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Herein, we report two approaches to the synthesis of heterometallic complexes
(NH4)2n(Hoen) {[Cu(en)s]la-VoMogOsel}-4nHL0O (1), (NH4){[Cu(dien)(HoO)lzla-VaMogOsel}-5H,O (2) and
(NH4)2{[Cu(dien)(H20)]s[a-V2MogO261}-8H,O (3) that have been employed in homogeneous photo-
chemical oxidation of water to dioxygen. In these hybrid metalorganic—inorganic compounds, copper-
containing complex fragments are covalently bound to the rare vanadium-disubstituted a-octamolybdate
cluster. They exhibit variable catalytic activity controlled by the local coordination environment of copper
reaching a notably high turnover frequency of 0.24 s™* for 3 in combination with a relatively low water
oxidation overpotential. The complexes have been also used as precursors for the preparation of mixed
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Introduction

The development of technologies for the production of chemi-
cal fuels or useful compounds utilizing renewable energy and
raw materials relies on a sustainable supply of protons and
electrons to form the desired products.’ Climate change driven
by the increasing fossil-based energy consumption provides a
strong motivation for research into the development of
carbon-neutral and carbon-negative energy systems. In this
regard, various approaches harnessing sunlight as a practically
infinite energy source are becoming realistic and appealing
solutions for achieving the goals for a sustainable society.>
Existing solar photovoltaic technologies can convert light
energy from the sun into electricity. However, the sunlight is
intermittent and unevenly spread over the entire surface of the
planet. It requires methods for storage of solar energy in
chemical bonds in the form of dense and transportable green
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oxide phases that have proven to be active heterogeneous water oxidation catalysts.

fuels. Artificial photosynthesis using water as an abundant
source of electrons which can be recombined at the point of
use in a fuel cell is becoming one avenue to solve the energy
storage problem.? To date, the development of water oxidation
catalysts (WOCs) remains a challenging task to attain efficient
solar energy conversion since oxidation of water to dioxygen is
a main bottleneck for the overall water splitting.? It is a com-
plicated process involving four-electron transfer coupled with
four-proton transfer. Hence, the WOC must possess rich redox
chemistry enabling an array of multielectron oxidations to
evolve dioxygen from two water molecules.’

For the past few decades, various heterogeneous WOCs con-
sidered as suitable for practical applications and their homo-
geneous analogues allowing to study the mechanism of cataly-
sis have been designed. Ruthenium and iridium oxides are
well-known efficient water oxidation catalysts.® They have
found the application in commercial proton-exchange mem-
brane electrolyzers for large-scale hydrogen production from
renewables.” Among homogeneous WOCs, molecular com-
plexes of ruthenium and iridium have also proven to be the
most active and stable for oxygen evolution.® However, a low
natural abundance and harm to the environment limit the
ability of WOCs based on these two noble metals to meet
growing global energy demands. In this regard, there is con-
siderable interest in the use of cheap first-row transition metal
compounds for water oxidation.” A handful of manganese,'®
iron,"* cobalt,"* nickel,"> and copper complexes have been
investigated with respect to their catalytic activity in water oxi-
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dation. Among them, copper-containing WOCs are most newly
reported and least studied. Mayer et al. were the first to demon-
strate the potential of copper complexes in electrochemical
water oxidation employing Cu(bpy)(OH), (bpy = 2,2"-bipyridine)
as a catalyst under alkaline conditions.'* Later studies have
showed that other molecular copper compounds could catalyze
electrochemical water oxidation, including polypeptide com-
plexes,"® compounds with modified 2,2-bipyridine and multi-
dentate polypyridine ligands,'® pyridine-alkoxide complexes,”
and amidate complexes.'® However, the eventual goal is to
develop the efficient solar light-driven WOCs and to avoid the
thermal and/or electrochemical oxidation. Only a few copper-
based catalysts active in photochemical water oxidation have
been reported to date: a polypyridine complex [Cu(F;TPA)J**
(F5TPA = tris(2-fluoro-6-pyridylmethyl)amine),’® a macrocyclic
square-planar tetrasulfonatophthalocyanine complex,>® and
all-inorganic compound [Cus(OH),(H,0),(SiWs033),]'*” based
on polyoxometalate (POM).>' The catalytic activity of the latter
can be attributed to its ability to undergo reversible and step-
wise multielectron transfer without changing the cluster struc-
ture. Moreover, POMs are intensively studied class of inorganic
materials that can be considered as soluble ultrasmall oxide
nanoparticles.”” They hold great promise for a variety of appli-
cations in catalysis,” medicine, magnetism and photochro-
mism.>* Featuring advantages of homogeneous and hetero-
geneous catalysts, POMs have been explored as efficient
WOCs.* In recent years, various approaches aimed at decorat-
ing the anionic POM clusters with complex cations have been
developed.”® In this way, one can tune catalytic, optical,
electrochemical and magnetic properties of the material.””
Previously, we have successfully isolated 3d transition metal-
containing polyoxovanadate and polyoxomolybdate hybrid
compounds using one-pot direct synthesis approach.*®*° The
complexes of manganese and cobalt decorated with decavana-
date clusters have proven to be efficient homogeneous
WOCs.” In order to modify the catalytic performance of the
hybrid WOCs, we have obtain three heterometallic compounds
constructed from copper-polyamine fragments coordinated by
the rare [V,Mo0s056]" cluster anions. Their activity has been
evaluated in the model photo-oxidant system using
[Ru(bpy);]** dye as photosensitizer and persulfate as sacrificial
electron acceptor (Fig. S1t). The compounds exhibit different
coordination manner of copper by the polyamine ligands and
water molecules providing insights into the water oxidation
mechanism. As there is considerable interest in the use of
heterogeneous WOCs for developing solar energy conversion
devices, the mixed-oxide phases obtained after thermal degra-
dation of the complexes have been also examined in photoche-
mical water oxidation appropriate.

Results and discussion
Synthesis and characterization of hybrid compounds

Hybrid metalorganic-inorganic compounds based on POMs
are usually synthesized starting from solutions of corres-
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ponding building blocks (e.g., metal complexes and POM
clusters) or by hydrothermal techniques. Both methods often
give rise to formation of a mixture of products, which require
further purifications. Following our previous studies on the
direct synthesis approach,®®*?° we have obtained three
hybrid compounds (NH,),,(Hzen),{[Cu(en),][a-V,M0sOy6]}-
4nH,0 (1) (en = ethylenediamine), (NH,4),{[Cu(dien)
(H20)]5[-V,M040,6]}-5H,0 (2) (dien = diethylenetriamine) and
(NH,),{[Cu(dien)(H,0)],[a-V,M06O,6]}-8H,0 (3) starting from
copper metal, (NH,)sMo0,0,,-4H,0, V,05 and corresponding
polyamine from aqueous solution. This kind of synthesis
occurs under mild and anion-deficient conditions promoting
selective formation of POMs that can be easily isolated from
the mother liquid (see Experimental section for details). When
en is used as a ligand, the target product 1 can be obtained
in the course of the copper dissolution accompanied by air
oxidation only. Using the wet chemistry method (i.e., starting
from soluble copper salts instead of copper metal), we were
not able to isolate a crystalline product. When dien is used
as a ligand, the oxidative dissolution of copper leads to for-
mation of green crystals of 2. After crystalline product 2 has
been filtered off, violet crystals of 3 start to precipitate
from the mother liquid. The purity of 2 and 3 obtained from
the same reaction mixture has been confirmed by PXRD
analysis; the positions of the experimental peaks are in
good agreement with the simulated peak profiles calculated
from the single-crystal XRD data (Fig. S21). In contrast to 1,
products 2 and 3 could be isolated using both direct synthesis
and wet chemistry method. However, the higher yields of the
final compounds were achieved using Cu® as a starting copper
source.

Crystal structure

Single-crystal X-ray structure analysis reveals that three
obtained compounds are based on rare vanadomolybdate
cluster [V,M060,6]%". It has crystal structure similar to that for
trivial a-octamolybdate anion [MogO,e]*.*" However, the
V-substituted cluster consists of two {VO,} units capping oppo-
site faces of a ring constructed from six edge-sharing {MoOg}
octahedra leading to overall D34 symmetry. At first glance, the
ring of octahedra caped with two tetrahedra looks like well-
known phosphomolybdate Strandberg anion®> but having six
{MOg} polyhedra in the ring instead of five. More symmetrical
anion is formed due to a larger covalent radius of V hetero-
atom as compared to P. The similar POMs with even larger As
heteroatom have been also reported.>® Both [X,M040,6]°” (X =
V, As) anions are extremely rare in contrast to their phospho-
rous analogue. Though the vanadomolybdate cluster was first
reported in 1979,* to our knowledge, there are just a few
examples of hybrid compounds based on this V-substituted
POM reported to date.>® Importantly, in the anion each {VO,}
tetrahedron shares its three O atoms with the polyoxomolyb-
date ring, while the fourth O atom is a potential coordination
or protonation site of the cluster. The Mo-O distances for
three types of O atoms are notably different (Table S1t). For
terminal O atoms, Mo-O distances range from 1.675(3) to

This journal is © the Partner Organisations 2019
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Fig.1 Combined polyhedral and ball-and-stick representation of the 1.
H atoms are omitted for clarity. Colour scheme: Mo yellow, V orange;
Cu cyan; N blue; C black; O grey (this colour scheme is used throughout
the manuscript).

1.723(4) A, indicating double Mo=0 bonds. However, Mo—L,-
0 and Mo-1;-O distances are 1.887(3)-1.930(3) A and 2.270(3)-
2.368(5) A, respectively, corresponding to single Mo-O bonds.
Double bond lengths of V-O (terminal) are from 1.624(3) to
1.660(6) A while V—ui;-O single bonds are from 1.726(5) to
1.766(3) A. These structural features of the anions in 1-3 are
typical for the octamolybdate cluster, whose capping tetrahe-
dra contain heteroatoms.>”

In 1, the Cu" coordination sphere consists of four N atoms
from two en molecules in the equatorial plane and two O
atoms from two POMs in the axial positions of a distorted
coordination octahedron (Fig. 1, Table S17). The {Cu(en),} unit
is linked to the cluster through terminal oxygen atom from
{MoOg} fragment with Mo-O(Cu) distance of 1.723(3) A. The
anion and copper moieties are arranged alternately forming
an infinite 1D chain parallel to the [011] crystallographic direc-
tion with the chain pitch of 13.769 A. It is additionally stabil-
ized by N-H---O contacts between H atoms of coordinated en
and O atoms of POM anion (Fig. S3, Table S2t). The voids
between the chains are filled with ammonium and non-co-
ordinated H,en>" cations as well as water molecules, linked to
the chain and to each other by the series of hydrogen bonds.

Both structures 2 and 3 have complex anions {[Cu(dien)
(H,0)],[VaM060,6]}> of exactly the same composition, formed
by [VoM0s056]° linked to two {[Cu(dien)(H,O)]} complex
cations. Copper site in {[Cu(dien)(H,O)]} fragment reveals (4 +
1) coordination type forming {{CuON;]O} coordination poly-
hedron with three nitrogen donors of one dien ligand and one
O atom of water in equatorial plane and with other O atom at
a larger distance from Cu in the axial position (Table S1,}
Fig. 2).

The compounds differ in a manner of binding of copper
fragments to POM. In 2, the coordinated oxygen in equatorial
plane belongs to the [VO,] polyhedra of the POM fragment
(Cu-O(V) bond is 1.983(6) A), while the axial position - to the
water molecule (Cu-OH, distance is 2.380 A). In 3, another
coordination manner is observed: O atom in equatorial plane
is from the water molecule (Cu-OH, distance is 1.966 A) while
the other one is the terminal O atom of [MoOg] polyhedra of
the POM anion (Cu-O(Mo) is 2.416 A). Such a substantial
difference in the values of Cu—-OH, bonds in 2 and 3 is due to
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Fig. 2 Combined polyhedral and ball-and-stick representation of the
complex anions {[Cu(dien)(HZO)]Z[VZMosozsl}z‘ in 2 (@) and 3 (b). H
atoms are omitted for clarity.

the various positions of coordinated H,O in the copper com-
plexes.*® The value of angular structural index parameter 7 is
0.26 in 2 and 0.22 in 3, therefore, the {{CuON;]O} coordination
polyhedra have square-based pyramidal geometry with trigonal
bipyramidal distortion.>”

In 2, the complex fragments are connected in integrated 3D
structure via multiple hydrogen bonds involving ammonia
cations and crystallization water molecules (Fig. S471). In 3, the
second axial possible coordination site at Cu centre is occu-
pied by the terminal O atom of the [MoOs] polyhedron of
neighboring POM anion with significantly elongated Cu-O dis-
tance of 2.889 A which can be interpreted as supramolecular
interaction. The copper fragments are connected with POM
forming 1D chain along [010] direction (Fig. 3). Moreover, the
chain is additionally stabilized by H-bonds by means of H
atoms of coordinated water molecules together with terminal
O atoms of vanadate fragments (Table S27); the chain pitch is
9.195 A. The chains are linked via hydrogen bonds involving
ammonia cations and water molecules located in voids
between the chains.

Fig. 3 Combined polyhedral and ball-and-stick representation of the
supramolecular 1D chain in the structure of 3. The H-bonds and inter-
molecular Cu-O'(Mo) contacts are shown as dashed lines. H atoms,
non-coordinated water molecules and ammonium cations are omitted
for clarity.
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FTIR and UV-vis spectroscopy features

The FTIR spectra of the compounds 1-3 reflect the formation
of the V-substituted octamolybdate cluster (Fig. 4).>>* The
intensive bands between 1000 and 500 cm™" can be assigned
to M-O and M-O-M (M = Mo, V) stretching vibrations of the
POM. The bands around 1610 cm™" and 1420 cm ™" are charac-
teristic of in-plane bending 5(HOH) of water molecules and
S(HNH) of coordinated en/dien ligands, respectively. The
strong absorption for 1 at 1045 cm™" can be assigned to the C-
N modes of the H,en®' cations located in the interchain
space.”®® The characteristic bands in the region of
3340-3180 cm™ " are attributed to the N-H vibrations of the
amines, while intensive broad bands in the region of
3650-3100 cm™" are associated with the stretching vibrations
v(O-H) of the water molecules (Fig. S57).

The intensive bands in the UV-vis reflectance spectra of the
solid state compounds 1-3 observed at ~320 nm can be attribu-
ted to the O — M charge transfer characteristic of POMs
(Fig. S6at).>*” Broad bands in the visible region are typical for
the d-d transition in divalent copper complexes.*® The differ-
ence between the position of the d-d band for 2 (Anax =
630 nm) and 3 (Anax = 560 nm) may originate from the different
coordination polyhedra. The elongated sixth bond in 3 leads to
the remarkable blue shift of the d-d band that is reflected in
variation of color: the crystals of 2 are green while 3 are violet.
Moreover, the shift can be also assigned to dissimilar origin of
O donor at equatorial positions of Cu complexes in 2 and 3.

Interestingly, two green solutions were obtained upon dis-
solving of the compounds in water. Their UV-vis absorption
spectra appeared to be similar (Fig. S6bt). Although 3 can be
regarded as 1D coordination polymer, it is soluble in water —

T | —
800 600 400
Wavenumber, cm™

M | | 1 1
1800 1600 1400 1200 1000

Fig. 4 FTIR spectra of 1-3.
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as well as discrete complex 2 - assuming dissociation of the
chains. Indeed, one of the Cu-O(Mo) contacts in 3 is signifi-
cantly elongated and arguably breaks upon solvation. In the
ESI-TOF mass spectra of the aqueous solutions of 2 and 3 the
same complex anion with m/z = 1464 can be found attributed
to {[Cu(dien)(H,0)],[0-V,M0¢0,6] + H}~, based on its isotope
pattern and molecular weight (Fig. S71).

EPR spectroscopy

The paramagnetic species formed in the reaction mixture solu-
tions containing dien (see Experimental section), obtained via
oxidative dissolution of zero-valent copper (Method 1) and wet
method using Cu(u) salts (Method 2), were identified using
EPR spectroscopy. The spectra recorded at 77 K exhibit dis-
tinctly resolved copper hyperfine splitting signals in the g
region (Fig. 5). The spin-Hamiltonian parameters determined
by the simulation of the experimental spectra (Table 1) are in
agreement with the values reported previously for Cu(u) com-
plexes with four N atoms in an equatorial plane.**”

Slightly acidic media of the reaction mixtures (see experi-
mental part) can promote the protonation of one NH,-group of
dien and therefore formation of [CuL,] species®*” instead of
typical for this ligand [CuL] complexes.’®” Thus, despite
different reaction pathways, similar copper complexes are
present in the both solutions at the final steps of the reaction.
In contrast to the previously reported data,**” the reduction of
V¥ to V'V by zero-valent metal was not observed.

The EPR spectra of the 2-3 solutions in dimethyl sulfoxide
(dmso) indicated an increase of g and decrease of A values as
compared to that observed for Cu(u) complexes formed in the
reaction mixtures. It confirms the changes from N, to N;O
donor sets in xy Cu(n) plane.**” The results are in accordance
with the structural data indicating that copper fragments
remain intact in solutions.

It should be noted that the spin-Hamiltonian parameters of
spectra for water and dmso solutions are the same, however,
the hyperfine structure is better resolved in dmso.

Cu’+L+{V}+{Mo}

[Cuz’+L] +
[{V}+{Mo}]

T T T T
3000 3200 3400 3600

Magnetic field, G

T T
2600 2800

Fig. 5 EPR spectra of the frozen aqueous solutions (77 K) of filtrates
obtained by Method 1 (starting from Cu®) and Method 2 (the use of Cu®*
salt) and dmso solutions of 2 and 3 (Sol2 and Sol3, respectively).

This journal is © the Partner Organisations 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9qi00040b

Open Access Article. Published on 29 May 2019. Downloaded on 8/23/2025 2:16:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

View Article Online

Research Article

Table 1 EPR parameters for the frozen probes of reaction mixtures obtained by Method 1 and Method 2 (see Experimental section for details) as

well as dmso solutions of 2 and 3 (Sol2 and Sol3, respectively)

Solution

Central atom and

Cu’~dien-V,05-(NH,)¢Mo0,0,,~H,0 (Method 1)

[CuSO, + dien + H,0] + [V,05~(NH,4)sM0,0,, + H,0] (Method 2)
Sol2 (DMSO)

Sol3 (DMSO)

Thermal properties

Thermal behavior of 1-3 studied by thermogravimetry (TG)
and differential thermal analysis (DTA) is presented in
Fig. S8.1 Compounds 1-3 follow the expected way of decompo-
sition. The initial weight loss occurs in 90-230 °C range and
can be attributed to release of the water and ammonia mole-
cules. These processes are characterized by endothermic peaks
on the DTA curves. They are followed by the weight loss in the
region around 400 °C that is accompanied by the exothermic
effect associated with the elimination of the coordinated polya-
mine ligands and formation of oxide phases. A narrow
endothermic peak for 1-3 at ~600 °C is associated with
melting. The detailed description of the thermal degradation
can be found in Table S3.}

As can be inferred from the XRD patterns (Fig. 6) obtained
after the thermal degradation of 2 and 3 in air, their solid pro-
ducts 2-ox and 3-ox contain similar crystalline phases. There is
not only MoO; (orthorhombic) and CuO phases but also Cu-V
bronze, which can be tentatively assigned to Cu,V,05 compo-
sition”® with lattice parameters a = 28.360, b = 3.628, ¢ = 9.441,
S = 98.810. Partial reduction of V(v) most likely occurred due to
the presence of volatile organic molecules. In 3-0x, the higher
relative content of the bronze phase comparing to 2-ox can
influence their properties.

Homo- and heterogeneous light-driven water oxidation studies

The catalytic activity of the complexes in photochemical water
oxidation was evaluated at pH 8.0. Two compounds 2 and 3

A CuO
® MoO,

o Cu-V bronze

20,deg

Fig. 6 Powder XRD patterns of 2-ox and 3-ox.

This journal is © the Partner Organisations 2019
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15
3
£
O 10
2
- 2
o
°
5.
£ cucl,
4
[}
-
1 Blank
0
0 60 120 180
Time (s)

Fig. 7 Oxygen evolution traces for the homogeneous catalytic systems
consisting of 1, 2, 3 (4 uM) or CuCl,-2H,0O (8 pM), [Ru(bpy):]1(ClO4),
(0.1 mM), and Na;S;0g (2 mM) at pH 8.0 driven by blue light (3 W LEDs,
A =450 nm). The blank trace (grey line) was obtained by illuminating the
solution in the absence of catalyst.

were found to evolve oxygen in the system utilizing
[Ru(bpy)s]*" as a light harvester and persulfate as a sacrificial
electron acceptor, while 1 was inactive (Fig. 7). This observation
is in harmony with the generally accepted mechanistic pathway
for the catalytic water oxidation.>**' The initial one-electron
oxidation of the catalyst leads to the formation of a Cu""-OH
species followed by the subsequent oxidation to Cu"V=O0
species. The high-valent metal serves as an attractive substrate
for the nucleophilic attack of a water molecule to complete the
coordination surrounding of Cu. These aqua-oxo species can
easily give rise to the intramolecular O-O bond. The assumed
mechanism is feasible for 2 and 3, whose Cu centres are penta-
coordinated, and one of positions is occupied by water. In case
of 1, the Cu ion is hexacoordinated and cannot yield a key
aqua-oxo complex.

Despite the almost identical composition of 2 and 3, their
activity differs almost twofold (values of TON = 7 and 13 and
TOF = 0.13 s and 0.24 s~* for 2 and 3, respectively) that corro-
borates further the suggested mechanism. The coordinated
water molecule has different positions in 2 and 3 in respect to
the vacant coordination site. The water molecule and the
vacant site are in trans-arrangement in 2 and in cis-arrange-
ment in 3. In the case of 3, formation of the intramolecular
0-0 bond following addition of a second water molecule is steri-
cally possible, while in 2 this would require structural changes

Inorg. Chem. Front, 2019, 6, 1813-1823 | 1817


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9qi00040b

Open Access Article. Published on 29 May 2019. Downloaded on 8/23/2025 2:16:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

Table 2 Catalytic performance of copper complexes in photochemical
water oxidation reported to date

Catalyst pH TON“ TOF*(s™') Ref.
[Cu(F;TPA)** 85 12 0.16 19
[CuPcTS] 9.5 26 0.06 20
[Cus(OH)4(H,0)5(SiWe035),]"" 9.0 12 0.05 21

2 8.0 7 0.13 This work
3 8.0 13 0.24 This work

“TON and TOF values are given per one Cu centre in the WOC
molecule.

around the Cu ion to facilitate formation of such intermediate.
Lloret Fillol et al. have shown that the presence of cis labile
sites in molecular Fe-based WOCs is the key structural feature
for allowing oxygen evolution.'* They have suggested that for-
mation of the O-O bond takes place via attack of a water mole-
cule assisted by a hydrogen-bond interaction with a hydroxo
ligand in a cis-arrangement to a place of the attack. We assume
that both, intra- and intermolecular O-O bond formation scen-
arios are possible. However, taking into account that the trans
analogue 2 is catalytically active, we favour the latter mecha-
nism over the intramolecular O-O coupling.

DLS experiments performed within 15 min after the oxygen
evolution assay show no indication of nanoparticle formation,
which confirms the molecular integrity of the catalysts 2 and 3
(Fig. S91). We have performed control photochemical water
oxidation experiments under nearly identical conditions, but
using copper(u) chloride instead of POMs as a WOC. When
8 pM CuCl,-2H,0 is used, water oxidation is observed with
TON < 3. Albeit there is a limited number of reported studies
devoted to investigation of photochemical water oxidation
using homogeneous Cu complexes,'”?" to the best of our
knowledge, the compounds 2 and 3 exhibit relatively high cata-
lytic efficiency (Table 2). Specifically, their TOF values are three
to five times higher compared to the pentacopper tungstosili-
cate analogue.”

As copper-based oxide materials are known for their cata-
Iytic activity in water oxidation,”* the oxides 2-ox and 3-ox
obtained by thermal decomposition of 2 and 3, respectively,
were also studied as heterogeneous catalysts in the similar
ruthenium dye photo-oxidant system. When 0.1 mg of 2-ox or
3-ox were used, evolution of 65 nmol and 105 nmol of oxygen
was observed, respectively (Fig. 8). As expected, 3-ox features
significantly higher surface area of 13.5 m* g~' comparing to
5.5 m> g~ for 2-ox as was found from absorption studies
(Fig. S107).

Electrochemical properties of 2 and 3

High catalytic efficiency of 2 and 3 in photochemical oxygen
evolution inspired us to investigate their activity in electro-
chemical oxidation of water. The cyclic voltammograms (CV)
of 2 and 3 were carried out in 0.04 M borate buffer at pH 8.0,
thus, under similar conditions used in the photocatalytic
assay. For both compounds, two anodic peaks were observed
(Fig. 9). The first one-electron oxidative process appeared at
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Fig. 8 Oxygen evolution traces obtained in the heterogeneous water
oxidation assay using 2-ox and 3-ox (0.1 mg each) as catalysts,
[Ru(bpy)z]1(ClO,4), (0.1 mM) as sensitizer, and Na,S,Og (2 mM) as electron
acceptor at pH 8.0. The photocatalysis was driven by blue light
(3 W LEDs, 4 = 450 nm). The blank trace is shown in grey.
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Fig. 9 Cyclic voltammograms of 2 (top) and 3 (bottom) recorded in
buffered (pH = 8.0) aqueous solutions at scan rates v from 10 to
1000 mV s7%, and background recorded at v = 100 mV st (grey line).
Insets: anodic current at E = 1.58 V versus NHE as function of ,*/2.
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+1.2 V versus NHE (normal hydrogen electrode) and could be
assigned to the Cu™/Cu" oxidation.'®>** This was followed by
a multi-electron oxidative process starting at +1.32 V versus
NHE corresponding to water oxidation. The onset of the cata-
lytic wave emerged at an overpotential of 0.56 V, which is com-
parable to the related copper-based water oxidation
catalysts.'*>**** For this catalytic process, the peak current I,
is linearly dependent on the square root of the scan rate
(Fig. 9, insets) that indicates a homogeneous process in solu-
tion, but not on the electrode surface. The difference in the
catalytic performance of 2 and 3 may be also explained by the
earlier onset of the pre-catalytic Cu™/Cu™ process for 3, so that
the high-valent copper intermediate is thermodynamically
more accessible by [Ru(bpy)s]** (Ey/, = +1.26 V versus NHE) that
is generated from the light-excited triplet state of [Ru(bpy)s]**
by persulfate. Since formation of the Cu™ species is
accompanied by the deprotonation of the coordinated water
molecule, for both 2 and 3, the Cu™/Cu" wave is non-revers-
ible similarly to other water oxidation catalysts,'®¢344

Conclusions

In this study, three novel hybrid compounds constructed from
the rare vanadomolybdate POMs and copper complex fragments
with polyamine ligands have been described. The main differ-
ence in the complexes is various environment of copper leading
to substantial change in catalytic properties. Compound 1
bearing two en molecules coordinated to Cu centre has been
found to be inactive as the metal’s coordination surrounding is
fully saturated. At the same time, compounds 2 and 3 with one
dien ligand per copper centre have proven to efficiently oxidize
water to dioxygen in the photo-oxidant system driven by visible
light at pH 8.0. Their catalytic performance relies on the rela-
tively mild water oxidation overpotential in combination with
their high stability under catalytic conditions. DLS experiments
indicate that the catalytically active species 2 and 3 are mole-
cular in nature, and presumptive in situ formation of copper
hydroxide nanoparticles does not contribute to the oxygen evol-
ution. The remarkable difference in the catalytic activity of
isomers 2 and 3 has been attributed to the different position of
the coordinated water molecule in respect to the vacant coordi-
nation site available for the binding of the second molecule of
the substrate. Moreover, these structural peculiarities have
further influence on formation of oxide materials by thermal
decomposition of the complexes, especially, on the content of
copper-based bronze. These findings together with synthetic
availability of hybrid compounds based on POMs provide a
promising guideline to design efficient copper-based WOCs.
The relevant studies are currently ongoing.

Experimental
Materials and general methods

All reagents were of analytical reagent grade and were used
without further purification unless otherwise stated. CHN-ana-
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lyses were performed using a Vario El Cube elemental analy-
zer. Infrared (IR) spectra were recorded in the range of
400-4000 cm™" in KBr pellets using a PerkinElmer Spectrum
BX spectrometer. Thermogravimetric analysis (TG/DTA) was
performed in air using a TG-DTA system Setaram SETSYS 16/
18. The TG/DTA curves were registered at a heating rate of 5 K
min~" in the temperature range 20-700 °C. Powder X-ray difft-
action (XRD) patterns were collected in #-26 mode using a
Shimadzu XRD-6000 diffractometer with Cu K, radiation (1 =
1.5418 A, graphite monochromator, 35 kv, 30 mA). The experi-
ment was carried out in reflectance mode for the well-pow-
dered sample in the flat glass container. Data collection has
been performed in step scan mode (26 step 0.020) at a scan-
ning rate 2 s per point. The EPR spectra were recorded on
Bruker ELEXSYS E500 CW-EPR spectrometer operating at
X-band equipped with frequency and NMR
Teslameter.

counter

Single-crystal X-ray crystallography

Details of the data collection and processing, structure solving
and refinement are summarized in Table 3.

Diffraction data for crystals of 1-3 were collected on an
Xcalibur-3 diffractometer (MoKa radiation, 4 = 0.71073 A,CCD-
detector, graphite monochromator, w-scanning). 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.”® Structures were solved by direct methods and
refined against F* within anisotropic approximation for all
non-hydrogen atoms using the OLEX2"® program package with
SHELXT and SHELXL modules.”’

In 1, oxygen atom of disordered water molecule (O15A,
0O15B) was restrained to be approximately isotropic to within
0.01 A% In 2, the same restrain was applied to all crystalliza-
tion water molecules, to within 0.02-0.03 A2,

Syntheses of the complexes

Synthesis of (NH,),,(Hzen),{[Cu(en),][a-V,M040,4]}-4nH,0
(1). The mixture of copper powder (0.025 g, 0.40 mmol),
(NH,4)sM0,0,4-4H,0 (0.424 g, 0.343 mmol) and V,05 (0.055 g,
0.30 mmol) was placed in 50 mL conical flask and 15 mL of
water was poured into the solid reagents. Ethylenediamine
(en, 0.053 mL, 0.80 mmol) was then added under vigorous stir-
ring. The reaction mixture was heated up to 60-65 °C, kept stir-
ring 2.5 hours and total dissolution of metal powder was
observed. The resulting solution was filtered hot and left in
the air. Slow evaporation of the filtrate (pH = 6.22) yielded
violet crystals of 1 in a few days. Yield 0.08 g (14% by copper).
Anal. calc. for CgH,,CuMogNgO30V, (1): C, 4.98; H, 2.92; N,
7.74. Found: C, 4.97; H, 2.88; N, 7.69%. IR (KBr, cm™*): 3530
(br), 3435 (br), 3400 (br), 3285 (m), 3266 (m), 3247 (m), 3153
(br), 3115 (br), 3015 (br), 1625 (sh), 1527 (m), 1526 (w), 1503
(m), 1473 (w), 1455 (w), 1416 (br), 1362 (w), 1328 (w), 1280 (W),
1125 (w), 1102 (w), 1075 (sh), 1063 (sh), 1046 (m), 1004 (w),
993 (w), 932 (s), 900 (sh), 883 (vs), 762 (vs), 701 (s), 668 (W), 631
(s), 579 (m), 553 (m), 527 (m).
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Table 3 Crystallographic data and parameters of data collection, structure solution and refinement for crystal structures of 1-3

# 1
Empirical formula CeH,4,CuMOgNgO30V, (1)
Formula weight 1447.53
Crystal system Triclinic
Space group P1
a () 8.5468(5)
b (A) 10.9507(5)
c(4) 10.9914(4)
a(°) 102.267(4)
£(°) 112.333(5)
7(9) 99.415(5)
V(A% 895.21(8)
zZ 1
Deate (g cm™) 2.685
#(MoK,), mm™* 3.218
F(000) 701
T/K 298
0 range (°) 3.7-30.0
Reflections collected/unique 9455/5609
Rine 0.0448
Reflections with F > 4s(F) 3921
Parameters 262
Ry[F* > 20(F?)] 0.0445
wR” (all data) 0.0711
GOF on F* 0.934
CCDC number 1882180

Synthesis of (NH,),{[Cu(dien)(H,0)],[a-V,M040,¢]}-5H,0 (2)
and (NH,),{[Cu(dien)(H,0)],[0-V,M040,¢]}-8H,O (3). Method
1. The mixture of Cu powder (0.025 g, 0.40 mmol), V,05
(0.109 g, 0.599 mmol) and (NH,)¢M0,0,,-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. Diethylenediamine
(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 70 min and total
dissolution of metal powder was observed. The resulting hot
solution was filtered from a by-product. The small quantity of
green powder formed after cooling down to the room tempera-
ture was filtered in 2-3 hours. Slow evaporation of the filtrate
(pH = 6.34) yielded green crystals of 2 in 3-5 days. Yield 0.15 g
(46% by copper). After removal of 2, the supernatant was left
for further evaporation yielding violet crystals of 3 in a few
days. Yield 0.11 g (33% by copper) and 0.06 g (18% by copper)
in the case of V,05 and NH,VO3, respectively.

Method 2. Initially two different aqueous solutions were
used for synthesis from copper salt. Solution A (10 ml) was
prepared from V,05 (0.109 g, 0.599 mmol) and
(NH4)sM0,0,,4-4H,0 (0.847 g, 0.685 mmol) while solution B
(5 mL) was obtained by mixing CuSO,-5H,0 (0.100 g,
0.40 mmol) and dien (0.043 mL, 0.40 mmol). The solution A
was heated up to 60-65 °C and kept stirring for 30 min with
following addition of solution B. The reaction mixture was
kept stirring for the next 30 minutes. The resulting solution
(pH = 5.76) was filtered hot. The small quantity of green
powder formed after cooling down to the room temperature
was filtered in 2-3 hours. Green crystals of 2 were collected
and air-dried in a day. Yield 0.09 g (28% by copper). After
removal of 2, the supernatant was left for further evaporation

1820 | Inorg. Chem. Front, 2019, 6, 1813-1823

2 3
CgH45Cu,MO0gN5035V, (2) CsHs54Cu;M06N5036V (3)
1589.14 1643.19
Orthorhombic Monoclinic
Pccn P12,4/n1
11.8618(8) 11.2569(3)
23.2484(12) 9.1947(2)
15.7977(8) 21.9132(5)
90 90

90 99.328(2)
90 90
4356.5(4) 2238.11(9)
4 2

2.423 2.438

3.132 3.057

3088 1604

298 298
3.1-27.5 3.6-27.5
30081/5929 19449/7174
0.1797 0.0397
2707 5746

295 286

0.0626 0.0419
0.1247 0.1050
0.954 1.046
1882181 1882182

yielding violet crystals of 3 in about two weeks. Yield 0.05 g
(15% by copper).

Anal. calc. for CgH,3Cu,MogNgO33V, (2): C, 6.05; H, 3.04; N,
7.05. Found: C, 6.01; H, 3.06; N, 6.95%. IR of 2 (KBr, cm™):
3440 (br), 3308 (m), 3260 (m), 3220 (br), 3153 (br), 3035 (br),
2960 (w), 2886 (w), 1685 (sh), 1650 (sh), 1605 (m), 1575 (m),
1466 (sh), 1425 (m), 1395 (sh), 1365 (sh), 1261 (w), 1145 (w),
1135 (w), 1150 (sh), 1090 (m), 1052 (sh), 1030 (m), 996 (sh),
942 (s), 912 (sh), 893 (vs), 871 (sh), 770 (vs), 700 (sh), 635 (m)
580 (m), 526 (m).

Anal. calc. for CgH5,Cu,M0NgO36V,, (3): C, 5.85; H, 3.31; N,
6.82. Found: C, 5.93; H, 3.16; N, 7.02%. IR of 3 (KBr, cm™):
3410 (br), 3332 (w), 3305 (w), 3214 (w), 3157 (br), 3084 (sh),
2955 (w), 2888 (w), 1618 (w), 1575 (w), 1465 (sh), 1426 (br),
1324 (w), 1300 (W), 1260 (W), 1236 (W), 1140 (w), 1095 (w), 1130
(w), 986 (w), 931 (m), 863 (vs), 773 (sh), 755 (br, s), 714 (sh),
621 (m), 579 (m), 529 (m).

)

Synthesis of oxide phases 2-ox and 3-ox

Thermal degradation of complexes 2, 3 was performed under
air atmosphere, the prepared samples being denoted as 2-ox
and 3-ox. The samples were heated to 550 °C at a heating rate
of 5 °C min™", held at this temperature for one hour and
allowed to cool in air.

Oxygen evolution experiments

Oxygen evolution was detected polarographically by using a
standard Clark-type oxygraph electrode. The electrode was sep-
arated from the sample solution by a Teflon membrane, and
the signal was recorded every 0.1 s by using the Oxygraph
software package. Air-saturated aqueous solution ([O;]50c =
276 pm) was used for calibration of the electrode. The cell was
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purged with argon gas before each experiment, and the solu-
tion in the cell (1 ml) was continuously stirred. Visible light
LEDs (A = 450 nm, 3 W) were used as illumination sources.
Prior to water oxidation studies, the concentrations of photo-
sensitizer [Ru(bpy);]*" and sacrificial electron acceptor S,0g>
were varied to optimize the reaction conditions. Under opti-
mized conditions, the concentrations of the components in
the catalytic systems in the Clark cell were as follows: 4 um of
WOC, 0.1 mM of {[Ru(bpy);](ClO,),}-6H,0, 2 mM of Na,S,0g
in borate buffer (0.04 M, pH = 8.0). For studies of hetero-
geneous water oxidation with mixed oxides as catalysts, 0.1 mg
of 2-0x or 3-0x, 0.1 mM of {[Ru(bpy);](ClO,),}-6H,0, and 2 mM
of Na,S,05 in borate buffer (0.04 mM, pH = 8.0) were used. All
oxygen evolution experiments were repeated three times each
to afford reproducible turnover frequency (TOF) and turnover
number (TON) values. 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(O,) mol
(Cu)™ s7"); TON = total number of O, molecules per one Cu
atom evolved by the moment of time, when reaction rate
decreased to zero (mol(O,) mol(Co) ™).

Electrochemistry

Cyclic voltammetry was carried out by using an Autolab poten-
tiostat with a GPES electrochemistry interface (Eco Chemie). A
three-electrode system with a 3 mm glass carbon working elec-
trode, a glassy carbon rod counter electrode, and an Ag/AgCl in
saturated KCl aqueous solution reference electrode (E = +0.195
versus normal hydrogen electrode) was used. The counter and
reference electrodes were in compartments separated from the
bulk solution by fritted disks. The working electrode was
polished with 0.05 pm alumina paste and sonicated before
use. The solution under study (5 ml) contained 2 or 3
(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 argon through the stirred
solutions. Samples were kept under argon during the
measurements.

Adsorption studies

N, adsorption isotherms were measured using an Accelerated
Surface Area and Porosimetry System ASAP 2060 at 77 K
(liquid nitrogen bath). Samples (35 mg each) were activated
under dynamic vacuum (10~* Pa) using a Micromeritic
SmartVacPrep sample preparation unit. Helium gas was used
for the determination of the cold and warm free space of the
sample tubes. The surface area was calculated from the
adsorption isotherms using Micrometrics ASAP 2060 Software
(v. 1.00).

Dynamic light scattering studies

DLS experiments were performed by using a Zetasizer Nano S
scattering system (Malvern Instruments Ltd) that used a uni-
phase He-Ne laser (633 nm; 4 mW) working in cross auto-cor-
relation mode. The scattering angle was set to 90° in respect
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the incident laser. The intensity correlation curves were ana-
lyzed with the Zetasizer family software.
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