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ABSTRACT

Given the established electrocatalytic potential of Ni(I)- and Cu(II)-containing tungsten-based POMs, the pri-
mary objective of this work was to create a unique molecular architecture combining both active metal centres in
the two Dawson sandwich POMs, [(CuOH2)2Niz(AsaW150s6)2]110~ and [(NiOH2)2Cuz(As;W150s6)2] 6. This aims
to exploit potential synergistic effects for enhanced catalytic performance and to deepen the understanding of
redox mechanisms in these mixed-metal systems. A detailed electrochemical study of the two POMs in solution,
compared to their homometallic analogues containing only Ni(II) or only Cu(Il) centres, was conducted using
cyclic voltammetry (CV), also coupled to quartz crystal microbalance in order to monitor Cu deposition/
desorption phenomena, and controlled potential coulometry, enabling unambiguous identification and differ-
entiation. X-ray photoelectron spectroscopy (XPS) unequivocally corroborated these findings. Furthermore,
density functional theory (DFT) calculations provide additional insights that are relevant to rationalise the
electrochemical measurements. The molecular orbital sequence, energies and shapes provide relevant supporting
information to the experimental facts. Combined evidence establishes that Na/Ni compounds maintain the W-
only electrochemical fingerprint, whereas new CV features appear when Cu(lIl) is part of the structure, modulated
by the rest of the equatorial composition. Protonation has been explored and its effects on the redox chemistry
examined at the theoretical level.

1. Introduction

derived from the Dawson structure, characterised by a central metallic
cluster composed of metal centres of distinct nature [26-31]

Polyoxometalates (POMs) constitute a class of discrete molecular
entities whose physicochemical properties can be finely tuned. Often
considered as soluble analogues of molecular oxides, these species
exhibit considerable potential due to the variability in their size, struc-
ture, and chemical composition [1-10] The development of multi-step
stereoselective synthesis strategies allows for the rational incorpora-
tion of various metallic cations, thereby generating POM architectures
that prove to be privileged nano-objects for the investigation of reaction
mechanisms, particularly in electrochemistry [11-25] Our interest has
focused, over the past few years, on heterometallic sandwich-type POMs
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In this study, our attention was directed towards two POMs,
[(CuOH,)2Ni(As;W15056)2]'®”  and  [(NiOH2)5Cuz(AsWi50s6)2] '
(abbreviated [(H20-Cu)2-Niz] and [(H20-Ni)2-Cuz] in the following,
respectively), sharing a common structure formed by two
[AssW150s6]12~ Dawson fragments that sandwich a metallic cluster in
the equatorial region, comprising two copper and two nickel ions (see
Fig. 1). These POMs exhibit an identical chemical composition and
nearly identical crystallographic structure, differing solely in the rela-
tive arrangement of the Cu(Il) and Ni(II) centres within the cluster. In
[(H20-Cu)2-Ni2], the Ni(II) centres occupy internal positions in the
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Fig. 1. Polyhedral representation of the mixed-sandwich POM structure
[(MOH3),M’ 5(As;W15056)2]11°~. Blue octahedra represent WOg groups, whereas
green and purple octahedra represent MOg and M’ Og (for Ni or Cu) blocks. The
red tetrahedra are AsO4 groups.

equatorial metallic cluster, adopting an octahedral environment where
each is coordinated to six oxygen atoms which, in turn, are each bonded
to a tungsten atom belonging to the [Asy;W;50s6]'2~ fragments.
Conversely, the Cu(Il) centres are located in external positions of the
central cluster, within a distinct octahedral environment consisting of
five oxygen atoms from the tungstic framework and a sixth oxygen atom
belonging to an aqua group. [(H20-Ni)2-Cus] displays the reverse
configuration in the metallic cluster, with the Cu(Il) centres in the in-
ternal positions and the Ni(II) centres in the external positions.

The significant potential of tungsten-based POMs containing Ni(II) or
Cu(Il) metal centres in various electrocatalytic processes has been
revealed, notably in the reduction of nitrogen oxides, dioxygen and
hydrogen peroxide, emphasizing their catalytic versatility [31-48]
Within the scope of the fundamental research preceding these possible
applications, this study aims to provide a comprehensive electro-
chemical characterisation of the redox behaviour of the two newly
synthesised mixed-sandwich POMs, comprising two Cu(I) and two Ni
(II) centres within their equatorial metal cluster. By direct comparison
with the corresponding Cu(I)-only and Ni(I)-only analogues, this work
seeks to elucidate the fundamental charge-transfer mechanisms —
involving both electrons and protons — with further insight provided by
DFT calculations.

We conducted a detailed electrochemical study of the two POMs in
solution, comparing them to their homometallic analogues containing

Electrochimica Acta 548 (2026) 147858

two, or four Ni(II) or Cu(II) centres (see Table S1). The combined use of
various electrochemical techniques, including cyclic voltammetry,
coupled to the quartz crystal microbalance, as well as controlled po-
tential coulometry, enabled an unambiguous identification of each POM
and the differentiation from its analogues. Furthermore, the results
obtained by XPS spectroscopy unequivocally corroborated the obser-
vations and conclusions derived from the electrochemical study. Theo-
retical calculations based on density functional theory (DFT) allowed us
to better interpret the experiments. Based on the results obtained from
the study of the redox behaviour of these POMs and the theoretical
calculations, we were able to anticipate and explore certain electro-
catalytic properties of these different compounds.

2. Experimental section
2.1. Chemicals and reagents

Pure water obtained with a Milli-Q Integral 5 purification set was
used throughout. All reagents were of high-purity grade and were used
as purchased without further purification. Sodium tungstate dihydrate
(NagWO04-2H20, 99 %, Sigma-Aldrich), hydrochloric acid (HCI, 36.5-38
% Riedel de Haen), sulfuric acid (HoSO4, 98 %, Sigma-Aldrich), acetic
acid (CH3COOH, 100 %, Prolabo), lithium acetate dihydrate (LiCHs.
COO0-2H,0, Sigma Aldrich), nickel nitrate hexahydrate (Ni(NO3)5-6H20,
Prolabo), copper sulfate pentahydrate (CuSO4-5H50, Prolabo), sodium
chloride (NaCl, Acros Organics), and lithium sulfate monohydrate
(Li2S0O4.H-0, Prolabo).

[AsaW15056]1'% (AsaW1s), [(NaOH2)2Cuz(AssW150s6)21'8 ([(H20-
Na),-Cuz]), [(CuOH2)2Cus(As;W150s6)21'%” ([(H20-Cu)p-Cus]), [(Na
OH,)2Nip(As;W15056)21'®"  ([(H20-Na)p-Niz]) and  [(NiOH3),Nip
(AsW15056)211%~ ([(H20-Ni)2-Nis]) were prepared by the following
synthetic procedures previously reported [49-52]. The synthesis of
[(CuOH2);Nip(As;W15056)2]'®”  ([(H20-Cu)o-Nig])  and  [(Ni
OHz)ZCuZ(A52W15056)2]16’ ([(H30-Ni)5-Cuy] ) was adapted from the
method used for compounds containing two metal centres [26-28,30,
31] Table S1 in the ESI presents the chemical formulas and abbreviated
notations of all the POMs used in this study. Expected corresponding
structures are presented on Scheme 1 below.

2.2. XPS analysis

XPS analysis of the six polyoxotungstates, [(H20-Na)2-Niz], [(H20-
Ni)2-Nis], [(H20-Na)y-Cup], [(H20-Cu)o-Cuy], [(H20-Cu)2-Nip],
[(H20-Ni),-Cuz] was performed in order to quantify the composition of
the powders.

XPS measurements were recorded on a Kratos Axis Ultra X-Ray
photoelectron spectrometer equipped with a microfocused (300 x 700
pmz) monochromatic radiation (Al Ka source, 1486.6 eV) operating at
120 W under a residual pressure of about 10~° mbar. The spectra were
collected at a take-off angle of 90° with a pass energy of 20 eV. Charge
compensation was applied by flooding low-energy electrons. All spectra
were energy-calibrated assigning the adventitious carbon C 1s a binding
energy of 285.0 eV. Spectra were mathematically fitted with Casa XPS
software using a least-squares algorithm and a nonlinear Shirley-type
background. The fitting peaks of the experimental curves were defined
by a combination of Gaussian (70 %) and Lorentzian (30 %) distribu-
tions. The core level spectra were used to evaluate the atomic concen-
tration of the species present in the powders. The atomic concentrations
were estimated from the relative peak areas of the spectrum and the
corresponding sensitivity factors according to Eq. (1):

(%)
Si
At% = M
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Scheme 1. Synthetic steps for the formation of mixed (top branch) and single-metal sandwich POMs (bottom branch) from the Wells-Dawson

[As;W15062]° precursor.

where A; is the peak area of the element I and S; is the sensitivity factor
for this element. Sensitivity factor values of 1, 2.93, 4.07, 16.33, 22.18
and 25.39, were used for C 1s, O 1s, As 3p, W 4d, Ni 2p and Cu 2p,
respectively.

2.3. Electrochemical experiments

Electrochemical data were obtained using an EG & G 273 A driven by
a PC with the M270 software. A one-compartment cell with a standard
three-electrode configuration was used for cyclic voltammetry experi-
ments. The reference electrode was a saturated calomel electrode (SCE),
the counter electrode a platinum gauze of large surface area; both
electrodes separated from the bulk electrolyte solution via fritted com-
partments filled with the same electrolyte. The working electrode was a
3 mm OD edge-plane pyrolytic graphite disc (EPG, Mersen, France). The
pre-treatment of this electrode before each experiment, adapted from
the procedure described in a former work [53], was as follows: 1. Fine
polishing using diamond pastes (DP Diamond-Struers) of decreasing
grain size (3 min with a grain size of 6 pm, 3 min with a grain size of 3
pm and 6 min with a grain size of 1 pm). The electrode then underwent
two successive ultrasonic washings in ethanol and in Millipore water,
respectively, lasting for 5 min each. Results were highly reproducible
from one experiment to another and slight variations observed over
successive runs are rather attributed to the uncertainty associated with
the detection limit of our equipment (potentiostat, hardware and soft-
ware) rather than to working electrode pre-treatment or possible vari-
ations in temperature.

The composition of the various media was as follows: 0.2 M Li;SO4 +
HSO4 for pH 2.0 and 0.4 M CH3COOLi + CH3COOH for pH 4.0. The
polyanion concentration was 2 X 10~* M. Prior to each experiment,
solutions were de-aerated thoroughly for at least 30 min with pure Ar. A
positive pressure of this gas was maintained during subsequent work.

Cyclic voltammograms were recorded at different scan rates according
to the purpose of the experiments. All experiments were performed at
room temperature, which was close to 20 °C in our laboratory.

2.4. Electrochemical quartz crystal microbalance (EQCM)

The electrochemical quartz crystal microbalance (EQCM) setup used
in this work was the model QCA 922 (Seiko/EG&G) with 9 MHz AT-cut
crystals. New crystals equipped with carbon electrodes provided by
Seiko were employed, since classical gold or platinum electrodes were
inappropriate for the present study. The geometric surface area of these
carbon electrodes was 0.20 cm?.

2.5. Computational details

To model the structural and electronic features of the studied sys-
tems, density functional theory (DFT) calculations were performed with
Gaussian16[54] and ADF2022[55] programs. The unrestricted spin
formalism was applied assuming high-spin open-shell electronic con-
figurations for the transition metal centers (Ni and Cu), a scenario that
aligns with experimental observations and prior theoretical studies.

Geometry optimisations were carried out using ADF2022 for its su-
perior use of molecular symmetry, with the BP86 functional[56] and the
triple-{ with polarization (TZP) basis sets for all atoms along with scalar
relativistic effects via the Zeroth Order Regular Approximation (ZORA)
[57] The effects of the surrounding solvent (water, ¢ = 78.4) were
introduced with the Conductor-like Screening Model (COSMO) [58]
With the optimised molecular geometries, we performed single point
calculations using Gaussian16 to obtain molecular orbital energies, total
molecular electronic energies and spin densities. In this step, the B3LYP
functional[59,60] was employed because of its proven reliability in
reproducing electronic properties over a broad range of systems. O
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atoms not bonded to Cu and Ni were described with an all-electron
double-{ + polarization 6-31G(d,p) basis set. W and As atoms (not
located in the equatorial region) were treated with valence double-{
LANL2DZ basis sets, which incorporate ECPs for the core electrons. The
atoms in the equatorial region were described with more extended basis
sets for a more accurate description of the electronic behaviour critical
for redox processes: for H and O in aqua groups, and O and Na atoms
directly bonded to the sandwiched metal centers, we used all-electron
triple-{ + polarization 6-311G(d,p) basis sets. Similarly, for transition
metals (Ni and Cu) we employed valence triple-{ + polarization
LANL2TZ(f) basis sets with the corresponding effective core potentials
(ECPs). Solvent effects in Gaussian calculations were modeled using the
Polarizable Continuum Model (PCM)[61] with water as the solvent.
Additionally, Grimme’s dispersion corrections[62] (GD3BJ) were
applied in all single point calculations to account for long-range
dispersion effects.

3. Results and discussion
3.1. XPS analysis

Representative XPS survey spectra recorded for the six compounds
were performed in order to quantify the composition of the powders
(Figure S1). The Cu 2p, Ni 2p, As 3p, Na 1s and W 4d are observed at
934, 855, 145, 1071 and 247 eV, respectively, in addition to the C 1s
(285 eV) and the O 1s (530 eV) peaks. Table 1 presents the elemental
composition of the six compounds analysed via XPS in this study, as
previously noted. Sodium ions (Na™) were excluded from the elemental
composition calculations. The determined elemental composition is in
excellent agreement with the expected stoichiometry of the molecules.

It is important to highlight that the amount of W, As and O in each
compound remains nearly constant (see Table 1) in agreement with the
stoichiometry of the analysed molecules, as can be observed in
Figures S2-S4 corresponding to the high-resolution spectra of W 4d, As
3p and O 1s, respectively. It should be noted that although the W 4f
signal is typically used to study tungsten by XPS since it is easier to excite
by X-Ray sources, here the W 4d core level was considered for the
quantification due to the overlapping of the W 4f and the As 3d signals.
The experimental data presented in Table 1 align well with the expected
powder composition based on the molecular formula. In this sense,
Figure S2 displays the W 4d core level spectra recorded for the six
compounds. The main envelope of the W 4d core level spectra was
curve-fitted, in all the cases, with a single doublet, exhibiting binding
energies of 247.7 and 260.2 eV for the W 4ds/» and the W 4ds/, lines,
respectively. This doublet, characterised by a spin-orbit splitting of 12.5
eV, is indicative of the presence of W+ ions. Figure S3 shows the As 3p
core level spectra for the six compounds. The main envelope of the As 3p
core level spectra was curve-fitted, in all the cases, with a single doublet,

Table 1
Atomic composition of the powders estimated from the XPS data.

Atomic concentration / % Atomic ratio

Compound Cu Ni w As (0] W/Cu W/Ni W/As
[(H,0-Na),- 1.3 - 199 27 761 153 - 7.4
Cuy] 15) (7.5)
[(H20-Cu)»- 2.6 - 19.7 2.6 75.1 7.6 - 7.6
Cuy] (7.5) (7.5)
[(H,0-Na),- - 1.3 200 26 761 - 15.3 7.6
Ni,] 15) (7.5)
[(H20-Ni),- - 27 200 27 746 - 7.4 7.4
Niy] (7.5) (7.5)
[(H20-Cu),- 1.3 13 198 26 750 152 15.2 7.6
Nip] (15) (15) (7.5)
[(H20-Ni),- 1.3 13 198 26 750 152 15.2 7.6
Cuy] (15) (15) (7.5)

Theorical atomic ratio values are given in parentheses.
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exhibiting binding energies of 144.6 and 149.7 eV for the As 3ps/2 and
the As 3p; 2 lines, respectively. The O 1s core level spectra were fitted
with two components at 530.7 and 531.6 €V, in all the cases, which were
attributed to the W-O and O-H bonds, respectively (Figure S4).

Fig. 2A displays the complex Cu 2p core-level spectrum, which for
copper(I)-containing compounds shows its major component, Cu 2p3/,
centred around 934 eV. The XPS Cu 2pj3,, core-level spectra of the
[(H20-Na)>-Cuz], [(H20-Cu)p-Cupl, [(H20-Cu)s-Niz]l and [(H20-
Ni)2-Cuy] samples are presented in Fig. 2A (from top to bottom). The
[(H20-Cu)2-Cuz] powder exhibits doublet peaks in the Cu 2p3,, region,
with components centred at 933.7 eV and 935.2 eV, respectively. Two
hypotheses may explain the presence of these two components: (i) the
coexistence of Cu(I) and Cu(Il) species, with the lower binding energy
component attributed to Cu(I) and the peak at 934.9 eV to Cu(ID); or (ii)
the presence of two distinct Cu 2ps,» components arising from non-
equivalent Cu* centres located at internal and external positions
within the sandwich-type POM structure. The first hypothesis was dis-
carded, since Cu(I) formation in this context would originate from X-ray-
induced reduction of Cu(ll), which should lead to time-dependent
spectral changes, an effect that was not observed. Furthermore,
considering the structural diversity of [(H20-Na)(H20-Cu)-Cuy] and
[(H20-Cu)2-Cuz], the presence of two distinct cu®* species could be
anticipated. The peak at 933.7 eV is attributed to external copper spe-
cies, Cu-O-W-O, while the peak at 935.2 eV is associated with internal
copper species, Cu-OH,. As expected, given the stoichiometry of the
molecule, the areas of these two components are approximately equal in
the case of compound [(H20-Cu)2-Cus], whereas the relative area of
the peak components of Cu 2ps, for compound [(H20-Na)(H20-Cu)-
Cugy] is 1:2. All the Cu 2p core level spectra exhibit broad satellite peaks
located at 942.6 eV, a well-documented phenomenon for copper bonded
to oxygen atoms that arise due to the interaction between the photo-
electron and the surrounding oxygen atoms [63]

Analogous to the copper spectra, the Ni 2p3,, spectra of nickel-
containing compounds are shown in Fig. 2B [(Ho0-Ni)2-Nis] powder
exhibits doublet peaks in their Ni 2p3/» spectra, with peaks at 855.3 and
856.2 eV (associated with non-equivalent Ni(II) sites). The peak at 855.3
eV is attributed to external Ni(II) sites (Ni-O-W-O), while the peak at
856.2 eV is associated with internal Ni(II) sites (Ni-OH>).

3.2. Electrochemistry

Electrochemical characterisation was performed in 0.2 M Li»SO4 +
H,SO4 / pH 2.0 and 0.4 M CH3COOLi + CH3COOH / pH 4.0 solutions.
This is a comparative study of the redox properties of the different
compounds using cyclic voltammetry (CV), controlled-potential coul-
ometry (CPC), and electrochemical quartz crystal microbalance
(EQCM).

3.2.1. Comparative electrochemical study of AsoWis vs [(H20-Na)o-Niy]
and [(HzO—Na)z—Cle]

Initially, we aimed to compare the redox behaviour of sandwich-type
compounds containing a bimetallic "d" cluster with the lacunary frag-
ment AsoWis, which acts as a ligand, in 0.2 M Li»SO4 + H2SO4 solution
at pH 2.0. AspW5 starts to decay after about 15 min in this medium.
This degradation was progressive and continuous, leading to the
appearance of new cathodic waves in the CV compared to the initial one,
and a gradual decrease in the peak current of the original waves, con-
firming the instability of As;Wj5 under these experimental conditions
(Figure S5-A).

In 0.4 M CH3COOLi + CH3COOH solution at pH 4.0, the decay of
AsyWi5 was also manifested by a gradual decrease in the reduction peak
currents (Figure S5-B).

All the waves observed in the CV of As;Wi5 in both studied media
are reversible electron transfer processes attributed to the W(VI) centres
of the compound, the two As(V) centres remaining electrochemically
silent in the explored potential range. When comparing the very first CVs
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Fig. 3. CVs of As,W;5 (black) and [(H20-Na),-Ni,] (red) recorded at a scan rate of 10 mV s~ ! on a EPG electrode, in: (A) 0.2 M Li»SO4 + H2SO4 / pH 2.0; (B) 0.4 M
CH3COOLi + CH3COOH / pH 4.0. Concentration of the bimetallic complexes: 0.2 mM. Concentration of As;Wjs: 0.4 mM.

obtained for AsyWis in both media (black line in Fig. 3A (pH 2) and
Fig. 3B (pH 4)), a shift towards more negative potentials was observed
for all cathodic redox waves attributed to the reduction of tungsten
centres when going from pH 2.0 to pH 4.0, as expected. The first two bi-
electronic reduction steps, which are well separated at pH 2.0 with two
peaks at —0.30 V and —0.38 V vs. SCE, merged into a single four-electron
step at pH 4.0, with the peak shifted to —0.57 V vs. SCE. The third
cathodic system at pH 2.0, which became the second redox system at pH
4.0, was shifted by 60 mV towards more negative potentials (Figure S6
and Table 2).

When comparing the first CV of the AsoW15 with that of the complex
containing two Ni(II) centres at pH 2.0, the first observation is a sta-
bilising effect accompanying the formation of the [(H20-Na)y-Niz]
complex (Fig. 3A). Successive CVs of this complex are superimposable
over a period exceeding 24 h. The stability of the [(H20-Na)2-Nis]
complex in this medium is confirmed by UV-visible spectroscopy results
(See Figure S22). Indeed, like the CVs, the UV-visible spectra recorded
for a solution of [(H20-Na)2-Niz] at pH 2.0 are strictly overlayed over
the same time interval. The rearrangement process, which very often
leads to the conversion of the binuclear cluster complex to a trinuclear
complex when the compound is in its synthesis medium, is not observed,
at least not at the same rate [28] The stabilising effect is likely due to the
presence of the Lit ion in the electrolyte, in contrast to the synthesis
medium which contains the Na' ion. Nevertheless, it should be
reminded that the pH of this study medium (pH 2.0) is considerably
more acidic than that of the synthesis medium (pH 4.6).

In addition to the stabilising effect, a general shift of the voltam-
metric signals towards more negative potentials is observed at 10 mV s !

Table 2

Peak potential (Ep) values (V vs. SCE) in 2 different media: pH 2.0 (0.2 M Li»SO4
+ H,S0,4) and pH 4.0 (0.4 M CH3COOLi + CH3COOH). POM concentration: 0.2
mM (0.4 mM for As;Wis).

pH 2.0
Cuy w,; W, Ws
AsoWis Epc —-0.30 -0.38 —-0.70
Epa -0.17 -0.31 —0.57
[(H20-Na)2Ni,] Epc —0.32 —0.48 -0.78
Epa —-0.25 —~0.42 —0.65
[(H20-Na),Cus] Epc —0.12 —-0.28 -0.37 —0.62
Epa +0.01 —0.23 -0.31 —-0.56
pH 4.0
Cuy W, Wo Ws
Aso;Wis Epc -0.57 -0.76
Epa —-0.35 —-0.67
[(H20-Na),Ni,] Epec —0.50 —062 —0.89
Epa —-0.38 —-0.52 -0.75
[(H,0-Na),Cuy] Epc -0.35 —-0.53 -0.75
Epa +0.02 —-0.36 —-0.67

when going from As;Wis to [(H20-Na)2-Niz] with cathodic potential
peak shifts, AE,., ranging between 20 and 100 mV (see Table 2). The
same observation is made at pH 4.0, namely [(H20-Na)2-Niy] is more
difficult to reduce than AsoWis, with the number and shape of the waves
remaining globally identical (Fig. 3B).

These experimental results demonstrate that the sandwich-type
complex, initially isolated in solid form, maintains its structural integ-
rity in solution. Consequently, the existence of a dissociation equilib-
rium involving free Ni?* cation and [As;W150s6]'2™ is excluded.

The same stabilisation phenomenon of AsaWjs in pH 2.0 solution in
the case of [(H20-Na)s-Nis] is also observed with Cu(II) centres in the
case of the [(Ha0-Na)s-Cuz] complex. The presence of copper leads to
the appearance of new redox waves in the CV, attributable to the
reduction of Cu(Il) to Cu(0), which occurs at less negative potentials
than those of the W(VI) centres (Fig. 4). The Cu(0) formed remains on
the surface of the working electrode and, during the reverse scan, its re-
oxidation (which occurs without diffusion from the bulk to the electrode
surface) gives rise to a large, conical, and symmetric oxidation wave,
characteristic of desorption phenomena. Its peak is located at around
0.01 V vs. SCE. The other reduction steps are attributable to the W(VI)
centres. The third and last reduction step observable in this medium is
followed by an irreversible step attributable to the electrocatalytic
reduction of protons, that is the hydrogen evolution reaction (HER).
Indeed, it becomes difficult to index a reduction potential peak on this
wave, and the reduction current increases continuously while its
reversibility disappears during the reverse scan (Fig. 4A). This phe-
nomenon of catalytic H' ion reduction is related with a combination of
three key factors: the relatively high H' concentration (pH 2.0), the
accumulation of a significant number of electrons (exceeding 10 at this
third step of reduction), and the modification of the working electrode
surface by Cu(0) deposition. Under identical experimental conditions,
the POM containing only two Ni(II) centres does not exhibit the same
catalytic effect, as previously described. However, in a more acidic
environment (pH 0.3) and following deposition onto an electrode sur-
face, this same structure incorporating Ni(II) centres shows notable ef-
ficiency in the catalysis of the HER [46]

A similar electrochemical behaviour is observed at pH 4.0 with a
shift of the potentials towards more negative values, compared to the
values obtained at pH 2.0 (Fig. 4B). The same comparisons were con-
ducted at a scan rate of 10 mV s ! (Figure S7). The CVs recorded at
higher scan rates (Figures S8 and S9) present similar features, indicating
that the electrochemical processes involved are essentially the same,
independent of the kinetics imposed by the scan rate.

Similarly to the [(H20-Na)2-Nip] complex, the obtained results
demonstrate that the [(Hy0-Na)s-Cuy] complex also exhibits remark-
able stability in solution in both media under study. Furthermore, the
data suggest that during the reduction process, Cu(Il) centres are de-
coordinated from the POM framework and are deposited onto the
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Fig. 4. CVs of As;W;5 (black) and [(H20-Na),-Cu,] (red) recorded at a scan rate of 10 mV s™ on an EPG electrode, in: (A) 0.2 M Li»SO4 + H,SO4 / pH 2.0; (B) 0.4 M
CH3COOLi + CH3COOH / pH 4.0. Concentration of the bimetallic complexes: 0.2 mM. Concentration of As,Wjs: 0.4 mM.

working electrode surface as metallic Cu(0). Upon the reverse scan to-
wards more positive potentials, Cu(0) is re-oxidised and reintegrated
into its original coordination environments [36,40,51,64] This behav-
iour, previously reported in the literature, is further investigated using
Electrochemical Quartz Crystal Microbalance (EQCM), as discussed in
Section 3.3.

3.2.2. Comparative study of [(H20-Na)2-Niz] and [(H20-Na)2-Cuy] vs
[(H20-Ni)s-Nisy] and [(H20-Cu)2-Cus]

This section is dedicated to highlighting the differences in redox
behaviour resulting from the substitution of Na* ions by Ni2* or Cu®*
ions within complexes [(H20-Na)2-Niz] and [(H20-Na)s-Cus],

A
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<C 0.0
3.
-~
4.0
pH2.0
— [(H,0-Na),-Ni,]
8.0 — [(H,O0-Ni),-Ni,]
T T T T T T
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— [(H,0-Ni),-Ni,]
-6.0
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-0.4 0.0 0.4 0.8 1.2
E/V

respectively. It is important to note that the equatorial metallic cluster
remains homometallic; however, this substitution leads to a conse-
quential increase in the number of "d" metal centres, specifically from
two to four, and a variation of the total electrical charge from —18 to
—16. The comparative analysis will be structured in two steps: the
comparison between [(Ho0-Na)2-Nis] and [(H20-Ni)2-Niz] on the one
hand, and between [(H20-Na)s-Cuz] and [(H20-Cu)s-Cuz] on the
other hand, will be performed sequentially, first at pH 2.0 and subse-
quently at pH 4.0.

Concerning the homometallic Ni2* based complexes, comparison of
[(H20-Na)2-Niy] and [(H20-Ni),-Nis] (Fig. 5) reveals that the redox
behaviour is influenced by the overall electrical charge, which is directly
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Fig. 5. CVs of [(H20-Na)»-Ni»] (black) and [(H20-Ni)»-Nis] (red) recorded at 10 mV s tin pH 2.0 electrolyte (0.2 M Li»SO4 + HS04): (A) negative scan from
+1.35 V to -0.91 V, (B) from +1.35 V to -0.39 V, both starting at +0.60 V. CVs of [(H30-Na),-Cu,] (black) and [(Hp0-Cu),-Cu,] (red) obtained under identical
conditions: (C) scan from +1.35 V to -0.91 V, (D) from +1.35 V to -0.39 V, starting at +0.60 V.
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related to the number of "d" metal centres sandwiched between the
AsyWis fragments. For [(H20-Ni)2-Nis], its CV at pH 2.0 differs from
that of [(H20-Na),-Nis] in two main ways: 1) the first single reduction
step splits into two distinct steps, and 2) subsequent reductions shift to
more negative potentials. These effects are more pronounced at slower
scan rates, as shown in Figures 5A, 5B, and S10.

The electrochemical behaviour of the complexes [(H30-Na),-Cus]
and [(H20-Cu)2-Cuy] was investigated under identical experimental
conditions (Figures 5C, 5D and S11). Although the Cu(II)-based reduc-
tion wave is not well defined for [(H0-Na),-Cus], a distinctive re-
oxidation wave, featuring a desorption process, is clearly observed
during the reverse potential scan. A comparison of the desorption wave
areas for the two compounds indicates that [(H20-Cu)s-Cuy] contains
approximately twice as many Cu(Il) centres as [(Hy0-Na)s-Cus]. This
assumption is further supported by EQCM measurements (Section 3.3).

Regarding the reduction processes associated with the reduction of
W(VI) centres, both compounds display remarkably similar electro-
chemical profiles in terms of wave shape, potential position, and po-
tential peak values. The reduction peak potentials for the first two steps
are identical for both complexes, occurring at —0.28 V and —0.37 V vs.
SCE (Table 3). Such an observation, which is consistent with expecta-
tions, can be rationalised by the fact that the reduction of Cu(Il) centres
in both systems leads to the formation of a comparable modified elec-
trode surface, denoted Cu(0)@EPG. Simultaneously, the
[AsoW150s56] 12— fragments initially coordinated to the Cu(Il) centres are
released in the immediate vicinity of this newly formed EPG-modified
surface.

It is therefore reasonable to assume that, following the reduction of
Cu(Il) to Cu(0), the subsequent reduction processes involve the same
chemical species, namely, free [AssW150s6]1'27, on an identical Cu(0)
@EPG surface. The reduction peak potentials obtained are very close to
those observed for [A52W15056]12’ alone in solution (Table 2 and
Fig. 4A), although slightly less negative. This modest positive shift
suggests that the presence of Cu(0) at the EPG electrode surface facili-
tates the reduction of [A52W15O56]12’ under same experimental
conditions.

The apparent absence of Cu(II) reduction in the CV of [(H20-Na)s-
Cuy] compared to that observed for [(H20-Cu)2-Cuz] can be attributed
to the differing coordination environments. In [(H20-Cu)s-Cus], the
two supplementary Cu(II) centres, which occupy external coordination
sites, are ligated by aqua groups, consequently being more easily
reduced than the internal Cu(Il) centres present in [(H20-Na),-Cus].
Conversely, the re-oxidation process for all Cu(0) species occurs at
similar potentials. This suggests that, for both complexes, the re-
oxidation involves the same desorption process of metallic copper, Cu
(0), from the electrode surface. Furthermore, based on their coordina-
tion environment, the external Cu(II) centres are anticipated to exhibit a
greater sensitivity to pH variations during the reduction process, which
is consistent with the DFT results.

Upon adjusting the pH to 4.0 (0.4 M CH3COOLi + CH3COOH), a

Table 3
Peak potential (Ep) values (V vs. SCE) in 2 different media: pH 2.0 (0.2 M Li»SO4
+ H,S04) and pH 4.0 (0.4 M CH3COOLi + CH3CCOH).

PH 2.0
Cu W, W, W3 Wy

[(H50-Ni),-Nis] Epe —0.32 -0.38 —-0.58 —0.70

Epa —0.13 —0.24 —-0.53 —-0.74
[(H20-Cu)2Cus] Epec -0.15 —0.28 —-0.37 —-0.61

Epa +0.03 —0.24 —-0.31 -0.55
pH 4.0

Cu w,; Wy W3 Wa

[(H20-Ni),Niz] Epc —-0.61 —-0.70 —091

Epa —-0.38 -0.61 —-0.84
[(H,0-Cu)2Cus) Epc —-0.30 —0.57 —0.71

Epa +0.10 +0.36 —0.37 —0.67
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pronounced negative shift was observed for all reduction peaks,
particularly those attributed to the cupric centres (Figures S12A and
S12B) compared to the electrochemical behaviour reported at pH 2.
These peaks merged with the reduction peaks of the W(VI) centres,
appearing as shoulders (Fig. 6A). Consequently, it became challenging
to isolate the reduction of the Cu(II) centres from the initial reduction
step of the W(VI) centres (Figure S13A). Notably, the first reduction step
of the tungsten centres exhibited a slight cathodic shift for [(HyO-Cu)o-
Cuy] compared to [(H20-Na)2-Cuz] (AE = 40 mV). The most striking
difference between the two compounds was evident during the anodic
scan, upon re-oxidation of the deposited Cu(0). While [(H20-Na)2-Cus]
exhibited a single, symmetric re-oxidation peak, characteristic of a
simple dissolution process, [(H20-Cu),-Cup] displayed at least two
distinct re-oxidation peaks (Figures 6A and S13B). This complex
behaviour suggests a multi-step re-oxidation mechanism involving
either the formation of copper oxides/hydroxides or the intermediary of
Cu(l) species.

The redox behaviour of [(H20-Cu)2-Cuz] should be greatly influ-
enced by the properties of the medium of study. Two key factors are at
play: first, the pH, set at 4.0, implies a hundred-fold lower H' ion con-
centration than in a previous medium at pH 2.0. Second, the nature of
the electrolyte’s anion is crucial. In fact, acetate ion is known for its
coordinating power compared to the sulphate ion [65,66] These com-
bined elements will have a direct impact on the reducibility of the
external Cu(Il) centres. These centres, each linked to a labile aqua group,
will also exhibit acid-base properties. The synergy of all these factors
will significantly influence the nature, formation and re-oxidation
mechanisms, and the stability of the reduced species, particularly
those adsorbed on the working electrode surface.

Upon increasing the pH from 2.0 to 4.0, the electrochemical
behaviour of [(H20-Na)2-Niz] and [(H20-Ni)2-Nia] was dominated by
changes in the redox processes associated with the W(VI) centres, as the
Ni(II) centres remained electrochemically silent within the potential
window. For the di-nickel complex, the reduction peaks associated with
tungsten shifted cathodically as the pH increased from 2.0 to 4.0. At pH
2.0, two well-resolved peaks were observed whereas at pH 4.0 they
merged into a single, broader feature consisting of a main peak at —0.62
V and a shoulder at —0.51 V vs. SCE (Figure S14A). A similar trend was
observed for [(H20-Ni)2-Nis] (Figure S14B). A direct comparison of the
CVs at pH 4.0 (Fig. 6B) revealed that both compounds exhibited a
similar initial reduction process, consisting of a shoulder around —0.50
V followed by a well-defined main peak near —0.62 V for [(H20-Na)s-
Niy] and —0.61 V for [(H20-Ni)2-Nis]. Additionally, [(H20-Ni)2-Nis]
displayed an intermediate reduction peak at —0.70 V. Both compounds
exhibited a final reduction process at approximately —0.90 V vs. SCE.

Comparisons between the CVs of As;W;s and the homometallic
compounds, recorded at a scan rate of 10 mV s~ !, are presented in
Figure S15. As for the compounds previously described containing two
d-metal centres in the equatorial cluster, the CVs obtained at higher scan
rates for those containing four d-metal centres (Figures S16 and S17)
exhibit similar redox characteristics. This suggests that the underlying
electrochemical processes are fundamentally the same, regardless of the
scan rate.

3.2.3. Comparative electrochemical study of [(H20-Na)z-Niz], [(H20-
Na)2-Cuy], [(H20-Ni)2-Niz] and [(H20-Cw)z-Cuz] vs [(H20-Cw)z-Niz] and
[(H20-ND2-Cuz]

In previous sections, our focus was put on sandwich-type complexes
featuring homometallic equatorial clusters composed exclusively of
either Ni(II) or Cu(II) centres. The findings from these studies revealed
that accumulating "d" metal centres into the equatorial cluster, specif-
ically by expanding from two to four centres, exerts a direct or indirect
influence on the complex’s overall redox behaviour. This phenomenon
of electrochemical interdependence is particularly significant because it
was observed even when the metals incorporated into the equatorial
cluster are intrinsically electrochemically silent within the potential
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Fig. 6. CVs obtained at a scan rate of 10 mV s ' in a pH 4.0 acetate buffer (0.4 M CH3;COOLi + CH;COOH). POM concentration: 0.2 mM. (A) CVs of [(Hy0-Na),-
Cuy] (black) and [(H20-Cu)2-Cus] (red). (B) CVs of [(H20-Na)»-Ni»] (black) and [(H20-Ni)s-Nis] (red). Working electrode, EPG. Counter electrode, Pt. reference

electrode, SCE.

window under investigation. This compelling observation strongly
suggests the existence of intra-cluster electronic coupling or inductive
effects that effectively modulate the reactivity of the active centres, even
in the absence of a direct redox process involving the silent centres
themselves [29]

This section extends our investigation to heterometallic sandwich
complexes, incorporating both Ni(II) and Cu(II) centres within the
equatorial cluster. Specifically, we will examine the electrochemical
behaviour of [(H30-Cu)s-Nis] and [(H0-Ni)o-Cus] .

The first objective of this section is to elucidate the impact of
substituting Na® with either Cu?" or Ni2*, respectively, on the cyclic
voltammograms (CVs) of [(Hp0-Na)2-Niz] and [(H30-Na)-Cus].
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Subsequently, we will conduct a comparative analysis of the redox
properties of saturated sandwich complexes, which possess four "d"
metal centres, either identical or different, within the equatorial cluster.

a) [(Hp0-Na),-Niy] and [(H0-Na)o-Cus] vs [(HoO-Cu)o-Nip] and
[(H20-Ni),-Cuo].

The substitution of the Na™ ions in [(H,0-Na)2-Nis] with Cu®" ions,
positioned at external sites and coordinated to water molecules, resulted
in the appearance of a new reduction wave in the CV of [(Hy0-Cu)o-
Nip] at a less negative potential compared to the reduction waves
associated with the W(VI) centres (Fig. 7A). This new feature can be
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Fig. 7. CVsrecorded at 10 mV s~! for 0.2 mM POM solutions in (A-B) PpH 2.0 (0.2 M Li»SO4 + H2S04) and (C-D) pH 4.0 (0.4 M CH3COOLi + CH3COOH) electrolytes.
(A) Scans from +0.60 V to -0.91 V for [(H20-Na)»-Ni»] and -0.75 V for [(H»0-Cu)»-Ni,]. (B) Expanded view of scans from + 0.60 V to -0.39 V for [(H,O-Na)»-
Niy] and -0.24 V for [(H20-Cu)»-Ni,]. (C) Negative scans from +1.35 V to -1.10 V for [(H20-Na),-Ni,] (black) and -0.95 V for [(H»0-Cu)>-Ni,] (red), starting at
+0.60 V. (D) CVs of [(H20-Cu),-Ni,] showing negative scans from +0.60 V to —-0.38 V (red) and -0.24 V (violet).
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unequivocally assigned to the reduction of the Cu(II) centres, which are
known to undergo reduction prior to the tungsten centres in poly-
oxometalates, as described above and in previous studies [51] Unlike
[(H20-Na)2-Cuz] and [(H20-Cu)s-Cusl, the reduction peaks of the Cu
(I) and W(VI) centres are well resolved for [(Ho0-Cu)2-Nis]
(Figures 7B and S17). Beyond the first two quasi-reversible reduction
steps of the tungsten centres, a significant enhancement in the reduction
current and a loss of reversibility were observed for the third step,
suggesting an electrocatalytic process, most likely the HER. This hy-
pothesis will be the scope of a future paper that will address electro-
catalytic properties of these complexes. During the reverse scan, a
prominent symmetric desorption peak was observed, confirming the
previous adsorption of metallic copper on the electrode surface. The
desorption potential of Cu(0) was consistent with that observed for other
Cu2+-containing compounds, occurring at approximately 0.05 V vs. SCE.

When the two Na' ions in the compound [(H20-Na)s-Cuy] are
substituted by Ni®* ions, significant modifications are observed in the
CV of the resulting compound, [(H20-Ni)s-Cup]l, compared to the
initial unsubstituted compound. Fig. 8 presents the CVs of both com-
pounds in a 0.2 M Li2SO4 + H2SO4 / pH 2.0 medium. On the CV of the
compound [(H20-Ni),-Cus] (red), the wave attributed to the reduction
of the two Cu(Il) centres has become much larger and appears at less
negative potentials compared to the initial compound, [(H20-Na)s-
Cuy] (black). Furthermore, the results of the Controlled Potential
Coulometry (CPC) confirm that both compounds contain the same
number of Cu(II) centres (see ESI). Therefore, we propose the following
hypotheses to explain this difference: 1) Replacing Na™ ions by NiZ*
decreases the overall negative charge of the complex from —18 to —16,
thus accepting additional electrons more easily than the initial complex,

A
20.0 4
10.0
<
:‘ R—
Z 0.0
-10.0 4
pH2.0
— [(H,0-Na),-Cu,]
~20.0 — [(H,0-Ni),-Cu,]
T T T T T T T
-0.8 -0.4 0.0 0.4 0.8 1.2 1.6
E/V
C
20.0 -
10.0
<
3
-
— 0.0
-10.0 pH4.0
— [(H,0-Na),-Cu,]
— [(H,0-Ni),-Cu,]
-20.0 T T T T T T T
-0.8 -0.4 0.0 0.4 0.8 1.2 1.6
E/V

Electrochimica Acta 548 (2026) 147858

i.e., at less negative potentials. This effect will be particularly felt at the
level of the equatorial metallic cluster containing the Cu(Il) centres,
which will receive these first electrons. 2) The second hypothesis is that
of steric hindrance. Indeed, Ni?*, being larger than Na™, and having
taken its place, will influence the response of the Cu(Il) centres, which,
while remaining in internal sites, will be more accessible than when they
were associated with the Na(I) centres. As in the case of [(Ho0-Cu)o-
Niy], the CV of [(H20-Ni)2-Cus] shows that the reduction wave
attributed to the Cu(II) centres is much more pronouncedly separated
from the waves attributed to the reduction of the W(VI) centres (Fig. 8).
The substitution of Na* by Ni?* allows the reduction of the Cu(Il) cen-
tres in the internal position to be separated from that of the tungsten
skeleton. They also induce notable modifications on the redox processes
attributed to the W(VI) centres. Indeed, we observe on the CV of [(HyO-
Ni),-Cuy] (Fig. 8), an additional reduction step at —0.63 V vs. SCE,
which was not present in [(H20-Na)2-Cuz]. This behaviour of multi-
plying the reduction waves of the W(VI) centres has already been
observed above when we moved from [(H20-Na)2-Nis] with two Ni(II)
centres in internal sites to [(H30-Ni)2-Nis], with two additional Ni(II)
centres in external sites (vide supra, Fig. 5A).

Next, we evaluate whether the substitution of Na™ ions by either
cu?* or Ni%* ions exerts a comparable influence on the redox behaviour
of the new POM under higher pH conditions (pH 4.0) in a lithium acetate
medium.

In a 0.4 M CH3COOLi + CH3COOH medium at pH 4.0 (Fig. 7C), when
comparing the CVs of the two compounds [(H20-Na),-Nis] (black) and
[(H20-Cu)2-Ni2] (red), the separation of the redox processes attribut-
able to the Cu(Il) centres from those of the W(VI) centres remains as
clear as the one observed earlier at pH 2.0. Moreover, the reduction of
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Fig. 8. CVs of [(Hy0-Na),-Cu,] (black) and [(H20-Ni),-Cus] (red) recorded at 10 mV s tin pH 2.0 electrolyte (0.2 M Li»SO4 + H,S04) and pH 4.0 electrolyte (0.4
M CH3COOLi + CH3COOH). (A-B) pH 2.0: (A) negative scans from +1.35 V to -0.75 V, starting at +0.60 V; (B) expanded scans from +0.60 V to -0.16 V for [(H2O-
Na),-Cup] and -0.21 V for [(H20-Ni),-Cu,]. (C-D) pH 4.0: (C) negative scans from +1.35 V to -0.95 V, starting at +0.60 V, for both compounds; (D) CVs of [(H2O-

Ni),-Cuz] showing scans from +0.60 V to -0.40 V (red) and -0.25 V (violet).
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the two cupric centres occurs in two well-defined steps that can be
isolated (Fig. 7D). This operation shows us that the two Cu(Il) centres
are reduced in two steps, going through a first step, Cu(II) —» Cu(I), with
a reduction peak potential at —0.18 V vs. SCE and an oxidation peak
potential at —0.09 V vs. SCE. The second reduction step, which occurs at
—0.33 V vs. SCE, Cu(I) —» Cu(0), occurs with copper adsorption on the
working electrode surface, leading to the appearance of a desorption
wave with an anodic peak at +0.10 V vs. SCE. Although the H' con-
centration in this medium is at least 100 times lower compared to the pH
2.0 medium (Fig. 7A)

Similar observations are made when comparing the CVs of the
compounds [(H20-Na)2-Cuz] and [(H20-Ni)2-Cuz]. Although the Cu
(II) centres are still in internal sites, they are reduced more easily when
associated with Ni(II) centres than when associated with Na(I) centres
(Fig. 8C). The hypotheses made in the 0.2 M Li;SO4 + H2SO4 medium at
PH 2.0 are equally valid in this case. Moreover, even if the shift between
the reduction waves of the Cu(II) and W(VI) centres is less pronounced
than in the case of the compound [(H20-Cu)s-Niz] where copper is in
external sites, we still observe distinctly the two reduction steps of the
two Cu(Il) centres in external positions: Cu(II) — Cu(I), when the po-
tential scan is stopped at —0.25 V vs. SCE, and Cu(I) — Cu(0), when
going down to —0.4 V vs. SCE (Fig. 8D). This is impossible in the absence
of Ni(II) centres, as is the case of the compound [(H20-Na)3-Cus] .

Similarly, as observed in 0.2 M Li3SO4 + H2SO4 at pH 2.0, a new
reduction wave of the W(VI) centres appears on the CV of [(H20-Ni)s-
Cuy] with a peak potential at —0.63 V vs. SCE (Fig. 8C, Table 4).

The CVs recorded at higher scan rates (Figures S19) present similar
features, indicating that the electrochemical processes involved for the
two new sandwich compounds are essentially the same, independent of
the kinetics imposed by the scan rate.

In conclusion, regardless of the solution pH (2 or 4) and the nature of
the supporting electrolyte (lithium sulphate or lithium acetate), the joint
incorporation of Cu(Il) and Ni(II) centres within the equatorial cluster of
the two newly synthesised sandwich-type POMs leads to pronounced
and significant modifications in their redox behaviour. These changes
cannot be solely ascribed to variations in the overall electrical charge of
the cluster; rather, they arise from a specific electronic synergy between
the Cu(Il) and Ni(II) centres, which becomes evident only when both
metals are co-localised within the same structural framework.

DFT calculations provide further insight through the electronic
structure variations underlying the experimentally observed redox fea-
tures. This cooperative effect, already hinted at in related systems, [29]
is more clearly demonstrated and rationalised herewith through the
combined experimental and theoretical analysis.

b) [(H20—Cu)2—Cu2] Vs [(HzO—Cll)z-Niz] and [(HzO—Ni)z—CUz].

In the previous section, we investigated the redox behaviour of the
two mixed Ni-Cu sandwich complexes, [(H20-Cu)2-Niz] and [(H20-
Ni),-Cuz], by tracing their structural lineage, that is, by comparing

Table 4
Peak potential (Ep) values in 2 different media: pH 2.0 (0.2 M Li»SO4 + H2SO4)
and pH 4.0 (0.4 M CH3COOLi + CH3COOH).

PH 2.0
Cuy Cuy Wi Wo W3
[(H20-Cu)2-Nis] Epc —0.12 —0.19 —0.33 —0.48 -0.70
Epa +0.03 —0.25 —0.42 —0.64
[(H20-Ni)2-Cus] Epc —0.12 —0.20 —0.30 —0.37 —0.61
Epa +0.04 —0.26 —0.34 —0.58
pH 4.0
Cyy Cuy w; Wy W3
[(H20-Cu),-Niy] Epc —0.18 —0.33 —0.50 —0.62 —0.87
Epa —0.09 +0.01 —0.44 —0.54 —-0.76
[(H20-Ni)2-Cus] Epc —0.20 —0.35 —0.54 —0.63 -0.75
Epa —0.10 0.00 —0.41 —0.58 -0.70
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them with their homonuclear analogues [(H20-Na)»-Niz] and [(H20-
Na)3-Cuz], which feature Na(I) centres in the outer positions. This
analysis allowed us to highlight the evolution of their redox properties
resulting from the substitution of the two Na(I) centres by either Ni(II) or
Cu(Il) centres, depending on the system considered.

In the present section, the comparison focuses directly on the three
copper-containing compounds whose equatorial metallic cluster com-
prises four d-metal centres, namely: [(H20-Cu)2-Cus], [(H20-Cu)s-
Niz] and [(HzO-Ni)z-CUg] .

A direct comparison of the CVs of these three compounds (Fig. 9)
allows several key observations to be made.

First, at pH 2.0: the presence of Ni(II) centres in the outer positions
exerts a pronounced influence on the redox wave associated with the Cu
(II) centres located internally. The latter become better defined, and two
distinct reduction steps can be clearly differentiated from the reduction
process involving the W(VI) centres (red CV, Fig. 9A).

Furthermore, the comparison of the CV of [(H20-Ni)2-Cus] (red
curve) with that of [(Ho0-Cu)2-Nis] (blue curve) reveals that the Cu(II)
centres, although located in inner positions in the first one, appear to be
more easily reduced when coordinated to Ni(Il) centres (Fig. 9B). This
seemingly counterintuitive behaviour can be more clearly interpreted
through DFT calculations, which help elucidate the underlying elec-
tronic factors governing this phenomenon.

As expected, the CV of the compound containing four Cu(Il) centres
(black curve) displays the highest reduction currents for the processes
involving the cupric centres. Also, when comparing the reduction peak
currents associated with Cu(Il) centres in [(H20-Ni)2-Cus] and [(H2O-
Cu)2-Niy], higher current intensities are observed for the former (red
curve). However, a meaningful comparison requires consideration of the
integrated areas of the overall redox waves. Analysis of these areas,
corresponding to the total reduction of Cu(Il) centres according to
electrochemical Eq. (1), reveals a ratio of 2:2:4 for the three compounds
[(H20-Ni)2-Cuz], [(H20-Cu),-Nipz] and [(H20-Cu)2-Cuz], respec-
tively. These results are in excellent agreement with those obtained from
CPC (ESI) and EQCM (vide infra) measurements.

Cu®*" + 2e~=Cu°

€5)

The trend observed at pH 2.0, where the Cu(Il) centres of [(H20-
Cu)»-Niy] appeared to be the least easily reduced, is reversed at pH 4.0.
At this higher pH, these Cu(Il) centres become more readily reducible
than those of their analogue [(H20-Ni)2-Cus], as might be expected
based on their electronic environment. Even more intriguing, for both
mixed Cu-Ni sandwich-type compounds, the Cu(Il) centres are reduced
more easily than the four Cu(Il) centres of the homonuclear complex
[(H20-Cu)y-Cuy] (Figures 9A and S20).

Within the potential window explored (+1.35 V to -0.40 V vs. SCE),
the two Cu(Il) centres of the so-called “mixed saturated” or hetero-
nuclear compounds [(H30-Cu)2-Niz] and [(H20-Ni)s-Cuz] undergo
full reduction to the metallic Cu(0) state, according to the electro-
chemical Eq. (1). In contrast, the reduction of the Cu(II) centres in the
homonuclear compound [(H20-Cu),-Cuz] proceeds only to the Cu(l)
state, as described by Eq. (2). To achieve complete reduction to Cu(0),
more negative potentials are required, overlapping with the onset of the
first reduction process of the W(VI) centres (Fig. 9D and S13).

This observation strongly supports the hypothesis of a synergistic
interaction between Ni(II) and Cu(Il) centres, which facilitates the
reduction of the latter. Such a cooperative electronic effect between
heterometallic sites appears to be a key factor underlying the enhanced
redox activity observed in these mixed-metal sandwich complexes.

Cu*" +e =Cu’

2)
Cu" +e =Cu’
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Fig. 9. CVs of [(H20-Cu)»-Cuy] (black), [(H20-Ni),-Cu,] (red), and [(H20-Cu)s-Niy] (blue) recorded at 10 mV s tin PH 2.0 electrolyte (2 M Li»,SO4 + H3S04) and
PH 4.0 electrolyte (0.4 M CH3COOLi + CH3COOH). (A-B) pH 2.0: (A) potential scans extended to the second reduction step of W(VI) centres; (B) scans restricted to
the first reduction step of W(VI) centres. (C-D) pH 4.0: (C) CVs of [(H20-Ni),-Cu,] (red) and [(H20-Cu)s-Nio] (blue); (D) CVs of [(H20-Cu)2-Cus] showing scans
down to the first reduction step of W(VI) centres (black) and restricted to the first reduction step of Cu(II) centres (red).
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3.3. Electrochemical quartz crystal microbalance (EQCM)

Electrochemical Quartz Crystal Microbalance (EQCM) was employed
in combination with other electrochemical techniques, to characterise
the four copper-containing compounds and to gain a deeper under-
standing of the redox behaviour of the Cu(Il) centres present in the
various POMs. EQCM, like XPS, allows for quantitative characterisation
of the Cu(Il) centres.

The working principle of the EQCM is based on monitoring the
variations in the oscillation frequency of a quartz crystal that serves as
the working electrode in the experimental setup. Any mass deposition on
the electrode surface leads to a decrease in the crystal’s resonance fre-
quency, whereas desorption or dissolution of adsorbed species results in
a frequency increase. This correlation enables real-time monitoring of
the formation and dissolution of deposits on the working electrode
surface during electrochemical processes, using techniques such as cy-
clic voltammetry (CV) or controlled-potential coulometry (CPC), among
others.

To maintain a working electrode composition comparable to that
employed in previous electrochemical experiments, the quartz crystal
sensors were coated with glassy carbon instead of edge-plane pyrolytic
graphite. All other experimental parameters were kept constant,
particularly the electrolyte composition and concentration, consisting of
0.4 M CH3COOLi + CH3COOH at pH 4.0. Low potential scan rates (5 mV

12

s1) were initially applied to promote, whenever applicable, the nucle-
ation and deposition of metallic copper (Cu®) on the working electrode
surface. The counter and reference electrodes remained the same,
namely Pt and SCE.

The first comparison was established between the two heterometallic
compounds, [(H20-Ni)2-Cuz] and [(H20-Cu)s-Nia]. Their CVs recor-
ded in 0.4 M CH3COOLi + CH3COOH at pH 4.0 show that the reduction
of the Cu(Il) centres occurs over approximately the same potential
range, between 0.0 and -0.43 V vs. SCE. However, since the separation
between the reduction processes of Cu(Il) and W(VI) centres is not
clearly defined, it cannot be concluded that the reduction of all Cu(II)
centres is complete at the end of the cathodic waves assigned to copper.
This process may continue slightly beyond that range and overlap with
the first reduction step of the W(VI) centres. Consequently, the copper
content in these compounds cannot be accurately quantified based
solely on the analysis of the CV or CPC data.

For this reason, in the present study, the potential scan was extended
to the first reduction wave associated with the W(VI) centres, i.e., down
to -0.70 V vs. SCE. The variation of the quartz crystal’s oscillation fre-
quency, which constitutes the working electrode, was monitored as a
function of the applied potential. The resulting frequency varia-
tion—potential curves can thus be directly compared with the CVs of the
corresponding compounds, recorded simultaneously. Because the
oscillation frequency of quartz is inherently constant, any decrease in
frequency indicates the formation of a deposit on the electrode surface.
This approach enables precise determination, for each compound, of the
potential at which the electrochemical reaction corresponding to the
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formation of metallic copper, Cu(0), begins.

The potential values corresponding to the onset of Cu(0) deposition,
denoted as Egnser -EQCM, are consistently more negative than those
associated with the onset of Cu(Il) reduction (Egnsgr -CV), which are
determined at the foot of the Cu-related cathodic wave in the CV
(Table 5). This observation supports the hypothesis that, for all the
studied compounds, the Cu(Il) centres are reduced through two suc-
cessive steps, as described by Egs. (2) and (3) above, steps that remain
difficult to distinguish in conventional cyclic voltammetry.

Returning to the comparison between [(H20-Ni);-Cuz] and [(H20-
Cu)2-Nis], their CVs show that the first reduction step of Cu(Il) centres
begins at very similar potentials, slightly more negative for [(H20-Ni)2-
Cus] (-0.07 V vs. SCE) than for [(H0-Cu)s-Nis] (-0.05 V vs. SCE),
representing a shift of approximately 20 mV (Table 5 and Fig. 10A). This
difference, already noted and discussed earlier, is confirmed here.
Regarding the second reduction step, corresponding to the formation
and deposition of Cu(0) on the working electrode surface, the EQCM
frequency-potential profiles (Fig. 10B) clearly reveal the Cu(0) deposi-
tion on the glassy carbon electrode, providing deeper insight into the
deposition and redissolution phenomena occurring during the forward
and reverse scans, respectively.

The onset of Cu(0) deposition, identified as the potential where the
quartz frequency starts to decrease, exhibits a potential shift consistent
with that observed in the CVs for Cu(Il) reduction. However, this shift is
significantly larger, approximately five times greater, corresponding to
100 mV, ranging from —0.38 V vs. SCE for [(H20-Ni)2-Cuz] to -0.28 V
vs. SCE for [(H20-Cu)2-Nis]. These potentials define the threshold at
which reaction (3) begins. The frequency decrease continues up to the
potential inversion point (—0.70 V vs. SCE) and even slightly beyond, as
the scan direction reverses toward more positive potentials.

The persistence of a low oscillation frequency beyond the Cu(Il)
reduction region, extending into the first reduction step of W(VI) cen-
tres, is expected since these potentials are significantly more negative
than those required for the complete reduction of Cu(II) to Cu(0). Under
such conditions, copper can only exist in the metallic state. Similarly,
during the reverse (anodic) scan, the quartz frequency remains below
the initial deposition threshold values observed earlier (—0.38 V vs. SCE
for [(H20-Ni)2-Cus] and —0.25 V vs. SCE for [(H30-Cu)s-Nis] ).

A subsequent frequency increase is observed only when the potential
reaches —0.14 V vs. SCE, suggesting that this potential corresponds to
the onset of Cu(0) re-oxidation. This threshold, identical for both com-
pounds, is not preceded by a plateau that would indicate a latency re-
gion in which the preformed deposit remains stable. Instead, the
frequency variation indicates the initiation of redissolution at this po-
tential. Taking the frequency value at the initial potential of the CV
(+0.60 V) as the reference, the total frequency variation of the quartz
crystal, which serves as the working electrode, is nearly identical for
both compounds (Table 5), indicating an equivalent number of reduc-
ible Cu(II) centres in each.

A comparative analysis of the CVs of [(H20-Na)2-Cuy] and [(H20-
Ni),-Cuz] (Fig. 10C and D) provides compelling experimental support
for our previously formulated hypotheses regarding the redox behaviour

Table 5

Onset potentials for the reduction of Cu(Il) centres, Eq. (2), ONSET-CV, and for
copper deposition, Eq. (3), ONSET-EQCM, obtained respectively from the CV
and the EQCM curves. This table also presents the maximum frequency varia-
tions and their ratios, which reflect the ratios of the number of Cu(II) centres in
the different compounds.

ONSET-CV /V ONSET-EQCM / V AF / Hz Ratio Cu(Il)
[(H20-Na),- —0.33 —0.52 —625 1.000
Cuy]
[(H30-Cu),- -0.10 —0.36 —1354 2.166
Cuy]
[(H20-Ni),-Cuy] -0.07 —0.38 —677 1.083
[(H20-Cu)2-Nis] —0.05 —0.28 —674 1.078
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of these mixed-metal POMs. As shown in Fig. 10C, substitution of the
two Na* ions with Ni?* induces a pronounced anodic shift of approxi-
mately 260 mV in the onset potential of electrochemical process (2). At
first glance, the higher current intensity and enlarged peak area
observed for [(H20-Ni);-Cuy] might suggest an increased concentra-
tion of Cu(Il) redox centres relative to [(H20-Na)2-Cus].

However, such an interpretation is contradicted by the EQCM data.
The EQCM frequency variation ratio between the two compounds is 1.08
(Table 5), which unequivocally indicates that both systems contain an
equivalent number of Cu(II) centres. This crucial information demon-
strates the complementary and indispensable role of EQCM in validating
the quantitative aspects of redox-active species, as the CV data alone can
be misleading due to overlapping. Therefore, the observed anodic shifts
in both the CV onset (ONSET-CV) and the corresponding frequency
response (ONSET-EQCM) can be ascribed exclusively to the presence of
Ni(II) centres, which promote the initial reduction of Cu(II) sites through
an electronic and structural modulation of the POM framework.

A similar trend is observed when comparing [(H20-Na)2-Cuy] with
its homologue containing four Cu(Il) centres, [(H20-Cu)2-Cuz]. As
illustrated in Fig. 10E, the onset potential of reaction (2) shifts anodi-
cally by 230 mV, while Fig. 10F shows a 160 mV anodic shift for reaction
(3). These systematic potential shifts can be rationalised by two con-
current effects: (i) the incorporation of two additional Cu(II) centres
occupying external coordination sites, and (ii) a concomitant decrease in
the overall negative charge of the POM framework, which stabilises
higher oxidation states. The EQCM frequency ratio between these two
compounds (AF ratio = 2.166) confirms a 4:2 ratio of Cu(Il) centres,
thereby providing direct gravimetric evidence that complements the
electrochemical findings and firmly establishes the stoichiometric cor-
respondence between the redox events and the number of active Cu(II)
sites.

Further comparative analyses, namely, [(H20-Cu)s-Nip] and
[(H20-Cu)2-Cuz], [(H20-Ni)2-Cup] and [(H20-Cu)2-Cup], [(H20-
Na),-Cuz] and [(H20-Ni)2-Cus], are presented in the Supporting In-
formation (Figures S21). Collectively, these data reinforce the conclu-
sions summarised in Table 5. Regardless of whether Ni(II) ions occupy
internal or external coordination sites, their presence consistently fa-
cilitates the initial reduction of Cu(Il) centres by lowering the corre-
sponding activation barrier.

Regarding the subsequent reduction process associated with copper
metal deposition at the electrode surface [Eq. (3)], the relative ease of
Cu deposition follows the order: [(H20-Cu)2-Nis] > [(H20-Cu)z-Cus]
> [(H20-Ni)2-Cuz] > [(H20-Na)2-Cuy]. Remarkably, copper desorp-
tion (re-oxidation) occurs at nearly identical potentials (—0.15 V to
—0.14 V vs. SCE) for all compounds, indicating that this step is largely
independent of the POM composition.

Finally, the excellent agreement between the EQCM-derived mass
variations and XPS data further validates the proposed stoichiometries
and the distribution of Cu(II) centres within the various POM structures.
Taken together, the combined use of CV and EQCM offers a powerful,
synergistic approach for disentangling complex redox mechanisms in
multi-metallic POM systems and for accurately correlating electro-
chemical responses with structural and compositional parameters.

4. Theoretical study
4.1. Structural aspects

Sandwich POMs are supported by the robust tungsten oxide
(W150s56)2 framework, with computed terminal and bridging W—O bond
distances within the 2.015 to 2.135 A range, typical values for poly-
oxotungstates. The present computational analysis mostly focuses on the
equatorial region, where the Cu, Ni and Na atoms are located. In systems
containing external Ni atoms, the Ni-Oyar) bond distances (O¢war) =
oxygen from H,0) were consistently computed to be around 2.2 A (see
Fig. 11 and Table S3), like other M-O bond distances such as those
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Fig. 10. CVsrecorded on a GC-coated quartz crystal electrode at 5 mV s Lin pH 4.0 electrolyte (0.4 M CH3COOLi + CH3COOH). (A-B) [(H20-Ni)2-Cu,] (black) and
[(H20-Cu)2-Niz] (red): (A) CVs; (B) vibration frequency variation as a function of potential. Scans extended to the first reduction step of W(VI) centres. (C-D) [(H20-
Na),-Cuz] (black) and [(H20-Ni),-Cu,]: (C) CVs; (D) vibration frequency variation versus potential. Scans extended to the first reduction step of W(VI) centres.
(E-F) [(H20-Na)»-Cus] (black) and [(H20-Cu),-Cuz] (red): (E) CVs; vibration frequency variation versus potential. Scans extended to the first reduction step of W

(VI) centres.
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B)

Bond X=Ni,Y=Cu X=Na, Y=Ni X=NaY=Cu
X-Oua) 2211 2.465 2.540
X-A 2.089 2.569 2.557
X-B 2.012 2.207 2.166
X-C 2.106 2435 2.337
Y-D 1.982 2.070 2.035
Y-A 2.017 2.041 1.997
Y-C 2.235 2.068 2.247

Fig. 11. A) Schematic representation of the equatorial region, illustrating the
coordination environment of external (X) and internal (Y) metal centers with
oxygen atoms (A-D and Oyay), red spheres). B) Bond lengths (in 108) for the 12-
fold protonated [(HO-Ni)>-Cu,] and 14-fold protonated [(HzO-Na)o-Nin] /
[(H20-Na),-Cu,] systems, highlighting structural variations upon protonation
and metal substitution.

reported for Fe?* (2.23 A)[67] and Co? (2.24 A) [68] In contrast, for
[(H20-Cu)2-Cuz], the computed Cu-O(war) bond distance is 2.34 10%, thus
0.12 A longer than the Ni-Oyar) bonds. This is inherent to the d° elec-
tronic configuration of Cu®?", in combination with associated Jahn—-
Teller distortions. In Fig. 11, the Jahn-Teller distortion can be noticed in
the protonated system of [(H20-Ni)2-Cuz], where two bonds between
Cu and O are ~0.22-0.25 A longer than the other four. These facts
highlight the sensitive connection between the local metal geometry and
its electronic configuration.

In mixed-metal systems, with Cu and Ni, the optimised geometries
show subtle variations in bond lengths, reflecting the interplay between
the different metal centers. The external metal sites, often occupied by
Cu atoms, exhibit slightly different coordination environments
compared to the internal sites. Notably, the X-O(yar) distances (Table S3)
are markedly labile, adjusting dynamically during the optimisation
process to maximise overall stabilisation. This dynamic behaviour ac-
counts for the adaptability of the POM structure, which can accommo-
date diverse metals and coordination modes without compromising its
overall integrity. For the system [(Na-OHj)2-Niy] and its 14-fold pro-
tonated form [(Na-OHg)z-Ni2H14]4’, the computed bond lengths corre-
late well with experimental X-ray crystallography data, albeit with slight
deviations. For example, the Na-O(war) bond distances are observed to be
marginally shorter from crystal structure determination [52], a
discrepancy attributed to differences between solvent-phase and
crystal-phase environments.

We performed a molecular dynamics simulation to reveal the
behaviour of the water units attached to the external equatorial metals
(X). Details of the calculation can be found in the ESI. From the resulting
trajectory we can observe that the external Ni atoms retain a water
molecule coordinated each along the entire simulation, with an average
Ni—Ogwar) distance of 1.94 A (Figure $23), further supporting the
experimentally reported behaviour of these systems. Moreover, not only
do the water molecules coordinated to the metal remain fixed, but also
do other HpO molecules also located around the equatorial region of the
POM sandwich, forming hydrogen bonds with accessible oxo groups of
the POM. Thus, more near-to-metal water molecules are available in the
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catalytic region.
4.2. Electronic structure and protonation

We herein aim to correlate the composition and arrangement of the
atoms in the equatorial region with the electron distribution and, ulti-
mately, the calculated and experimental redox properties are compared.
Another relevant feature is the electronic structure related on the W-
based regions. These two As;W150s6 hemispheres of the sandwich POMs
present the typical sequence of delocalised molecular orbitals, where the
highest occupied and the lowest unoccupied orbitals (HOMO and
LUMO) are combinations of p-oxygen and d-tungsten orbitals, respec-
tively (see Figure S24 for the results on the [ASZW15056]12’ precursor)
[69] Furthermore, the equatorial region composed of Cu or/and Ni
centers in sandwich structures can lead to new features in the orbital
scheme, notably changing what the HOMO and LUMO become in terms
of spatial distribution, energy and mutual gap [70] Namely, how the
electronic properties and part of the reactivity are modulated.

Fig. 12, in combination with Figure S25, help us to discern the sys-
tems with LUMOs associated with the AsyW5 regions. Of course, this
fact depending on the metal composition of the equatorial region.
Except for [(Na-OHz2)2-Nis], with a charge of —18 (Fig. 12A), the rest of
the HOMO energies are practically identical, as expected for their equal
molecular charge. By contrast, the LUMOs notably depend on the
equatorial composition (see also Fig. 12B). For example, remarkable is
the difference between the LUMO energy of —2.73 eV for [(Ni-OHz)»-
Niy] and those ranging from —3.0 to —3.2 eV upon incorporation of Cu
(ID). These more accessible empty orbitals justify the appearance of Cu
reduction waves at lower potentials in the latter cases. The spatial dis-
tribution of these frontier molecular orbitals informs about the preferred
location of the extra electrons upon reduction. Figure S25A-C represents
the « and p HOMOs and LUMOs for the fully oxidised systems. In
Figure S25A, both LUMO components are dominated by W contribu-
tions, confirming that the AsyWj5 redox fingerprint is maintained in Cu-
free systems, [(Na-OH3)»-Niz] and [(Ni-OHjy)2-Niz]. Figure S25B, by
contrast, shows Cu-centered p-LUMOs in [(Na-OHjz)5-Cuz] and [(Cu-
OH3)2-Cuy], a proof that the first reduction wave is Cu(II) + e — Cu(I).
The two mixed-metal Ni/Cu systems (Figure S25C) also present Cu-
centered p-LUMOs, in accordance with CV evidence. At this point, the
origin of the highest reduction intensity measured for the [(Cu-OHj3)2-
Cuy] compared to those of mixed-metal systems, is not clear. The
computational approaches used in the present work do not inform on
(complex) kinetic aspects. However, we briefly take up this point below.

The degree of protonation of POMs in solution is a relevant, though
elusive, topic. Because the bare systems carry high negative charges
(—16 or —18), protonation is expected to be significant even in mild
acidic conditions. Therefore, additional calculations were performed on
the following models: 8- and 12-fold protonated for Cu/Ni systems, and
10- and 14-fold protonated for Na-containing systems. Based on these
results, we explored the changes in the electronic and redox properties
of the complexes. To identify the favourable sites for proton attachment,
taking the computed total electron densities of the unprotonated sys-
tems, we mapped the directly related electrostatic potential function
(ESP). In Figure S26A, the locations at which incoming protons are more
attracted for can be identified, namely, the equatorial oxygens and some
nearby positions in the W;50s¢ framework (Figure S26B). In the absence
of a direct and precise experimental quantification of the number of
protons in the system at a given pH, this relevant parameter was guessed
by comparing the LUMO energies of the present and other well-
characterised species [69] Approximately, the LUMO orbitals of fully
oxidised classical POMs are found between —3.5 and —4.5 €V at this
level of calculation.

The electronic structures of the most highly protonated systems
calculated are shown in Figure S27, with a molecular charge of -4 after
addition of 12 and 14 protons to Ni/Cu-only and Na-containing systems,
respectively. The molecular orbital diagrams of the three protonated
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Fig. 12. Molecular orbital diagram (values in eV, not to scale) for non-protonated systems, with electrons represented as arrows. The a and f orbital sets are shown
with the highest occupied and lowest unoccupied orbitals of each set, along with their energy gaps. Except for the system represented with charge —18, the rest
feature the same energies in the highest occupied orbitals. A) Cu-free POMs, B) Cu-containing POMs.

systems reveal some differences, especially in the $-spin set, with energy
gaps systematically lower in Cu-containing systems stemming from the
d® electronic configuration of Cu®*, which makes it more susceptible to
accepting electrons. Comparing the LUMOs of [(H20-Ni)s-CuzHj2] 4-
and [(H20-Na)s-CusHi4] 4= one can see that the former is lower in
energy (—4.48 eV), a fact that reinforces the idea of a synergistic effect if
Ni is combined with Cu, facilitating the first Cu reduction if compared to
Na/Cu systems. This interplay between orbital availability and elec-
tronic reactivity underlines the role of each metal center in the equa-
torial region in modulating the redox properties in these systems.

4.3. Redox properties

To support the redox measurements discussed above, DFT calcula-
tions were performed by the addition of electrons based on the reaction
POM + ne- — POM™. The Gibbs free energy change (AGyeq) associated
with this process is related to the reduction potential (indicated as Vyeq
in this section) by AGreq = —nFVieq, where n is the number of electrons
transferred and F = 96,485 C mol ! is Faraday’s constant. Computa-
tionally, the electronic energy difference between the oxidised (POM)
and the reduced (POM™) states, or reduction energy, is Ereq. Under the
assumption that the entropy change (AS) of such electron exchange
processes is small, it is reasonable to assume E;¢q = AGyeq, allowing us to
directly relate the computed E .4 with the reduction potentials, V eq. For
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a fair comparison, both the computed (E,eq) and the experimental (Vyeq)
values must be referred to the same reference electrode potential. Since
our experiments were conducted using the SCE, with an absolute
reduction energy of —4.68 eV [71], the computed reduction potentials
(Ereq’) were obtained by combining this value with the calculated Eeq.
The same methodological framework used for unprotonated systems
was then applied to compute the reduction potentials of the protonated
species, allowing us to assess the influence of protonation on the redox
behavior.

The dependency of the frontier orbital energies, including HOMO
and LUMO) is connected to the redox behaviour. Protonation leads to
substantial changes in the HOMO and LUMO energies and, thus, in the
ability of the POM to accept or donate electrons. Consequently, the
differences computed for HOMO and LUMO energies of [(H20-Ni)o-
Niz]l, [(H20-Na),-Nip] and Cu-containing systems can explain the
more favourable reduction of the latter in cyclic voltammetry studies. In
Figure S28, the frontier molecular orbital energies vs the protons added
are represented for [(H20-Ni)s-Cup] as an example. The LUMO (a §
orbital belonging to Cu) is 0.53 eV and 1.27 eV lower in the 8- and 12-
protonated forms than in the unprotonated one, respectively, suggesting
considerable voltage changes in the reduction waves.

The following shifts in reduction potentials were calculated. The
unprotonated species has E,.q" = —1.485 V vs. SCE, whereas the 8-pro-
tonated form (charge —8) has E,q’ = -0.903 V (a positive shift of
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Fig. 13. A) Representations, focused on the equatorial region as shown in Fig. 11A, of the molecular orbitals accepting the first two extra § electrons three different
POM systems. Cu are the accepting centres in all cases. B) Atomic spin densities in external (X) and internal (Y) Cu atoms in fully oxidised, and one- and two-electron

reduced forms [(H20-Cu),-Cu,].

0.582 V), and the 12-protonated form (charge —4) presents E.q’ =
-0.086 V, and an accumulated E,.q’ shift of 1.40 V relative to the
unprotonated species. These values are consistent both with the frontier
orbital energy variations and the CV data, proving at the molecular scale
how much protonation affects the redox properties in sandwich-type
POMs.

These computational results reliably capture the reduction of Cu*
centres within the POM framework, but only from Cu(II) to Cu(l). At-
tempts to tackle theoretically further reduction to Cu(0) were not
fruitful, remaining an open theoretical aspect that involves complex
interfacial phenomena, i.e., deposition of copper atoms on the electrode
surface and, probably, arrangement into a (partially) ordered Cu lattice.

Analysis of the Mulliken atomic spin density (ASD) helps elucidating
other aspects of the transition metal centers. In fully oxidised sandwich
POMs, unpaired electrons are localised in the equatorial region. Table S4
in the ESI lists the metal and oxygen centers, labeled as in Fig. 11A, their
corresponding abundance, and their ASD for the systems discussed. The
total a spin population follows a trend reflecting the electronic config-
urations of Ni** (d®, two unpaired electrons) and Cu** (d®, one unpaired
electron). The spin density is primarily localised on the metal centers X
and Y, with Ni-rich systems exhibiting the highest values. By contrast,
the oxygen atoms O(war), A, B, C, and D display much lower spin den-
sities, suggesting limited delocalisation of unpaired electrons onto the
ligand framework. The number of unpaired electrons decreases from 8 in
the [(H20-Ni)2-Niz] system to 6 in [(H20-Ni)2-Cuz] and [(H20-Cu)s-
Niz], 4 in [(HzO-CU)z-CUz] and [(H20-Na)2-Ni2], and 2 in [(H20-
Na)2-Cus] . If we focus on Ni centers, the ASD lies in a narrow range of
1.734-1753, and for Cu centers 0.664-0.743. The small 0.664 value for
Cu in the [(H30-Na)2-Cuy] system is compensated by a large ASD for
Op (0.150) directly bonded to them. Thus, in mixed-metal systems there
is some spin density redistribution, with external Cu atoms emerging as
critical sites for initial electron uptake in reduction processes.

17

For Ni/Cu POMs, the first and second extra electrons are clearly
localised on the two Cu atoms, which become Cu(I), despite their posi-
tion (first two lines in Fig. 13A). Turning to [(H20-Cu)2-Cusl, the first
extra electron gets delocalised over the four Cu centers, as reflected in
the accepting molecular orbital (third row). This is illustrated with the
uniform ASD distribution among these sites, which change from 0.736 to
0.596 in external positions and from 0.732 to 0.667 in internal positions
(values in Fig. 13B). This delocalisation helps to stabilise the initial
reduced state and is consistent with the lower potential and higher in-
tensity for this reduction wave. For the second extra electron, the mo-
lecular orbital suggests a significant localisation on external Cu sites
(third row), confirmed by ASD values for the 2e-reduced [(H20-Cu)s-
Cuy], with spin density on X = 0.379 and Y = 0.729 (the latter equal to
the original fully oxidised situation). These facts illustrate the stepwise
electron transfer processes that are observed in CV experiments from a
molecular orbital perspective.

4. Conclusions

Experimental characterizations, relying on techniques such as XPS
and various electrochemical methods, played a crucial role in eluci-
dating the electrochemical behavior of the compounds presented. These
allowed us to unequivocally establish the chemical composition and
structure of the novel copper and nickel mixed-sandwich POMs. These
results were confirmed by rigorous comparison with their monometallic
counterparts, i.e., previously described sandwich POMs containing
either only copper or only nickel. Electrochemistry measurements
allowed us to define redox features of the various compounds analysed.
In particular, the electrode deposition of Cu(0) in the cathodic regime
and redissolution in the anodic regime. The absence of waves in POMs
based on Na and/or Ni distinctive of the W-only system establishes that,
in these cases, the equatorial region does not significantly modify the
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fingerprint of the precursor polyoxotungstate.

We have integrated computational chemistry results into these
experimental findings. The geometries derived from DFT optimisations
highlight the influence of the metal identity and coordination on specific
structural features. First-order Jahn-Teller distortions were identified in
the coordination spheres of Cu(II) atoms, at variance with Ni(II) centers
in the present systems. The study clarifies how the tungsten-oxygen
framework establishes the fundamental electronic scaffold, while the
localised effects introduced by transition metal centers, together with
protonation, modulate the redox behaviour. For the electronic features,
the nature and energy of the molecular orbitals involved in reduction
processes support, or confirm, the redox properties of these new
sandwich-type POMs. The differential role of Cu(II) centers is under-
pinned as their LUMO energies and shapes reveal. Calculations illustrate
that Na/Ni and Ni-only POMs have W-based LUMOs, thus their elec-
trochemical fingerprints are those of As;W;5 with only minor peak po-
tential differences. The degree of protonation, although not certainly
known with the present techniques, has been discussed for one of the
systems to emphasise its relevance on the electrochemical measure-
ments. Namely, we tracked the calculated LUMO energy and the
reduction energy with respect to the number of protons. Also important
is to assess and compare the redox fingerprints of W-only POMs and Ni/
Cu-containing systems. Although our present computational approach
cannot capture the dynamic processes associated with copper deposition
on electrodes, the insights obtained from our calculations help to un-
derstand the main redox features of sandwich POMs.
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