h. Then, the
volume of the solution was reduced to ~10 mL. It was then kept
for crystallization at room temperature, which resulted in green
crystalline compounds. Yield: 0.25 g (~82%). Elemental ana-
lyses: caled for C;5H;,N,O6ClCu: C, 40.19; H, 3.82; N, 12.50.
Found (%): C, 40.24; H, 3.83; N, 12.46. UV-visible (methanol):
Amaxs 570 nm (e = 223 M~ em ™). FT-IR (KBr pellet): 3458, 1616,
1481, 1093, and 783 cm™'. Molar conductance: 154 S cm?
mol . The observed magnetic moment was found to be 1.78ug.
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