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Herein, we report on a new hybrid compound (NH4){[Cu(dien)(H,0),]2[B-VM0;0,6l}-1.5H,0 (1), where dien
= diethylenetriamine, containing an extremely rare mixed-metal pseudo-octamolybdate cluster. An ex situ

EPR spectroscopy provided insights into the formation of paramagnetic species in reaction mixture and in

solution of 1. The magneto-structural correlations revealed weak antiferromagnetic exchange interactions
between the [Cu(dien)]?" cations transmitted by intermolecular pathways. The cyclic voltammetry showed
the one-electron process associated with the Cu>*/Cu?* oxidation followed by the multi-electron catalytic
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wave due to water oxidation with a faradaic yield of 86%. The title compound was thus employed in

homogeneous water oxidation catalysis using tris(bipyridine)ruthenium photosensitizer. At pH 8.0,
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1 Introduction

Polyoxometalates (POMs) are a well-known class of inorganic
compounds, which has attracted attention of chemists for years
due to their different archetypes, structural flexibilities and
functionalities. There have been recently several successful
attempts aimed at their decoration with complex cations to
obtain hybrid organic-inorganic materials.* This strategy may
result in formation of products with new promising properties
superior to those inherent for the starting building blocks.>
Another interesting modification of such compounds is
a combination of different metal centers in one POM, as for
example, in mixed-metal Mo/V anions. It can be used as one of
the promising ways to obtain new prospective materials. There
is more versatility of Mo-containing polyoxoanion forms
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efficiency of the catalytic system attained 0.19 turnovers per second supported by the relatively mild
water oxidation overpotential of 0.54 V.

compared to polyoxovanadates, and the former usually have
acidic properties. At the same time V-based anions are found to
be more active in redox processes.>* Mo/V anions usually have
the structural types characteristic for polyoxomolybdates and
the introduction of easily-reducible V-centers into a POM may
change the nature of products from purely acidic to redox.
Moreover, the redox properties can be tuned by the number of
V-centers in the clusters.> The mixed-metal Mo/V POMs are
mainly represented in the literature by the following types of
anions: disubstituted a-octamolybdate form [o-V,M0046]%,%®
pseudo-Keggin [MogV,0,,]” and Keggin-based structures
[VMO01,040]7 ", [VMO0gVO0s4s] "5 [VM0gO,,]7 (ref. 11 and 12)
and Linqwist [VMo0501,]>~ anion.*® One the most common Mo/V
POM among the mentioned above anions is a-octamolybdate [o-
VZMOGOZG]G’. Also, a hybrid compound based on the disubsti-
tuted B-octamolybdate [B-V,M0c0,6]®” and Gd complex has
been recently reported.**

There were only two publications on a new monosubstituted
variant of the B-octamolybdate cluster, [B-VMo0,0,6]’ . The first
compound with this anion was reported in 2018. It consisted of
a protonated isoniazid dimer, potassium, sodium cations, [B-
VMo,0,6]°~ cluster and water molecules.” The hybrid had
semiconducting properties. Another compound featuring this
rare anion was reported in 2019; it was purely inorganic, with
the charge of the cluster compensated by potassium cations.*®

Catalytic properties of POMs have been in a focus of both
early studies and the most recent developments of hybrid
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organic-inorganic materials."”” Compared to molecular cata-
lysts, POMs have distinctive properties as, for example, tunable
acidity and rich redox chemistry, inherent resistance to oxida-
tive decomposition, high thermal stability, and possibility for
photosensitization.'® Large-scale industrial applications of
POMs include alkenes hydration' and oxidation,* ketones
amination,* and esterification processes.”> The applications of
POM-based materials to solar fuels production, is becoming
a new strategy in the field of artificial photosynthesis. Various
POMs have been examined in different functional roles for solar
fuel generation, including photosensitizers, catalysts and
charge transfer relays.>*>

This paper is a continuation of our research devoted for the
synthesis of hybrid compounds based on POMs under mild
conditions.>****® Our work is focused on the study of influence
of synthetic conditions such as the stoichiometry of reagent,
metal sources in the reaction mixtures and the time of inter-
action. Previously we have successfully synthesized organic—
inorganic hybrid compounds with Mo/V anions based on
mixed-metal o-octamolybdate [0-V,M040,6]°” and Keggin
[PMo0gV,040]"" anions.?®*® Herein, we report new compound
(NH,){[Cu(dien)(H,0),],[B-VM0,0,6]}-1.5H,O (1) based on
monosubstituted B-octamolybdate anion. The obtained 1 is
a first example of compound based on extremely rare [B-
VMOo0,0,6]"~ anion with Cu-containing complex cations.

2 Experimental

2.1 Synthesis of (NH,){[Cu(dien)(H,0),],[ B-VMo0,0,¢]}-
1.5H,0 (1)

All reagents were of analytical grade and used as purchased
without further purification. The mixture of Cu powder (0.025 g,
0.40 mmol), VOSO, (0.239 g, 1.20 mmol) and (NH,)s-
Mo0,0,,-4H,0 (0.847 g, 0.685 mmol) was placed in 50 mL
conical flask and 15 mL of water was poured into the solid
reagents. Diethylenetriamine (dien, 0.043 mL, 0.40 mmol) was
then added under vigorous stirring. The reaction mixture was
mechanically stirred at 60-65 °C in open system with air access
for 2.5 h and total dissolution of metal powder was observed.
The resulting hot solution was filtered and cooled down to the
room temperature. Slow evaporation of the filtrate (pH = 4.98)
yielded blue crystals of 1 in a day. Yield 0.15 g (47% by copper).
Anal. Calc./found for Cu,VMo,03, 5CgN;H,: C - 6.05/6.22; H -
2.60/2.24; N - 6.17/6.00%.

2.2 Crystallography

Single crystal diffraction data was obtained on an Xcalibur-3
diffractometer using Mo-Ko. radiation (2 = 0.71073 A) at 298
K. Empirical absorption correction was provided with a multi-
scan method using spherical harmonics, implemented in the
SCALE3 ABSPACK scaling algorithm of the CrysAlisPro program
package.?' Structure was solved by direct methods and refined
against F* within anisotropic approximation for all non-
hydrogen atoms using the OLEX2 (ref. 32) program package
with SHELXT and SHELXL modules.**** All H atoms were
placed in idealized positions (C-H = 0.97 A, N-H = 0.85-0.89 A,
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O-H = 0.84-0.91 A) and constrained to ride on their parent
atoms, with Uiz, = 1.2 Ueq. (except Uiz, = 1.5 Ueq. for hydroxyl
groups). Final refinement was converged at R; = 0.0573, WR> =
0.1721, GOF = 1.054. Atom coordinates and crystallographic
parameters have been deposited to the Cambridge Crystallo-
graphic Data Centre (CCDC 1958821).

2.3 Magnetic susceptibility measurements

The DC magnetic susceptibility was recorded using the SQUID
magnetometer (MPMS, Quantum Design) calibrated with
a palladium rod (Materials Research Corporation, purity
99.9985%). The crystalline sample (ca. 11 mg) was powdered in
order to prevent its displacement in the magnetic field. The
susceptibility data was acquired at the field of 0.5 T in the
temperature range from 1.8 to 300 K. The susceptibility was
corrected in respect to the background signals and underlying
diamagnetism and transformed to the effective magnetic
moment. The field-dependent magnetization measurements
were carried out at 7= 2.0 K in the magnetic field range up to 5
T. No remnant magnetization was detected.

2.4 Water oxidation studies

Water oxidation experiments were carried out in a 1.5 mL
cuvette containing 1.0 mL of the aqueous catalytic mixture. The
content of the mixture was as follows: 4 uM of the title complex,
0.1 mM of {[Ru(bpy);](Cl0,),}-6H,0, 2 mM of Na,S,05 in borate
buffer (0.04 M, pH = 8.0). In the reference experiment, 8 uM
solution of CuCl,-2H,0 or [Cu(dien)](ClO,), were used instead
of the title complex with other components being in identical
quantities. Oxygen evolution was detected polarographically by
using a Clark-type electrode separated from the catalytic
mixture by a Teflon membrane. Air-saturated distilled water
([03]20 :c = 276 um) was used for calibration of the electrode.
The cell was purged with argon gas before each experiment, and
the solution in the cell was continuously stirred. Blue light LEDs
(A = 450 nm, 3 W) were used as illumination sources. The TOF
and TON were calculated based on the total number of copper
centres in compounds. TOF = number of O, molecules evolved per
second per one Cu ion at the maximum rate of oxygen evolution
(mol(oz) MOlcyy ' s™1); TON = total number of O, molecules per
one Cu atom evolved by the moment of time, when reaction rate
decreased to zero (molyy mol(Cufl). All experiments were
repeated three times to obtain reproducible TON and TOF values.

2.5 Electrochemistry

Cyclic voltammograms were recorded using an electrochemical
three-electrode cell with a 3 mm glass carbon working electrode,
a glassy carbon rod counter electrode, and an Ag/AgCl in satu-
rated KCI aqueous solution reference electrode (E = +0.195 vs.
NHE). The counter and reference electrodes were in compart-
ments separated from the bulk solution by fritted discs. The
working electrode was polished with 0.05 pm alumina paste and
sonicated before use. The solution under study (5 mL) con-
tained the title complex (0.25 mM), borate buffer (0.04 M, pH
8.0) and KClO, (0.1 M) as a supporting electrolyte. Before all
measurements, oxygen was removed from the cell by bubbling

© 2021 The Author(s). Published by the Royal Society of Chemistry
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argon through the stirred solutions. Samples were kept under
argon during the measurements. Controlled potential electrol-
ysis experiments were carried out in a three-electrode cell (ITO
glass working electrode, Pt counter electrode and a miniature
Ag/AgCl reference electrode) equipped with a Clark-type elec-
trode for dissolved oxygen measurements.

2.6 Other methods

CHN analysis was performed using a Vario El Cube elemental
analyzer. Infrared (IR) spectrum was recorded in the range of
400-4000 cm " in KBr pellets using a PerkinElmer Spectrum BX
spectrometer. The EPR spectra were recorded on Bruker
ELEXSYS E500 CW-EPR spectrometer operating at X-band
equipped with frequency counter and NMR Teslameter.

3 Results and discussion

Hybrid compound based on mixed-metal Mo/V polyoxoanion
was obtained from reaction system Cu® - dien - (NH,)sM0,0,, -
VOSO, - H,0 in the course of the one-pot synthesis accompa-
nied by air oxidation. In contrast to previously studied system
with V,0s5 as a source of vanadium,*® this procedure yielded
another type of POM, namely, the rare mixed-metal [B-
VMO0,0,6]>~ anion. The advantage of the use of metallic Cu as
the source of Cu cations is the anion deficiency conditions
during the synthesis resulting in the formation and crystalli-
zation of hybrid compound with negatively charged POM.
Compound 1 has cationic-anionic structure containing two
complex cations [Cu(dien)(H,0),]*¥, ammonium, and V-
substituted [B-VMo,0,6]°~ polyoxoanion (Fig. 1); the crystal

(a)

Fig. 1 Mixed polyhedral and ball-and-stick representation of the
structure of 1 (a) and chains parallel to (100) direction in 1 (b). Color
code: Cu, cyan, Mo yellow, V orange, O grey, N blue, C black. All of the
hydrogen atoms and crystallization water molecules are omitted for
clarity. Hydrogen bonds are shown as dashed lines.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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also contains crystallization water molecules. The POM is based
on a common B-octamolybdate structure type, however, one of
the Mo centers is substituted by V. All metal centers (V and Mo)
have distorted octahedral oxygen surrounding. The most dis-
torted are coordination polyhedra at the Mo(1)/V(1) centers (M-
O bond lengths vary in the range of 1.651-2.396, while all other
polyhedra possess the range of 1.699-2.326 A). Generally the
geometrical parameters for the anion are close to those pub-
lished previously."®* The coordination polyhedron of Cu"
center is formed by three nitrogen atoms from the dien mole-
cule and two oxygen atoms from the coordinated H,O. The
value of the angular structural index parameter 7 is 0.21 [t = (8
— a)/60°, a and § are the two largest valence angles centred on
the same Cu atom, «a < §].** Thus, the [CuN;O,] coordination
polyhedron has distorted square-based pyramidal geometry.

In the crystal, complex anions alternate with ammonium
forming chains along the (100) crystallographic direction by the
means of charge-assisted N-H---O' hydrogen bonds. Each
complex cation is linked to the one of the POM anions by N-H:--
O’ and O-H---O" hydrogen bonds involving the hydrogen atoms
from dien and water ligands. Interactions of the complex
cations with POM anions from other chains are rather weak.
Chains are linked via the bridging coordinated water molecules
that connect the amino group of the dien ligand of the cation
from one chain with the water ligand of the cation from
a neighboring chain, forming the network.

The IR spectrum of 1 (Fig. S1, ESIY) is different from a typical
one for non-substituted B-octamolybdate anion,***” but has
a similar pattern with other compounds based on [B-
VMo0,0,6]>~.*>'* The most intensive bands at 930, 900 and
870 cm " are assigned to M = O stretching (M = Mo, V), while
the bands at the region 850-470 cm ' correspond to asym-
metric and symmetric deformation vibrations of the M—O-Mo
bonds. The characteristic bands attributed to water molecules
(O-H) and coordinated dien ligands (N-H) are in the 3500-
2800 cm ™! region.?®

In order to understand the paramagnetic species trans-
formation in the synthesis of 1, we compare EPR spectra of the
reaction mixture obtained after dissolution of metallic copper
with the aqueous solution of as-prepared 1. Two types of para-
magnetic species in the frozen filtrate of reaction mixture (Sol1
in Fig. 2) were determined by EPR spectroscopy in the current
system.

The spin-Hamiltonian parameters determined by the simu-
lation of the experimental spectrum are as follows: g = 2.230,
A =194 x 10" em™ ' and g = 2.410, 4, = 138 x 10 * em ™.
The values are in agreement with those reported previously for
Cu(u) complexes with N4 and O4 atoms in an equatorial plane,
respectively.®® The additional weak lines observed in the spec-
trum at the high magnetic field were assigned to the hyperfine
splitting of parallel orientation of oxovanadium(wv) species
indicating that insignificant quantities of V(iv) remained after
the interaction. In contrast, the EPR spectrum of the aqueous
solution of crystals of 1 revealed only one type of copper centers
with g =2.232,4, =183 x 10~ * cm™ ' that is in accordance with
N30 equatorial surrounding of metal ions (Sol cryst 1 in Fig. 2).
The difference between Soll and Sol cryst 1 indicated the

RSC Adv, 2021, 1, 32119-32125 | 32121
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Fig. 2 EPR spectra of frozen aqueous solutions (77 K) of the reaction
mixture (Soll), the title compound (Sol cryst 1), and the corresponding
simulated spectra for the copper(i) species with the EPR parameters
given in the text. The fragment of the magnified spectrum of Soll
featuring V() is shown in red.

rearrangement of complex units during crystallization. Thus,
similar copper cationic complexes exist in the solid state and in
the aqueous solution of 1. There was no residual V(i) found in
the solution of 1.

The magnetic properties of 1 recorded in the temperature
range 1.8-300 K are shown in Fig. 3. The product of the molar
magnetic susceptibility with temperature, xT (and the effec-
tive magnetic moment) slowly decreases on cooling from room
temperature down to 40 K; X7 (300 K) = 1.00 cm® mol " K (e
= 2.83 up) is adequate to expected for two Cu(u) ions (S = 1 each)
without any exchange interactions with g,, = 2.00.

A rapid decrease of the T below 40 K is observed down to
0.43 cm® mol " K at 1.8 K. The susceptibility behavior indicates
antiferromagnetic exchange interactions between the copper
ions in 1. As a local maximum of the x7(7) function is not seen
in the temperature range 1.8-300 K, the magnitude of such
interaction is rather small.*

The exchange interaction between two Cu(u) ions (Sy = Sg =
3) in the title compound was described by the model of binu-
clear units realized through Cu---Cu intermolecular contacts.
The calculations were based on the Heisenberg-Dirac-Van
Vleck Hamiltonian in zero field given by eqn (1). The tempera-
ture independent paramagnetism (TIP) and the fraction of
paramagnetic impurities (x) were also included into the fitting
procedure.

H = —JSASg (S,) S, 1)

32122 | RSC Adv, 2021, 11, 32119-32125
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Fig. 3 DC magnetic data for 1. (a) Temperature dependence of xm
(half-open circles) and xwT (open circles). (b) Dependence of the
magnetic moment on the external magnetic field. The solid lines on
both graphs are calculated using the HDVV spin Hamiltonian and PHI
program.®

The best agreement with the experimental magnetic data for
1 was obtained with the magnetic exchange parameter J =
—0.93 em !, ¢ = 2.09, and x = 0.005, TIP = 334 x 10~ ° cm®
mol ™", R = Z[(xT)exp — (xT)calc.]’/Z[(xT)exp]” = 7.1 x 10> (red
and blue lines in Fig. 3a). The value of the J parameter confirms
that the exchange interaction between the nearest Cu(u) centers
in the examined complex is antiferromagnetic in nature but
weak and can be attributed to the presence of the super-
exchange pathway through the long Cu---Cu contacts.

Detailed examination of the crystal packing of the complex 1
suggests that such weak magnetic coupling may be transmitted
through double nonbonding Cu-O---O-Cu contact with
distance d = 4.265 A or 5.860 A and angle of 97.8° or 94.7° (far
from the optimal angle 180° typical for strong interaction)*"*>
with the alternating Cu-Cu separations of 6.059 A and 6.944 A.
(Fig. S2, ESIT). Additionally, the magnetic interactions through
a longer Cu---Cu distance (7.682 A) can be supported by N-H---
O’ and O-H---O" hydrogen bonds involving the hydrogen atoms
from dien and water ligands.

The magnetization vs. field dependence recorded and 2.0 K
did not reach a saturation plateau (Fig. 3b). In such case, the
ground state has S = 1 and the magnetization per a formal Cu,
unit should saturate to the value of 2.0 ug at field above 5 T.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The catalytic activity of the title compound in water oxidation
evaluated using tris(bipyridine)ruthenium(u) light
harvester and sodium persulfate as a sacrificial electron
acceptor (Fig. S3, ESIT).*** The water-based catalytic mixture
buffered by H;BO;-NaOH (pH 8.0) was driven by the visible
light (3 W LEDs, A = 450 nm) to excite the photosensitizer:

was

[Ru(bpy)3]2+ +h — [Ru(bpy)3]2+* )

The excited triplet state of the photosensitizer is rapidly
quenched by persulfate giving [Ru(bpy);]** and sulfate radical
(eqn (3)), which then reacts with the second equivalent of the
light harvester:

[Ru(bpy)s]""* + $,05>~ — [Ru(bpy)s]** + SO, + SO, (3)

[Ru(bpy)s]* + SO~ — [Ru(bpy)s*" + SO4*~ (4)
The photochemical generation of [Ru(bpy);]’* can be
observed by steady-state UV-vis spectroscopy (Fig. S4, ESIT).
When the copper complex is present in the reaction mixture, no
accumulation of [Ru(bpy),;]*" is observed because of the fast
hole transfer to the catalyst with the subsequent oxidation of
water. Using the Clark-type electrode, we have observed oxygen
evolution with turnover number (TON, number of O, molecules
evolved per one copper atom) of 10 and turnover frequency
(TOF) of 0.19 s~ " (Fig. 4). Thus, the catalytic activity of the title
complex is similar to that reported for Cu-containing catalysts
with [0-V,M060,6] (POM).?® Importantly, efficiency of the title
complex is considerably higher compared to the plane Cu** salt
under virtually identical photocatalytic conditions. For CuCl,
used as a catalyst, we were able to observe ~2.5 O, molecules
produced per one copper.

However, when a [Cu(dien)]** complex was used as a catalyst,
the catalytic system reached the TON of 6 (green trace in Fig. 4),

90
Compound 1

754

= 60 4
i&. Cu(dien)(CIO 4)2

o 45

0 30 60 90

120 150 180

Time, s

Fig. 4 Oxygen evolution traces obtained for the title complex (4 pM,
black curve), [Cu(dien)(ClO4), (8 uM, green curve) and CuCl, (8 uM,
blue curve) at pH 8.0. Oxygen evolution in the absence of any copper
is shown in gray. Zero on the timescale corresponds to the start of
illumination with LEDs (450 nm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Cyclic voltammograms for the title complex recorded at
different scan rates between 10 mV s! (magenta) and 1000 mV st
(red) at pH 8.0. The background current recorded at 100 mV st is
shown in gray. Inset shows dependence of the peak currentat 1.6 V vs.
NHE on the square root of the scan rate.

suggesting a pivotal role of the dien ligand in water oxidation
catalysis via e.g stabilization of a presumable Cu™
intermediate.*>*®

The electrochemistry of the title compound was studied in
the buffered aqueous solution at pH 8.0 — conditions resem-
bling our photochemical water oxidation experiment. At various
scan rates from 10 to 1000 mV s~ !, two oxidative waves can be
identified (Fig. 5). The first one centered around 1.2 Vvs. NHE is
the one-electron process that can be assigned to the Cu"/Cu™
redox couple.”” The second wave with onset around 1.3 V is
a multi-electron process corresponding to the electrocatalytic
water oxidation. Thus, water oxidation using the title
compound starts at a relatively mild overpotential 0.54 V
compared to other WOCs.**** To understand the role of the
ligand environment on the redox chemistry of copper in 1, we
recorded cyclic voltammograms for the related complex
[Cu(dien)](ClO,), (Fig. S5, ESIf). Both compounds exhibit
similar oxidation processes up to 1.7 V vs. NHE indicating that
the POM fragment in 1 is virtually redox innocent in this
potential range. The peak current for the catalytic wave depends
linearly on the square root of the scan rate (Fig. 5, inset) indi-
cating a diffusion controlled homogeneous catalysis. The
observation rules out a possible contribution of copper oxide
precipitate to the catalytic current. Assignment of this oxidation
process to the water oxidation was confirmed by controlled
potential electrolysis experiments, coupled to oxygen evolution
measurements using a Clark-type electrode. When a potential of
1.55 Vvs NHE was applied, a stationary current of 0.063 mA was
detected with a simultaneous dissolved oxygen increase of 8.5
UM min~", corresponding to the overall faradaic yield of 86%
(Fig. 6). This value indicates that oxidation of the ligand may
occur slowly as a side reaction, but not as a dominant redox
process at this potential.*>*¢

After 45 min of sustained bulk electrolysis, the working
electrode was recovered and immersed in the catalyst-free
buffered solution. At the same potential of 1.55 V vs. NHE, the

RSC Adv, 2021, 11, 32119-32125 | 32123
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Fig. 6 Electric current (black) and oxygen evolution trace (red) for the
bulk electrolysis experiment using the title complex (0.1 mM) at pH 8.0.

initial current of ca. 5 mA was observed accompanied by
a negligible amount of oxygen evolved (Fig. S6, ESIT), which
corroborates the absence of catalytically active precipitates on
the working electrode surface.

4 Conclusions

In summary, we report synthesis of a novel hybrid compound
based on the extremely rare mixed-metal polyoxoanion [B-
VMOo0,0,¢]. The compound was obtained under mild conditions
starting from zero-valent copper. The equilibrium of CuN4 and
CuO4 species in the reaction mixture was established by EPR
spectroscopy, while the solution of the final product 1 con-
tained CuN3O0 species only. The oxidative process V(iv) — V(v)
was almost completed till the end of the interaction while the
crystalline 1 contained V solely in its highest oxidation state
according to the magnetization studies. The prominent oxida-
tive wave in cyclic voltammograms with onset at 1.3 V vs. NHE
corresponded to electrocatalytic water oxidation which occurred
under diffusion control. The efficiency of the catalytic system
with the title compound in homogeneous water oxidation
catalysis attained 0.19 turnovers per second supported by the
relatively low water oxidation overpotential of 0.54 V.
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