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ARTICLE INFO ABSTRACT

Electrochemical and spectroelectrochemical (SEC) techniques are widely employed in inorganic, coordination
and organometallic chemistry. Nanoelectrochemistry and, in particular, the electrochemical study of atomically
precise ligand protected metal nanoclusters has received great interest in the last decade. Molecular metal
carbonyl clusters (MMCCs) are low valent atomically precise nanoclusters protected on the surface by a layer of
CO ligands. Their metal cores may comprise from a few to some tens of metal atoms. Several electrochemical and
SEC methods may be employed to study the redox properties of MMCCs. The reversible redox activity of MMCCs
may originate from ad hoc conditions, in the case of lower nuclearity clusters, or incipient metallization of their
metal core, as their sizes increase. Besides supplying information on the electronic and redox properties of
MMCCs, electrochemical and SEC studies, supported by chemical, structural and computational investigation,
can shed light on the structural changes induced by redox reactions of MMCCs. Moreover, the redox properties of
MMCCs may be tuned by tailored chemical modifications. As a bonus, electrochemistry may be used to indirectly
proof the hydride nature of larger MMCCs. Further information on the chemical properties of MMCCs may be
gathered combining electrochemical, SEC, chemical, spectroscopic, structural and computational studies. This
review will cover these different aspects of the electrochemical investigation of MMCCs, by exploring general
principles and representative examples.
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70th birthday.
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1. Introduction

It is difficult to overestimate the importance of electrochemistry in
the landscape of fundamental research and of application areas [1,2]. A
variety of novel and multi-disciplinary electrochemical techniques are
available today and are applied in various fields of chemistry, biology
and physics, such as: electrochemical energy storage and conversion,
corrosion protection, electrolytic organic or inorganic processes for fine
chemicals or large industrial scale productions, metal plating, modern
electroanalytical techniques (sensors and biosensors), electrochemistry
applied to biological systems (energy transfer and uses in cells, cellular
communication, biological redox processes, electrocatalysis). All these
applications require a fundamental knowledge of the electrochemical

behavior of the different species involved.

Electrochemical techniques have been widely applied to the inves-
tigation of inorganic, coordination and organometallic compounds.
Indeed, inorganic electrochemistry is nowadays well-developed and can
give several information on the redox properties of inorganic com-
pounds, for fundamental and applicative purposes [3-5]. Among the
different classes of inorganic compounds that can be electrochemically
studied, molecular metal nanoclusters are attracting an increasing in-
terest, and nanoelectrochemistry is becoming of paramount relevance
[6]. This is somehow due to the recent developments of nanochemistry,
particularly regarding atomically precise metal nanoclusters. Several
papers and reviews on this topic have appeared in the last years, mainly
focusing on ligand protected coinage metal molecular nanoclusters
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[7-17]. Also, the electrochemistry of such coinage metal nanoclusters
has been studied, concerning both fundamental aspects as well as their
applications in electrocatalysis and electrochemical sensing [18-23].

Molecular metal carbonyl clusters (MMCCs) represent another class
of atomically precise metal nanoclusters, which is nowadays well-
developed [24-37]. MMCCs are composed of a metal core, usually in a
low-oxidation state (formally zero or slightly negative), protected on its
surface by high-field CO ligands. Other ligands (such as phosphines)
may be present in the coordination sphere of MMCCs, and main group
elements can be found on their surfaces as well located within their
metal cores in semi-interstitial and fully interstitial positions. The
overall sizes of MMCCs are usually comprised in the 0.9-2.1 nm range,
as for ultrasmall metal nanoparticles, atomically precise metal nano-
clusters and ligand protected coinage metal molecular nanoclusters
[38].

The study of MMCCs has largely contributed to Cotton’s definition of
metal clusters and to the development of the cluster-surface analogy by
Muetterties [39-41]. The redox properties of MMCCs have been inves-
tigated by electrochemical and spectroelectrochemical (SEC) methods
[42-52]. It has been shown that larger MMCCs are often redox active
displaying several reversible redox processes. Along this review, we will
often refer to such redox active MMCCs as electron-sinks, electron-
sponges or multivalent clusters. In view of this electron-sink behavior
and their nanometric dimensions, multivalent MMCCs may be viewed as
molecular nanocapacitors, whose metal core, protected by an insulating
layer of CO ligands, may be charged and discharged at well-defined
potentials, by the addition/removal of one-electron per time.

Several reviews on the electrochemistry of MMCCs have appeared
before the year 2003 [43-49,51,52]. The most recent reviews on this
topic have been published by Longoni et al. and Zanello et al. between
2006 and 2012 [4,42,50]. Since then, different research papers on
electrochemical and SEC investigation of MMCCs have been added to
the literature. Moreover, MMCCs have found interesting applications in
electrocatalysis in recent years, mainly thanks to the work of Berben and
co-workers [53-58].

Since electrocatalysis by MMCCs has been recently reviewed [25],
we have focused the present review on the electrochemical and SEC
methods for the investigation of MMCCs, and the information that can
be obtained concerning their chemical, structural and electronic prop-
erties. After this brief Introduction, Section 2 will be dedicated to the
description of the main electrochemical and SEC methods for the
investigation of MMCCs, concerning their setup and experimental as-
pects, as well as the different techniques that can be used, and the in-
formation that can be obtained. Section 3 will present an investigation of
the electronic properties of MMCCs by electrochemistry, including both
general considerations on the electronic and redox status of the metal
core of MMCCs with increasing sizes, as well as some representative
examples of multivalent MMCCs. The interplay between electrochemical
properties and structural features of MMCCs will be discussed in Section
4, focusing both on the structural changes induced by redox reactions on
MMCCs, and on the effects of structural changes on the redox properties
of MMCCs. Further chemical information obtained by electrochemical
studies of MMCCs will be briefly included in Section 5. All along this
review, we will refer (somehow arbitrarily) to low, mid and high
nuclearity MMCCs within the following ranges (which should be taken
very roughly) of metal atoms: <10 (low), 10-20 (mid), >20 (high). All
the electrochemical potentials along with the text have been reported
relative to SCE.

2. Electrochemical and spectroelectrochemical methods for the
investigation of MMCCs

MMCCs exhibit rich redox properties, and electrochemistry has
become a readily available routine technique for their characterization.
Like the various spectroscopies, so the different electrochemical tech-
niques provide unequivocal fingerprints of the clusters [4,51,59].
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Moreover, giving prompt information about the existence and the
relative stability of different redox states of the clusters, electrochemical
studies can guide and facilitate the work of the synthetic chemist.

The investigation of the redox behavior of MMCCs requires a careful
experimental setup and a comprehensive approach combining various
electrochemical and SEC techniques (Table 1). These systems, often
sensitive to air and moisture and prone to decomposition upon redox
changes, demand specific attention in terms of solvent selection, elec-
trode configuration, and cell design.

2.1. Electrochemical setup and experimental considerations

Electrochemical measurements are typically carried out in water or
in aprotic organic solvents such as dichloromethane, acetone, acetoni-
trile, dimethylsulfoxide (DMSO), dimethylformamide (DMF) or tetra-
hydrofuran (THF), which are often selected for their wide
electrochemical windows, low viscosity, and good solubility for both the
analyte and the supporting electrolyte [60,61] When a MMCC is inves-
tigated, the use of an aprotic organic solvent is mandatory and it is
important to select a solvent that can be rigorously dried and deoxy-
genated prior to use. The presence of residual water can lead to parasitic
proton-coupled reactions or hydrolysis of sensitive species, while dis-
solved oxygen is electroactive and may be reduced at the working
electrode, giving rise to overlapping signals and consumption of reactive
intermediates. Furthermore, oxygen can oxidize reduced forms of
MMCCs or promote decomposition of low-valent species, compromising
both spectral and voltammetric analyses. For these reasons, electro-
chemical solvents are typically purified by distillation over drying
agents under inert atmosphere, stored on molecular sieves and trans-
ferred using standard Schlenk techniques [62-64].

To ensure sufficient ionic conductivity, especially in organic solvents
such as CHyCly or THF where conductivity is inherently low, by mini-
mizing solution resistance and suppressing migration currents, the use of
a proper supporting electrolyte is fundamental. Generally, supporting
electrolytes should be chosen to have a high solubility in the solvent and
to not interfere with the redox processes and/or with the species in so-
lution. In this context, tetraalkylammonium salts of weekly coordinating
anions (e.g., hexafluorophosphate, perchlorate, tetrafluoroborate) are
the best choice due to the tunability of the chain length (less polar is the
solvent, longer should be the alkyl chain) [63,64].

Proper control of ohmic drop and uncompensated resistance is
necessary, especially when working with high currents, in low-
conductivity media, or at low temperatures. To ensure accurate and
stable measurements, electrochemical experiments are typically per-
formed using a three-electrode cell configuration (working-, reference-
and counter-electrode) which allows independent control and moni-
toring of the applied potential and the current flow [62,65].

In this setup, the working electrode (WE) is where the redox process
of interest occurs [4,61,66]. It is usually made of inert conductive ma-
terials such as Pt, Au, or glassy carbon (GC), the latter being particularly
valued for its wide potential window and low background current. In
voltammetric experiments, the WEs have usually a flat surface and it is
helpful to know their surface area; if the electrode is well polished, so
there are no jagged edges or grooves, the geometric area of the electrode
is close to the true surface area.

The reference electrode (RE) serves as a stable, known potential
against which the WE potential is measured [61,67,68]. This electrode
should pass minimal current to maintain its potential stability
throughout the experiment, the potentiostat limits the amount of current
that can pass between the two electrodes to nearly zero. In non-aqueous
media, saturated calomel (SCE) or silver/silver chloride (Ag/AgCl)
electrodes are in common use, provided that their tips are isolated from
the cell solution to prevent the leakage of water and chloride. For this
purpose, the tip should be dipped in a salt bridge separated with a
porous frit and filled with the organic electrolyte solution. In organic
media, Ag/Ag" electrodes can use as solvent the same of the electrolytic
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Table 1
Information obtained and limitations of electrochemical techniques commonly
used for the characterization of MMCCs.

Technique

Information obtained

Limitations

Cyclic Voltammetry (CV)

Differential Pulse
Voltammetry (DPV)

Square Wave Voltammetry
(SWV)

Electrochemical Impedance

Spectroscopy (EIS)

Infrared
Spectroelectrochemistry
(IR-SEC)

UV-Vis-NIR
Spectroelectrochemistry

EPR
Spectroelectrochemistry

Number of redox events;
formal redox potentials;
electron transfer
stoichiometry;
electrochemical/
chemical reversibility;
kinetics of electron
transfer and coupled
chemical reactions.

Higher sensitivity and
resolution than CV;
accurate determination
of formal potentials;
deconvolution of
overlapping redox
events.

Fast and sensitive
detection of redox
processes; suitable for
systems with rapid
chemical complications;
deconvolution of closely
spaced events.

Charge transfer
resistance; kinetics of
electron transfer; ion
diffusion; interfacial
phenomena via
equivalent circuit
models.

Direct monitoring of
structural and electronic
changes; vco shifts
indicate electron density
variation; number of
electrons exchanged per
step; correlation with CV
for oxidation state
assignment.

Real-time monitoring of
electronic transitions;
HOMO-LUMO gap
estimation; tracking of
transient species and
charge delocalization.

Site of redox activity;
orbital contributions;
spin multiplicity; useful
for unstable
paramagnetic
intermediates.

Overlapping redox
waves; adsorption on
electrode surface; low
diffusion coefficients of
large clusters; solvent
discharge hides
processes at extreme
potentials; electrode
material strongly affects
kinetics.

Operates at very low
scan rates (<0.02 V
s1); unsuitable for
unstable intermediates
or fast follow-up
reactions; signal
depends on electrode
surface; long timescale
may allow side
reactions.

Data interpretation
complex (differential
current); challenging in
quasi-reversible
systems; strong
dependence on pulse
parameters; residual
capacitive
contributions affect
accuracy.

Requires steady-state
and linearity; model
fitting can give
ambiguous results;
time-consuming and
noise-sensitive at low
frequencies.

Requires specialized
OTTLE cells and
optically transparent
electrodes; OTTLE cells
require thorough
washing and refilling
for each experiment,
even when using the
same solution; sensitive
to gas evolution,
product precipitation,
or electrode fouling;
pseudo-reference
potential not fixed.
Poorly resolved spectra
for high-nuclearity
clusters; broad
absorption bands;
experimental setup
requires transparent
electrodes and suitable
windows; limited by
TD-DFT accuracy for
excited states.
Requires paramagnetic
species; radicals often
short-lived; ex situ
measurements need
stringent inert
conditions; in situ
applications still
limited.
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solution where the experiment is carried out (often consisting of a silver
wire immersed in a solution of AgNOs or AgPFe in CH3CN), however, the
equilibrium potential of these electrodes is not well-defined and stable
as required for a good RE. For the use in organic solvents, we found the
leakless Ag/AgCl, reference electrodes robust, highly conductive but not
porous, with the equilibrium potential stable for long times.

The counter electrode (CE), often a Pt wire, completes the circuit by
allowing current to flow between itself and the WE. It must have a
sufficiently large surface area to prevent kinetic issues. CE is placed
directly in the solution under study in voltammetric experiments, while
is far away from the WE, in a separate compartment, e.g. isolated by a
porous frit, in controlled potential electrolysis to prevent redox by-
products generated by the reaction that occurs on it from diffusing at
the WE, where they could interfere with the analyte or affect the
measurement.

Before the use, the electrochemical cell must be thoroughly dried,
typically by heating in an oven (e.g., 120 °C) to remove any adsorbed
moisture, especially when working in organic solvents or with air-
sensitive compounds such as anionic MMCCs. In these cases, the cell
can be equipped for use under an inert atmosphere using standard
Schlenk techniques. This includes fitting the cell with ground-glass
joints, septa, and gas inlets/outlets to allow for evacuation and back-
filling with inert gas (Ar or Ng), ensuring complete exclusion of moisture
and oxygen during the electrochemical measurements. As stated above,
inert atmosphere is essential to prevent undesired electrochemical
events, but also to exclude oxidation or hydrolysis of sensitive cluster
species.

In the experimental set up assembly it must be kept in mind that
working with MMCCs can cause gas evolution (e.g., CO release) upon
reduction or oxidation.

2.2. Techniques and their diagnostic power

Cyclic voltammetry (CV) is a widely used electroanalytical technique
that involves applying a linearly varying potential to a WE while
measuring the resulting current under diffusion-controlled mass transfer
[69,70]. The potential is swept between two set limits at a defined scan
rate, and then reversed back to the initial value, resulting in a cyclic
potential waveform. The resulting current-potential plot (voltammo-
gram) reflects the redox behavior of electroactive species near the WE
surface. Key features of the voltammogram include peak currents, peak
potentials, and peak shapes. These parameters can be used to provide
rich information on electron transfer processes, including their ther-
modynamic (formal redox potentials) and kinetic (rate of electron
transfer) data, stoichiometry (number of exchanged electrons), chemical
reversibility (stability of electrogenerated species), and kinetic and
mechanistic information of the chemical reactions coupled to electron
transfers.

CV remains the most accessible and informative technique for
probing the redox properties of MMCCs. It provides immediate infor-
mation on the number of redox processes, the formal potentials, and the
electrochemical and chemical reversibility of electron transfers. How-
ever, interpreting CV profiles of MMCCs can be challenging. Over-
lapping redox events, formation of unstable intermediates, and
adsorption on the electrode surface often complicate the analysis.
Moreover, solubility issues or low diffusion coefficients of high nucle-
arity MMCCs can result in low intensity peak currents and ill-defined CV
profiles. In several cases, however, the low currents did not depend on
insufficient cluster solubility in the experimental conditions, as solutions
with concentrations higher than 1 mM could be prepared for the com-
pounds, or on the material of WE (Pt or GC), but rather by slow kinetic of
electrode reactions [71].

A clear example can be found comparing voltammograms of
[Pt4o(C0O)40]®~ and [Pt33(CO)35]>" clusters, which exhibit a rich elec-
trochemistry (Fig. 1) [72]. Both these clusters display a series of redox
events involving up to seven oxidation states, however voltammetric
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Fig. 1. CV at a Pt electrode in CH3CN solution ([N"Bu4][PFs] (0.1 mol dm~3) as supporting electrolyte; scan rate: 0.1 V sH of (a) [Pt33(C0)38]2’ and (b)
[Pt40(C0)40]1°~; molecular structure of (c) Pt33(CO)35]1%~ and (d) [Ptso(CO)401®~ (purple, Pt; red, O; grey, C). Adapted with permission from Ref. [72]. Copyright 2016
American Chemical Society.
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Fig. 2. (a) Comparison of CV profiles of [HNi37_de7+x(CO)48]5_ (x = 0.53) recorded at Pt (top) and GC (bottom) WE in CH3CN solution. [N"Buy][PFe] (0.1 mol
dm~®) supporting electrolyte. Scan rate: 0.1 V s™!. Starred peaks are attributable to unknown impurities. (b) The molecular structure of the first independent
molecule of [HNi37_de7+x(CO)48]5‘ (x = 0.53). Two views are reported (green, Ni; purple, Pt, yellow, Ni/Pd~ 42:58; blue, Ni/Pd~ 88-92:12-8; grey, C; red, O).
Adapted with permission from Ref. [71]. Copyright 2021 American Chemical Society.
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profile has been found to be more complicated in the case of
[Pt33(CO)33]2_ respect to [Pt40(CO)40]6_. Redox changes show features
of chemical reversibility and electrochemical quasi-reversibility for the
former cluster, whereas almost all the redox processes exhibited by the
more regular [Pt4o(C0)40]6_ are chemically and electrochemically
reversible. This behavior was linked to the defective close-packed (ccp)
structure of [Pt33(CO)3g]?~, which influences the electronic delocaliza-
tion and stabilization of the redox states. This study exemplifies how CV
can uncover intricate electron-transfer patterns in high-nuclearity
MMCCs. However, it also highlights limitations such as the observa-
tion of quasi-reversible or irreversible steps because of structural reor-
ganization or decomposition, and the impossibility to detect redox
events at high or low potentials, hidden under the solvent discharge.

Another parameter that must be kept in mind setting up these
measurements, is the nature of the electrode material that can influence
the voltammetric response. For example, studies on hydride Ni-Pd
carbonyl clusters [71] have shown that switching between Pt and GC
electrodes can result in different current-potential behaviors due to
changes in adsorption and electron-transfer kinetics. When a Pt elec-
trode was used, a slower kinetic rate, respect to the GC electrode, was
observed. This decrement in kinetic rate led to a decrease in the current
intensity and, thus, to ill-defined peaks (Fig. 2).

Under diffusion-controlled conditions, the Randles-Sevéik equation
relates the peak current to the scan rate, the number of electrons
transferred and diffusion coefficient of the analyte [4,69]. Therefore, CV
can be employed to determine the number n of electrons exchanged in
each redox event or the diffusion coefficient when one of the two
quantities is known. In several cases, the peak current of the investigated
process is compared, under the same experimental conditions, with that
of a compound, having similar diffusion coefficient, for which n in
known. However, the application of this equation is subjected to several
limitations. It assumes that the electrochemical process is reversible,
diffusion-controlled, and that no coupled chemical reactions or
adsorption phenomena are involved.

In the case of MMCCs, these assumptions are not always met. In fact,
many clusters undergo follow-up chemical reactions after electron
transfer, such as CO loss or rearrangement, which lead to deviations
from ideal voltammetric behavior. Irreversibility, peak broadening, and
distorted voltammograms are common in such systems, making the
direct application of the Randles-Sevéik equation potentially
misleading. Moreover, adsorption of the cluster or its reduced/oxidized
forms on the electrode surface, especially on Pt, can invalidate the
assumption of diffusion control, leading to over- or underestimation of
the number of electrons transferred.

Thus, while the Randles-Sevéik equation provides a valuable first
approximation, its results must be interpreted cautiously and ideally
corroborated with complementary techniques or simulation of voltam-
metric profiles. Careful evaluation of scan-rate dependence and peak
separation can help assess whether the conditions for valid application
of the equation are satisfied.

Hydrodynamic voltammetry uses convection to enhance the rate of
mass transport of species towards the electrode surface [73,74] Some
hydrodynamic methods are based on electrodes that move with respect
to the electrolytic solution, as with rotating electrodes, whereas in other
hydrodynamic systems the electrolytic solution flows over a static
electrode. A typical voltammetric measurement used with the rotating
disc and other hydrodynamic systems is linear sweep voltammetry at
low scan rates. When the electrode rotates in a stable speed during the
measurement, the total current flowing depends upon the rotation speed
used and the system reaches a steady state and so the current reaches a
plateau; in clusters featured by multiple redox processes a stepped
current-voltage curve is obtained, with the same height of each step
pointing the same number of transferred electrons.

Differential pulse voltammetry (DPV) and square wave voltammetry
(SWV) are pulse-based electroanalytical techniques that apply periodic
perturbations to the potential during a voltammetric scan, enhancing
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signal-to-noise ratios and enabling the detection of redox processes with
greater precision than conventional CV. In DPV, a series of small po-
tential pulses is superimposed on a slowly varying base potential, while
in SWV, symmetrical forward and reverse pulses are applied around a
staircase potential, allowing for fast and sensitive measurements
[4,61,75]

These techniques offer greater sensitivity and resolution compared to
conventional CV, enabling the deconvolution of overlapping redox
waves and, therefore, are particularly valuable for high-nuclearity
MMCCs, which often exhibit dense series of redox events with closely
spaced formal potentials. By minimizing capacitive current contribu-
tions and enhancing faradaic signals, DPV and SWV can resolve indi-
vidual electron transfer steps that would otherwise appear as merged or
broadened peaks in cyclic voltammograms (Fig. 3) [76-80].

However, both techniques have some specific limitations. DPV,
while excellent for determining accurate formal potentials of closely
spaced redox couples, typically operates at very low scan rates (e.g.,
<0.02 V s 1). This slow potential ramp makes it unsuitable for studying
unstable intermediates or processes involving rapid chemical follow-up
reactions, as the long timescales can allow decomposition or side re-
actions to occur during measurement. Additionally, the signal shape and
intensity may vary depending on electrode material and cleanliness.

SWV, particularly in its Osteryoung variant (OSWV) [81], allows for
higher scan rates (typically 0.2-1 V s™1) and is thus more suitable for
systems where chemical complications could interfere at longer time-
scales. Nevertheless, the interpretation of SWV data can be more com-
plex, as it involves a differential current response obtained from forward
and reverse pulses. This can make distinguishing electrochemical and
chemical contributions challenging, especially in the case of non-ideal or
quasi-reversible systems.

In both methods, the precise control of parameters such as pulse
height, duration, and step size is critical for obtaining reproducible and
interpretable data. Moreover, the accuracy of current measurements
may be affected by residual capacitive contributions, especially when
working with very low current signals typical of dilute solutions of
MMCCs.

Controlled potential electrolysis provides the best method to measure
the number n of electrons involved in a redox process. The charge passed
in an electrolytic cell in correspondence of a redox process, up to com-
plete depletion of the starting compound, is related to the number n of
exchanged electrons per mole of compound by Faraday law [4,64]. The
electrolysis experiments are carried out at applied potentials, which are
0.1-0.2 mV more negative (or positive) with respect to the peak potential
of the reduction (or oxidation) process in the CV of the redox active
species, and must be performed in cells with anodic and cathodic com-
partments separated by a porous frit to prevent products formed at CE
from contaminating or falsifying the process at WE. A WE with a high
surface area is employed to ensure that electrolysis times are not too
long. When the product of electrolysis is stable, the CV on the exhaus-
tively electrolyzed solution gives a voltammogram quite complementary
to that of the starting compound, and, as far as the hydrodynamic vol-
tammetry is concerned, the wave has the same height, but results shifted
on the current axis. In cases where the electrogenerated species are of
limited stability and decompose during the long times of electrolysis, the
electron stoichiometry can be verified by the fast addition of equimolar
amounts of an oxidizing or reducing agent meanwhile controlling, by
hydrodynamic voltammetry, the anodic or cathodic shift of the current
axis [82], according to the quantitative product formation.

Electrochemical impedance spectroscopy (EIS), is a powerful technique
that analyses the frequency-dependent response of an electrochemical
system to a small alternating current [61]. It provides detailed infor-
mation on charge transfer kinetics, ion diffusion, and interfacial phe-
nomena by modelling the system with equivalent electrical circuits.
Despite its strengths, EIS requires steady-state conditions and assumes
linearity and time-invariance, assumptions not always valid for unstable
or reactive species. The analysis often depends on model fitting, which
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Fig. 3. (a) CV (bottom) and DPV (top) profiles recorded at Pt electrode in CH3CN solution of [Nigg_,Pds;x(CO)421®~ (x = 0.09). Adapted from Ref. [80], with
permission from The Royal Society of Chemistry. (b) CV (top) and SWV (Osteryoung variant, bottom) profiles recorded at a GC electrode in CH3CN solution of

[HNi36C8(CO)36(Cd2C13)]4’. Adapted from Ref. [79] with permission from Wiley.

can lead to ambiguous interpretations, and measurements at low fre-
quencies can be lengthy and noise-sensitive. The first examples of EIS
analysis employed in MMCC field were reported in 2021 and 2022 on
three different Ni-Pd clusters [71], [Pt;9(CO)22]*~ and [Pta;(CO)311*~
[83].

The charge transfer resistance R at the potential of the redox pro-
cess is directly related to the kinetics of the electrochemical reaction and
can be obtained by fitting the experimental data with the Randles circuit
(Fig. 4A). In particular, EIS measurements of clusters were performed
both at a GC and at a Pt WEs to investigate the different kinetic on each
electrode type. When the same resolved CV profile was obtained on both
WE:s [71], R values for the same redox peak were similar (about 1 kQ)
indicating relatively fast electron transfers for [NigG_XPd5+x(CO)46]6’ (x
= 0.41) at both the electrodes (Fig. 4). On the contrary, in the case of
[HN137_XPd7+X(CO)48]5’ (x = 0.53) lower and broader current peaks in
CV were observed for Pt with respect to GC electrode (Fig. 2); corre-
spondingly a higher impedance value for the first one (R.; about 5-42
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kQ) suggested a slower kinetic towards that electrode material
(Fig. 5). Moreover, we found that EIS measurements at the potentials of
the five consecutive reductions lead to a slower kinetic behavior for
[HNig7.xPd7.5x(CO)4g]™ ™ (x = 0.53; n = 5-10) also on GC WE [71], for the
redox processes at the two more negative potentials. This can be
explained by supposing important structural modification of the cluster
as the number of added electrons increases, as confirmed by the varia-
tion of the relative intensity of the terminal and bridging vgo bands in
favor of the bridging ones during the IR SEC experiments in the same
range of potentials. Also, an increase in the metal-metal bond distances
as the cluster negative charge increases is expected for multivalent
carbonyl compounds [84]. This topic is further discussed in Section 4.1.

Simulation of electrochemical processes is a powerful approach to test a
theoretical model of electrochemical behavior, particularly in systems
involving complex electron transfer mechanisms and coupled chemical
reactions [4,75,85,86]. The modelling of voltammetric experiments re-
quires the definition of the system under study in terms of mass
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Fig. 4. A) Nyquist plot for [Nigs,de5+x(CO)46]6’ (x = 0.41) using Pt electrode. B) Bode plot using Pt electrode. C) Nyquist plot for [Ni36,de5+x(CO)45]6’ (x =0.41)
using GC electrode. D) Bode plot using GC electrode. The working potentials for each curve were -0.460 V (black dots), —-0.760 V (red dots), -1.050 V (green dots),
and —1.540 V (blue dots). Adapted with permission from Ref. [71]. Copyright 2021 American Chemical Society.
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Fig. 5. A) Nyquist plot for [HN137,XPd7+x(CO)48]5’ (x = 0.53) using Pt electrode. B) Bode plot using Pt electrode. C) Nyquist plot for [HNi37,de7+x(CO)48]5’ x=
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dots), -1.560 V (blue dots), and -1.910 V (purple dots). Adapted with permission from Ref. [71]. Copyright 2021 American Chemical Society.

transport, adsorption on the electrode surface, homogeneous and/or
heterogeneous chemical reactions, as well as of the electrical perturba-
tion applied. Generally, simulations focus on homogenous processes and
therefore, although all these phenomena can in principle be simulated,
not all of them are usually included in the simulation. Numerical ap-
proaches typically solve Fick’s laws of diffusion in combination with
appropriate kinetic models such as Butler-Volmer or Marcus-Hush
theory, enabling time-resolved computation of current responses to
dynamic potential waveforms. These simulations can accommodate a
wide variety of mechanistic pathways, including electron transfer (E),
chemical steps (EC, CE), and catalytic cycles. A robust and broadly
applicable simulator constitutes a valuable resource for capturing vari-
ations in kinetic and/or thermodynamic responses as a function of
selected experimental parameters (e.g., scan rate). The ability to rapidly
reproduce experimental conditions without physically assembling an
electrochemical cell can provide significant advantages in research
practice and facilitates the presentation of results in educational con-
texts. Such simulations enable the verification or exclusion of specific
electrochemical mechanisms, thereby streamlining the interpretation of
experimental data and supporting the development of mechanistic in-
sights. Notably, the simulation of electrochemical processes can greatly
assist in elucidating the mechanistic pathways of metal clusters that
undergo multiple electron-transfer events [4,87-90], where experi-
mental interpretation alone may be challenging. For instance, in the case
of [Co4(CO)3(j13-CO)3(p3-C7H7)(n°-C7Ho)], the CV simulation allowed to
confirm the electrochemical mechanism supposed on the experimental
CV (Fig. 6) [88].

In recent years, several open-source tools have made CV simulation
more accessible, allowing researchers to perform mechanistic studies,
test hypotheses, and fit experimental data with increasing efficiency
[85,91-93].

2.3. Spectroelectrochemical (SEC) approaches

Spectroelectrochemistry (SEC), thus the in situ simultaneous elec-
trochemical and spectroscopic analysis of a redox reaction, allows to

b)
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Fig. 6. Comparison of experimental (a) and simulated (b) CV of [Co4(CO)3(p3-
C0)3(|J.3-C7H7)(T|5-C7H9)]. Fig. adapted from [88] with permission from Wiley.
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combine important aspects as thermodynamic and kinetic of the elec-
tron transfer with techniques suitable for the identification of unknown
reaction intermediates or products. Several absorption (ultraviolet, UV;
visible, VIS; near-infrared, NIR; infrared, IR), emission (luminescence in
UV or VIS regions), scattering (Raman) and resonance (electron para-
magnetic resonance, EPR; nuclear magnetic resonance, NMR) spec-
troscopies are typical methods in SEC [4,94-96].

Since in a reversible one-electron electrode process either the start-
ing species or the product must be paramagnetic, in situ EPR SEC is an
ideal technique to gain information about the site of redox activity in the
molecule, the contribution of specific nuclei to the molecular orbital
hosting the unpaired electron, and the half-wave potentials of systems in
which CV experiments provide ill-defined peaks due to slow electron-
transfer kinetics [95]. While EPR spectra are often recorded ex situ on
electrogenerated species, radicals frequently exhibit short lifetimes and/
or high thermal reactivity; therefore, the transfer of radical solutions
after external generation may require complex manipulations to exclude
oxygen or moisture, or to maintain low temperatures [97]. A more
widespread use of the in situ approach is highly desirable in future
studies, especially for MMCCs that are very reactive species for which
also the magnetic behavior of even-electron compounds is controversial
[98]. Combined electrochemical EPR measurements can unambiguously
determine the spin multiplicity of both redox partners, even in the case
of unstable intermediates, while complementary UV-Vis or IR SEC can
help assess the reversibility of the redox process and/or identify any
subsequent chemical transformations. While some examples of com-
bined EPR/UV-Vis SEC studies are reported [99,100], no examples were
found in the literature for the EPR/IR version.

In situ scattering and resonance SEC techniques are considerably less
employed compared to UV-Vis and IR SEC. For this reason, in this re-
view we will focus our discussion in more detail on the latter spectro-
scopic methods.

Infrared spectroelectrochemistry (IR-SEC) is the most effective in situ
technique that enables the monitoring of structural and electronic
changes in MMCCs during electrochemical oxidation or reduction [95].
The vco stretching vibrations are highly sensitive to changes in the
electronic structure of the cluster: as electrons are added or removed, the
electron density around the metal centers changes, altering the back-
donation to the CO ligands and, thus, shifting the carbonyl stretching
frequencies. Typically, a cathodic (reductive) process leads to a shift of
the vco bands to lower wavenumbers, due to increased back-donation
from the more electron-rich metal center, whereas oxidation leads to a
shift to higher wavenumbers, consistent with decreased electron density
and reduced back-donation.

The number of electrons exchanged in each redox step can often be
inferred from the magnitude of the vco shift, particularly when sup-
ported by DFT calculations or comparison with chemically generated
analogues. Indeed, one-electron redox processes of MMCCs cause an
approximately constant shift of v after each addition or removal of one
electron, while an almost double value is observed for two-electron
transfers. Moreover, when combined with CV, IR-SEC allows for a
direct correlation between the observed potential-dependent spectral
changes and the redox processes identified voltammetrically. This en-
ables accurate assignment of formal oxidation states and insights into
the distribution of electron density within the metal core.

Despite its power and resolution, IR-SEC presents significant exper-
imental challenges. A key requirement is the use of optically transparent
electrodes (OTEs) which allow simultaneous IR transmission and elec-
trochemical control. These electrodes are typically integrated into a
specialized SEC cell, the optically transparent thin-layer electrode
(OTTLE) cell [101], which has become one of the most widely used
configurations for IR-SEC. In a typical OTTLE setup, the WE, such as a Pt
or Au minigrid, is mounted within a polyethylene or Teflon spacer,
sandwiched between two IR-transparent windows (e.g, KBr, CaF2, or
ZnSe). The total cell pathlength is typically between 0.2 and 0.5 mm,
enabling a thin-layer geometry that ensures rapid and complete
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electrolysis with high signal-to-noise ratios in the vco region. Counter
and pseudo-reference electrodes, often Pt mesh and Ag wire respec-
tively, are embedded alongside the WE in the same narrow volume
allowing fast, simultaneous electrochemical and spectroscopic moni-
toring. Furthermore, the thin-layer geometry prevents significant
diffusion of redox by-products from the CE in the measuring space and
towards the Ag pseudo-reference electrode so that the reference poten-
tial remains constant, although, being a pseudo-reference, the potential
of this electrode is not defined and can change from experiment to
experiment.

This configuration is particularly suited for the study of air-sensitive
or unstable species, thanks to its sealed, anaerobic environment. How-
ever, some technical challenges must be carefully addressed, including
gas evolution (e.g., CO release) that may scatter IR radiation, electrical
interference, product precipitation on electrode or window surfaces.

Proper electrode sealing and handling under inert conditions, along
with careful cell assembly and cleaning, are essential to maintain
reproducibility. When well optimized, the OTTLE cell remains a key tool
in IR-SEC, offering precise, real-time insight into redox-induced vibra-
tional changes in MMCCs. To summarize, specific advantages of IR SEC
experiments on MMCCs are:

e with respect to CV, allows to verify the stability of the electro-
generated species on longer timescale, and, in the case of their sub-
sequent reactions, identify the products from their vibrational
spectra [102,103];

recognize quasi-reversible electrochemical processes in cases where
in the CV the back-scan peak is far from the forward peak [104];
associate the electrochemical quasi-reversibility with structural
changes, especially regarding the stereochemistry of the CO ligands,
as pointed out by a change in shape and intensity of vgo bands by
changing the charge of the cluster. In particular, the relative intensity
of terminal (v&o) and bridging (VEO) bands varies with the redox state
of the cluster, the on bands becoming more and more intense as the
negative charge increases, according to the general observation that
an increase of the negative charge of a cluster leads to an increased
tendency for CO ligands to display a bridging coordination mode
(Topic discussed in Section 4.1);

processes masked by solvent discharge in CV, can become evident in
IR SEC experiments [72,102];

e When the WE potential is swept between two values in the range of
an electrodic process, the vco bands of the initial cluster shift towards
higher or lower wavenumbers and, for reversible one-electron pro-
cesses, the sequences of IR spectra are featured by well-defined iso-
sbestic points (Fig. 7a). If this doesn’t happen, it may indicate the
presence of more than two compounds (Fig. 7b) [103] and we can
hypothesize that the additional species is a transient, intermediate
oxidation state. This hypothesis was confirmed in several cases by
spectral deconvolutions performed on some selected IR spectra
collected during the redox process. For example, in the case of the
oxidation of [Rh21Sb2(CO)38]5’, as shown in Fig. 7c-e, the peak
fitting analysis of three consecutive IR spectra allowed us to deter-
mine the single absorbance contributions of each of the three redox
states of the cluster to the overall spectra in different ratios, ac-
cording to the potential scan direction.

for impure samples, the low intensity peaks evident in CV profiles
can be related to IR changes due to trace amounts of impurities,
while the absorptions of the cluster under investigation remain un-
changed. On the other hand, we were able to demonstrate the
multivalence and electron sink behavior of [Ni37,XPd7+X(CO)4g]6’ (x
= 0.69) [71] even in presence of [NiG(CO)lg]Z’. The latter does not
interfere in the CV (its reversible reduction at —2.31 V and an irre-
versible oxidation at —0.31 V being, respectively, at lower and
higher potential with respect to those of [Nigy,XPd7+x(CO)43]6’).
Instead, its presence is evident in the IR spectra, where the super-
imposition of Vg bands of the two clusters makes difficult to detect
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Fig. 7. IR spectral changes of a CH3CN solution of [Rhy;Sba(CO)3g]°~ recorded in an OTTLE cell during a) the progressive decrease of the potential from —0.96 to
-1.32 V; b) the progressive increase of the potential from -0.6 to +0.6 V (vs. Ag pseudo-reference electrode; scan rate 1 mV s’l, [N"Buy] [PFe] (0.1 mol dm?) as
supporting electrolyte. The absorptions of the solvent and the supporting electrolyte have been subtracted. c) — e) peak fitting analysis of three consecutive IR spectra
acquired during the oxidation of [Rhy;Sbo(CO)35]°~. Adapted with permission from Ref. [103]. Copyright 2020 American Chemical Society.

in this IR region the real shift induced by the redox processes of
[Nig7,XPd7+x(C0)4g]6’ during the WE potential swept. The
[NiG(CO)lz]Z’ interfering IR bands, which remained unchanged in
the applied potential window, were eliminated calculating the dif-
ferential absorbance spectra. In this way, one oxidation and three
consecutive reduction steps of [Nigy,de7+x(CO)4g]6_, all
completely chemically reversible, were ascertained (Fig. 8);

recognize the products of fast chemical reactions that follow the
electron transfer and uncover the mechanism of their formation. As
an example, carbonylation/decarbonylation reactions of [MgC
(CO)161%~/[MgC(CO)15]*~ clusters (M = Ru, Fe) [105,106] follow
electron transfers, due to the stability of the 86 CVE (cluster valence
electrons) species, that make the processes chemically irreversible in
the CV time scale under an Ar atmosphere. In situ IR SEC studies,
supported by computational investigations, point out that the
interconversion between [FeGC(CO)ls]z’ and [FeGC(CO)15]4’ pro-
ceeds via two sequential one-electron steps followed by a chemical
process, i.e. CO release/uptake. The intermediate, a -3 charge cluster
that has been spectroscopically identified, can accumulate to varying
extents during the IR-SEC experiments, depending on the experi-
mental conditions such as scan rate, dissolved CO, and the presence
of impurities. It is worth noting that DFT calculations support an EEC
mechanism (Scheme 1) for both the oxidation and reduction pro-
cesses, with the OTTLE cell playing a crucial role (due to the absence
of free volume) in trapping the CO released upon quantitative
reduction of [FeGC(CO)lﬁ]Z’ and making it available for its near
complete recovery in the back-oxidation step. On the other hand,
under Ar atmosphere, the reduction of [RuSC(CO)K,]z’ to [RugC
(CO)15]4’ in the OTTLE cell was accompanied by the formation of
unidentified products, probably originating from side reactions with

evolved CO. Moreover, the complete two-electrons oxidation of
[RugC(CO)151*~, under Ar atmosphere, was achieved only using
CH3CN as solvent, affording [Ru6C(CO)15(CH3CN)]2’ as 86 CVE
stable species.

UV-Vis-NIR spectroelectrochemistry (UV-Vis-NIR -SEC) represents a
powerful in situ technique that couples the electronic control of redox
processes with optical monitoring in the ultraviolet, visible, and near-
infrared spectral regions [61]. As detailed in recent comprehensive re-
views [94,96], this hybrid approach allows real-time tracking of elec-
tronic transitions and structural changes associated with redox
transformations, making it especially valuable for investigating tran-
sient species, charge delocalization phenomena, and the redox behavior
of conjugated or metal-containing systems. Typically performed in
optically transparent thin-layer electrode (OTTLE) cells similar to the
one already described in the paragraph above. In this case, the technique
requires careful selection of window materials (e.g., quartz or CaFz) and
transparent WEs (e.g., ITO, Pt minigrids) to ensure compatibility with
the spectral range of interest. Moreover, the geometry of light propa-
gation (normal or parallel to the electrode surface) significantly affects
spectral resolution and path length, influencing both sensitivity and
time response [61,107].

UV-Vis-NIR spectra of metal clusters can be relatively simple for low-
nuclearity compounds with well-spaced electronic energy levels, the
onset wavelength of the lower energy band being used for calculating
the HOMO-LUMO gap. As cluster nuclearity increases, the overall den-
sity of states of electronic energy levels increases and electronic spectra
of their very dark solutions are characterized by poorly resolved bands;
rather, a broad and continuous absorption spans the visible region into
the NIR. Correspondingly, the HOMO-LUMO gap for large MMCCs drops
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Scheme 1. Proposed mechanism for the electrochemical oxidation of [FeGC(CO)15]4’.
to values under 1 eV and high spin, paramagnetic ground states become 3. Investigation of the electronic properties of MMCCs by

possible [108]. Here’s why in situ UV-Vis-NIR SEC studies of high electrochemistry
nuclearity MMCCs are relatively rare [98,109].

From a computational point of view, the accurate description of Electrochemical measurements give important insights into the
electronically excited states of metal clusters is challenging [110]. Time- electronic properties of MMCCs. A first information on the frontier
dependent density functional theory (TD-DFT) is the sole first principles molecular orbitals is obtained just based on the absence or the presence
approach applicable for large systems thanks to its acceptable compu- (and the number) of reversible electrochemical redox processes. The
tational cost. When the closed-shell ground state can be described by a complete absence of any reversible redox process, in the accessible
single determinant, TD-DFT usually provides reliable vertical excitation electrochemical window, is usually indicative of a closed-shell MMCC

energies for the singlet and triplet excited states, with errors being with a large HOMO-LUMO gap. The added electron for the reduction
typically in the 0.2-0.4 eV interval. Anyway, TD-DFT is unable to handle process would enter a high energy antibonding orbital, whereas the

all kinds of excited states. For instance, such an approach fails when the electron should be removed upon oxidation from a low energy bonding
ground state is degenerate or nearly degenerate. TD-DFT is also inap- orbital. Both cases would result in destabilization of the MMCC. Many
propriate to investigate open-shell systems with unpaired electrons, low nuclearity MMCCs are non-redox active and display an almost
since spin-contaminated excited states are produced and errors can be as perfect correspondence between number of cluster valence electrons
large as 1-3 eV even for relatively simple compounds. (CVE) and geometry of the metal frame [42]. For this purpose, different

10
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rules for electron bookkeeping in MMCCs have been developed,
including the effective atomic number (EAN) rule, cluster-borane anal-
ogy and Wade’s rules, the polyhedral skeletal electron pair theory
(PSEPT), and topological electron counting (TEC) [111-114]. Recently,
also the superatom model has been successfully applied to some MMCCs
[115-118].

As the number and size of structurally characterized MMCCs
increased, exceptions to the above-mentioned electron counting rules
appeared, and significant examples of redox active MMCCs were dis-
closed by electrochemical and SEC measurements. Interestingly, de-
viations from predicted electron count and redox aptitude were both
encountered more frequently as the nuclearity of MMCCs increased.

A MMCC can be described as redox active, if it displays at least one
redox process with features of reversibility by electrochemistry. In some
cases, also quasi-reversible redox processes are considered for this pur-
pose, if their deviation from reversibility is not too large. Often oxidized
or reduced MMCCs are just observed in the timescale of electrochemical
or SEC measurements. Sometimes, they are sufficiently stable to be
observed also during chemical oxidation and reduction reactions, or
even to be isolated after work-up of the reaction mixture. In some cases,
a given cluster has been isolated and structurally characterized by SC-
XRD in different oxidation states.

Redox active MMCCs may be classified based on the number of their
reversible redox processes. A rough, but effective, classification may be
done based on the fact that a redox active MMCC displays (a) a single
reversible redox process (Table 2), (b) two reversible redox processes
(Table 3), or (c) three or more reversible redox processes (Table 4). The
limit of three redox processes has been selected, because it indicates that
more than one molecular orbital is involved in the electrochemical
processes.

If a single reversible redox event is present (a), and this is an
oxidation, it means that one electron may be removed from the HOMO
without significantly altering the MMCC stability. This is indicative of a
weakly bonding, weakly anti-bonding or non-bonding HOMO. Similar
considerations may be applied to the LUMO, if the single reversible
redox event is a reduction.

In case (b), the two reversible redox processes may be both oxida-
tions or reductions, or one is an oxidation and the other a reduction. If
the two events are of the same type, two electrons are added or removed
in sequence to/from the same orbital (or from degenerate orbitals). In
contrast, if one reversible oxidation and one reduction are present, it
means that it is possible both to remove one electron from the HOMO
and to add one electron to the LUMO. Moreover, the difference (AE®")
between the oxidation and reduction potentials is related to the energy
HOMO-LUMO gap. It is worth noting that the outcomes of electro-
chemical measurements cannot be directly compared with other tech-
niques, as summarized by Holze [167]. For instance, the influence of the
solvation shell is not present in photoelectron spectroscopy measure-
ments carried out on solid samples. Further problems arise when elec-
trochemical and optical HOMO-LUMO gaps are compared, since
electrochemical transformations of a neutral compound result in the
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formation of charged species, while absorption of electromagnetic ra-
diation produces an excited but still neutral compound.

A MMCC showing three or more reversible redox processes (c) is said
to behave as an electron sponge (or electron reservoir, or electron sink),
and is often referred as a multivalent MMCC, in the sense that it can exist
in four or more different oxidation states. The redox processes of
multivalent MMCCs involve two or more molecular orbitals and, thus,
their study lends more extensive information of the frontier orbitals of
the cluster, compared to cases (a) and (b). Moreover, the spacing be-
tween consecutive redox processes (AE®") may give additional infor-
mation on the relative energies of frontier molecular orbitals, also in
comparison with the pairing energy of electrons on the same orbital.

3.1. Ad hoc conditions for redox activity of MMCCs

Redox properties of MMCCs may originate from ad hoc conditions or
incipient metallization of their metal core. Ad hoc conditions are usually
found in lower nuclearity redox active MMCCs, whereas incipient
metallization occurs as the nuclearity of the cluster increases. Some
overlap may be present at mid nuclearities.

Ad hoc conditions consist of a synergy between electronic, steric and
bonding features, which lead to the presence of one or more weakly
bonding/antibonding or non-bonding orbitals in a well-defined energy
gap (a potential HOMO-LUMO gap). In some cases, fragmentation or
condensation upon redox reactions is prevented by the efficient shield-
ing of the CO shell and the strength of M-M bonds, as for instance in
[Fe4Au(C0)16]’ [129], [F63Pt3(co)15]27 [127,128], and
[HFePde(CO)241%~ [143]. In particular, [FesPt3(CO)15]%~ displays two
reversible one-electron oxidations, leading to paramagnetic
[FesPt3(CO)15] and neutral [FesPt3(CO)is] (Fig. 9). All the three spe-
cies [Fe3Pt3(CO)15]"~ (n = 0-2) have been isolated and characterized by
SC-XRD. The HOMO of the dianion is weakly antibonding and, thus, the
Pt-Pt bond distances progressively shorten by ca. 0.08 A upon each
oxidation step. Dimerization of the mono-anion [FesPt3(CO)is]™ is
hampered by the apical CO ligands bonded to the three p-Fe(CO)4 units.
Indeed, in the absence of such steric protection, the planar Chini cluster
[Pt3(CO)6]2’ dimerizes upon oxidation to [Ptﬁ(CO)lz]% [168]. This
point has been further corroborated by Figueroa et al., who isolated and
structurally characterized the monomeric Chini-type clusters [Pts(p-
CO)3(CNATPPP2),1"~ (n = 0-2; ArPPP? = 2,6-(2,6-(i-Pr),CeHz)2CeHs)
[169]. The dianion may be viewed as the heteroleptic analogue of
[Pt3(CO)s]%~, whereas neutral [Pts(j-CO)3(CNAPPP2);] is closely
related to the well-known [Pt3(u-CO)3(PR3)3] (R = alky or aryl). Both
[Ptg(CO)ﬁ]Z’ and [Pt3(p-CO)3(PPhs)s] display only irreversible elec-
trochemical processes, whereas [Ptg(p-CO)g(CNArDippz)g] shows two
reversible one-electron reductions at -1.39 and -2.04 V (vs SCE)
(Fig. 10). The observed redox behavior of [Pt3(p-CO)3(CNArPPP2)51°~ (n
= 0-2) results from a synergy between the steric and electronic prop-
erties of the CNArPPP2 jsocyanide ligand. Its bulkiness prevents dimer-
ization of the [Ptg(p—CO)g(CNArDippz)g]’ monoanion and lends support
to the fact that [Pt3(CO)g]  radicals are involved in the oxidation of

Table 2

Selected examples of MMCCs with one reversible redox change (E*’ in V, relative to SCE).
Compound Solvent +1/0 0/-1 -1/-2 -2/-3 Ref
[Fe3(CO)q11%~ THF -0.76 [118]
[FesS(CO)o] 2~ DCE -0.40 [43]
[Fe3S2(CO)ol PhCN -0.48 [43]
[FesN(CO)14] ~ CH3CN -0.90 [119]
[FeCo5S(CO)o] DCE +0.44 [120]
[Felrs(CO)15]1 3~ CH5CN -0.57 [121]
[H20s3(CO)10] acetone -0.66 [122]
[0s6(C0)19(CH3CN)] CH3CN -0.87 [123]
[C04Sb5(CO)11]1 ~ CH,Cl, -0.58 [124]
[Co4Bi(CO)q1] ~ CH,Cl, -0.65 [124]
[C04Si(CO)211%~ CH,Cl, -0.47 [48]
[HC010P2(CO)23] >~ CH3CN -0.73 [125]




T. Funaioli et al.

Coordination Chemistry Reviews 549 (2026) 217365

Table 3
Selected examples of MMCCs with two reversible redox changes (E°’ in V, relative to SCE).

Compound Solvent +1/0 0/-1 -1/-2 -2/-3 -3/-4 -4/-5 -5/-6 Ref
[Fe4N(CO)12] ~ CH3CN -1.23 -1.58 [49]
[FesS5(C0)141%~ CH,Cl, +0.26 -0.18 [126]
[Fe3Pts(CO);151%~ CH5CN +0.19 -0.40 [127,128]
[Fe4Au(CO);6] ~ CH3CN -0.73 -0.93 [129]
[0s6(CO)20(CH5CN)] CH3CN -0.65 -0.89 [123]
[H40810(CO)241 %~ CH,Cl, +0.57 +0.35 [130]
[0810C(CO)2412~ CH,Cl, +0.74 -1.39 [131]
[Os4Pt5(CO)47] CH,Cl, -0.57 -0.84 [132]
[0s,4Pt5(C0);5(COD)] CH,Cl, -0.67 -0.93 [132]
[C011C2(C0O)25] >~ THF +0.01 -0.63 [133]
[Co13N2(CO)24] 3~ CH5CN -0.74 -1.29 [134]
[CogAuC(CO)16] ~ CH,Cl, * -0.77 -1.31 [82]
[H2C015PdoC3(CO)38] ~ CH,Cl, +0.60 +0.10 [135]
[Co;5PdyC3(CO)35] >~ CHCl, +0.35 +0.00 [135]
[Irg(CO)15]1 2~ acetone +0.50 +0.12 [136]
[Ir14(CO)471 ~ CH,Cl, +0.35 -0.04 [137]
[Niz2(C2)4(C0O)25(CdBr),] *~ DMF -0.71 -0.85 [791
[Ni;1Sby(CO)15] 3~ CH3CN -0.65 -1.42 [138]
[Ni;1Bix(C0O)15]1 3~ CH3CN -0.67 -1.42 [139]
[Ni;38b5(CO)241~ CH5CN -0.56 -1.28 [140]
[Ag13Fes(CO)s21 %~ CH3CN -0.37 -0.65 [141]

* Three redox processes have been observed in THF (see Table 4).

[Ptg(CO)G]Z’ to [Pt6(C0)12]2’. Moreover, the larger n-acidic character
of isocyanides compared to phosphines stabilizes the [Pts(p-
CO)3(CNArDipp2)3]Z’ dianion. Indeed, [Ptg(p—CO)g(PPhg)g]Z’ has been
isolated in the solid state only very recently, from the reaction of
KgRbgGe17, [Pt(CO)2(PPhg),] and [2.2.2]-crypt in liquid ammonia after
three months’ storage at 233 K [170].

In other cases, stabilization of the species electro-generated by redox
processes is guaranteed by the presence of peripheral or interstitial main
group elements that reinforce the metal core of MMCCs. Indeed, several
MMCCs containing C, Si, N, P, As, Sb, Bi, S, and Te atoms are present in
Tables 2-4. Stabilization may be also obtained thanks to robust M-M
bonds, as for second and third row transition metals, or synergetic M-M’
bonds in heterometallic clusters. For instance, [Ir6(CO)15]2’ displays
one reversible and one quasi-reversible oxidation [136], and the para-
magnetic mono-anion [Irg(CO)15]~ has been spectroscopically charac-
terized. In contrast, the lighter congeners [M6(CO)15]2’ (M = Co, Rh)
show only irreversible electrochemical processes. Also [Ir;4(CO)27]1™
[137] and [H4Oslo(CO)24]2’ [130] shows two reversible redox pro-
cesses, whereas their structurally related [Hy_nNij3(CO)211" (n = 2-4)
and [H4_,NigPt3(CO)21]1" (n = 2-4) are non-redox active.

Even if rarer, in some cases the higher strength of M-M bonds may be
detrimental for the reversibility of electrochemical processes. Indeed,
[Feg(CO)u]Z’ may be reversibly oxidized to [Fe3(CO);1]~ [118],
whereas the heavier congeners [M3(CO)11]2_ (M = Ru, Os) undergo only
irreversible one-electron oxidations. It is likely that, because of the
higher Ru-Ru and Os-Os bond energies compared to Fe-Fe, dimerization
occurs upon oxidation of [Mg(CO)ll]Z’ (M = Ru, Os).

An ad hoc condition is also at the heart of the redox behavior of the
[Ag13Feg(CO)32]" ™ (n = 3-5) species [171]. All three congeners have
been chemically isolated and structurally characterized by SC-XRD,
showing very similar structures. The eight p3-Fe(CO)4 groups provide
steric protection to the Ag;3 core. The LUMO of [Ag13Fe8(CO)32]3’ lies
ca. 0.48 eV above its HOMO and 1.59 eV below the LUMO+1. Since the
LUMO is essentially non-bonding and delocalized over the whole Ag;s
core, it can progressively accept two additional electrons without
altering significantly the cluster stability. The metal core of the cluster
consists of an Ag-centered Ag;2 cube-octahedron, which is a piece of a
hcp metal arrangement. The interstitial Ag 5s orbital contributes ca. 25%
to the SOMO of paramagnetic [AglgFeg(CO)gz]“’, as indicated also by
the strong coupling observed in its EPR spectrum (Fig. 11).

The presence of fully interstitial late transition metal atoms (Ag in
the case of [Ag13Feg(CO)32]"; Ni or Co in the following examples)

seems to be a feature common also to other redox active MMCCs, such
as,  [NinSby(CO)igl®™  [138],  [NinBip(COnsl®™  [139],
[Ni13Sba(CO)241%  [140], [Co11Tes(CO)1ol-, and  [CoiiTes(-
CO)s5(PMeyPh)s] [150] (Fig. 12). It seems that the atomic d orbitals of
the interstitial late transition metal atoms have suitable symmetry and
energy to weakly interact with the metal cage, resulting in a set of a few
weakly bonding and anti-bonding molecular orbitals. At the same time,
the presence of fully interstitial metal atoms with high coordination
numbers suggests some structural and topological resemblances to bulk
metals. Indeed, it may be viewed as a hint of the incipient metallization
of larger MMCCs.

3.2. Metallization of the metal core of MMCCs

As a matter of fact, as MMCC nuclearity increases, the CO/M ratio
decreases and the M-M bonds become more relevant and, eventually,
predominant over M-CO interactions, approaching the coordination of
bulk metals. Therefore, the number of interstitial and highly coordinated
metal atoms increases with cluster nuclearity. It is not surprising that
multivalence and electron sponge behavior are often found in larger
MMCCs. Indeed, as the number of metallic M-M interactions increase,
metallization of the metal core of the cluster should occur, indepen-
dently of the actual structure adopted. This corresponds to a decrease of
the HOMO-LUMO gap and, eventually, to the appearance of a contin-
uum of energy levels (Fig. 13) [98,108]. Metallization of the metal core
of MMCCs is a gradual process, which should involve an insulator-to-
metal-transition, passing through a semiconductor regime.

Theoretical calculations indicate that ligand coordination to the
surface of bare metal clusters partially quenches the metallization pro-
cess [172]. Moreover, in the attempt to relate the metallization process
with cluster size, the real nuclearity of the metal core must be consid-
ered, and not the nominal one, which is sometimes affected by staple
motives and conjuncto structures.

Important information on the metallization process may be obtained
from electrochemical data. The number of reversible redox processes is
related to the number of available orbitals in the frontier region, which
can be populated or depleted without significantly altering the MMCC
stability. Most entries in Table 4 show three or four reversible redox
processes, but there are also some larger MMCCs, with nuclearities in the
range 19-44, that display five, six or even seven reversible redox pro-
cesses (Fig. 14).

Further information may be obtained by analyzing the differences of
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Table 4
Selected examples of MMCCs with three or more reversible redox changes (electron sponge behavior) (E* in V, relative to SCE).
Compound Solvent ~ +1/0  0/-1 -1/-2 -2/-3 -3/4 -4/5 -5/6 -6/-7 -7/-8 -8/-9 -9/ -10/  Ref
-10 -11
[FegNigN2(C0)241 2~ CH,CN +0.17 -0.40  -0.90 [142]
[HFegPdg(CO)24] 3~ acetone +0.39 -0.64 -1.18 [143]
[0520(C0)44] >~ THF +0.74  40.32 -0.15 [144]
[OsoRh3(CO)2g] ~ CH,Cl, +0.77 4039  -0.01  -0.31 [145]
[0s1gPd5C5(CO) 421 2~ acetone +0.83 4045 -0.11 -0.54 -1.05 [146]
[CogC(CO)151 %~ DCE -0.01 -0.81 -1.35 [147]
[C013C2(CO)24] 4+~ CH3CN -0.54 -1.06 -1.68 [134]
[C010N2(CO)101 %~ CH,CN -0.14 -052 -0.85 -1.72 -216 [148]
[C011N2(CO)213~ CH5CN -0.23"  -0.23" -1.05 -1.47  -2.07 [148]
[C010P(CO),21 3~ CH4CN -0.10 -1.32  -1.47 [149]
[Co11Te;(CO)10] ~ THF 4033  -0.32  -1.04 [150]
[Co11Te;(CO)o(PMe,Ph)] THF +0.09 -0.53 -1.16 [150]
[C011Te;(CO)g(PMe,Ph),] THF -0.12 -076  -1.37 [150]
[Co11Te;(CO),(PMe,Ph);] THF -0.36 -0.98  -1.54 [150]
[Co11Te;(CO)s(PMe,Ph),] THF +0.10 -054 -116 -1.71  -2.05 [150]
[Co11Te;(CO)s(PMe,Ph)s] THF -0.08 -074 -1.36  -1.90 [150]
[Co35As12(CO)s0] = CH4CN +0.14 -0.14 -0.42 -0.70 -0.98 -1.26 -1.54 [151]
[CosMoN(CO);4] 2~ CH,CN -128 -1.70 -2.31 [152]
[HC015PdgC3(CO)3g]1 2~ CHuCl,  +0.90 +0.40  +0.07 [135]
[CogPt4Co(CO)24] 2~ THF +0.18 -0.91  -1.38 [153]
[CosAuC(CO)16] ~ THF" -0.69 -1.38  -2.07 [82]
[C010AUC(CO)24] ~ CH,Cly +0.71  -0.63 -0.91 -1.42  -1.72 [82]
[HRh;4(C0O)2513~ CH3CN -0.02 -025 -125 -1.58 [78]
[H3Rh,5(CO)35]1 %~ DMF +0.18 -0.24 -0.65 -1.10 -1.41  -1.59 [154]
[H3Rh,2(CO)351°~ CH,CN -024 -0.60 -1.05 -1.38 -1.60 [154]
[H4Rh,5(CO)351 %~ CH3CN +0.01 -073  -0.82  -1.20 [154]
[Rh;6Aug(CO)36] ®~ CH,CN +0.05 -0.17 -0.44 -0.66 -124 -1.48 -1.75 -1.91 [155]
[Rh;,In(C0),s] 3~ CH,CN -0.14  -0.34  -1.82" -1.82° [104]
[Rhy;Sby(CO)36] %~ CH3CN -0.26° -0.26° -0.90 -1.16 -1.41" -1.41"° -1.85 [103]
[Ni;2C(CO)18] +~ CH3CN -0.50 -0.76 -1.15 [156]
[Ni16(C2)2(CO)a23] *~ DMF -0.60 -1.63  -1.80 [157]
[Ni25(C2)4(C0O)321 *~ DMF -0.34 -133 -1.64 -1.95 [157]
[Ni25(C2)4(CO)321 *~ CH3CN -0.65 -125 -150 -1.83 -2.05 [157]
[HNi5(C2)4(CO)321 3~ CH,CN -0.97 -113  -1.45 [157]
[Ni2(C2)4(C0)25C11 3~ DMF -137  -150 -1.68 [157]
[Ni32C6(CO)36] *~ CH3CN -0.45 -0.77 -1.06 -1.33  -1.60 [158]
[HNi3gC6(CO)421%~ CH3CN -0.60 -1.11 -1.42  -1.77 [158]
[Ni3gC6(CO)42] ~ CH5CN -0.49  -098 -1.33 -1.73 [158]
[Ni3gC6(CO)421®~ DMF -024  -0.60 -1.10 -1.47 [158]
[HNi3;P4(CO)30]1 %~ CH4CN -053 -0.78 -1.19 -150 -2.10 [102]
[H,Nig1P4(CO)301 4~ CH,CN -059 -0.82 -1.74 [102]
[NisRho(CO)2513~ CH5CN -0.18 -0.35 -1.25 [159]
[Nizo_xPdg.(CO)421 %~ (x = CH4CN -0.68 -1.10 -1.36  -1.62 [80]
0.09)
[Niza Pd204,(C0)4s] *~ (x = CH3CN [801
0.62)
[Nize_xPds.(CO)46] ™ (x = CH43CN -0.50 -0.80 -1.09 -1.58 -1.83 [71]
0.41)
[Nig7_xPdy(C0)4g] ®~ (x = CH3CN 061 -0.79 -112 -1.30 -1.65 -191  [71]
0.69)
[HNiz7_Pd;(CO)4g] >~ (x = CH3CN -023 -056 -0.93 -1.26 -1.60 -1.95 [71]
0.53)
[HNiz24Pt;4(C0)44] °~ CH3CN -0.30 -0.63 -1.11 -1.49 [42]
[HNi3ePt4(CO)45] >~ CH,CN -0.70 -1.08 -138 -1.76 [160]
[Ni3ePt4(CO)451%~ CH,CN -0.80 -1.15 -1.46  -1.82 [160]
[HNi3sPto(CO)45] °~ DMF 030 -0.73 -117 -1.38 [161]
[Ni3sPto(CO)4g] = DMF -023  -0.63 -1.03 -1.43 [161]
[HNi3gPts(CO)4s] °~ DMF -0.25 -0.62 -0.96 -1.28  -1.62 [162]
[Ni3gPts(CO)ag] *~ DMF 062 -097 -1.29 -154 -1.75 [162]
[H,NizoC4(CO)34{Cu Acetone -0.32  -0.68 -1.06 -1.34 [163]
(CH3CN)}»1 %~
[H,NizoC4(C0O)32(CH5CN){Cu CH;CN -0.32  -0.60 -1.03  -1.67 [163]
(CH3CN)},1 %~
[H,Ni3C4(CO)34{Cu Acetone 029 -055 -0.79  -0.98 [163]
(CH3CN)},1 4~
[HNi30C4(CO)34{Cu CH3CN -0.62  -1.04 -1.40 [163]
(CH5CN)}2]1 %~
[Ni30C4(CO)34{Cu(CH5CN)},1®~  DMF -0.45 -0.83 -1.03 -1.44 [163]
[Ni30C4(CO)34(CAC1),] °~ DMF -0.49 -0.88 -1.28 [79]
[Ni36Cs(C0O)36(Cd2Cl3)]1 >~ DMF -0.61 -0.97 -1.15 [79]
[HNig2Cs(C0O)44.4,(CACD)] ¢~ DMF -0.45 -0.70 -0.91 -1.18 [79]
[Pt10(CO)201 %~ CH5CN +0.48  40.40 40.07 -0.24 -1.14 -1.31 -216 -2.33 [164]
[Pt;6(CO)22] 4~ CH3CN +0.01 -0.23 -1.15 -1.30 -2.02 -2.16 [165]

(continued on next page)
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Compound Solvent +1/0 0/-1 -1/-2 -2/-3 -3/-4 -4/-5 -5/-6 -6/-7 -7/-8 -8/-9 -9/ -10/ Ref
-10 -11

[Pt;9.xNix(CO)22] 4= (x =3.11) CH3CN -1.17 -1.37 -2.08° -2.08° -2.08° [165]
[Pt24(CO)30]1%~ CHCl, +0.60 +0.30 -0.51 -0.76 -1.26 -1.52 [164]
[Pt26(CO)321%~ CH3CN -0.20 -0.20 -0.80 -0.80 -1.30 -1.30 -1.90 -1.90 [166]
[Pt27(CO)311%~ -0.06 -0.66 -0.96 -1.58 -1.70 [83]
[Pt33(CO)3g] 2= CH3CN +0.24 -0.04 -0.48 -0.75 -1.33% -1.33% -1.68 [72]
[Pt35(CO) 44l 2~ CHxCl, +0.53 +0.34  -0.36 -0.58 -0.97 -1.24 [164]
[Pt4o(CO) 401~ CH3CN +0.50 40.21  -0.15 -0.40 -0.87 -1.11 -1.44 -1.68 [72]

# Two-electrons process.
b Two redox processes have been observed in CH,Cl, (see Table 3).
¢ Three-electrons process.

ired (u'A)

+1.00
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‘II . " iox (H-A)
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Complex Pt-Pt Pt-Fe
[FesPt3(CO)15)* 2.75 2.60
[FesPt(COYis] | 2.66 2.59
[Fe;sPt(COYs] | 2.59 258

Fig. 9. (a) Molecular structure (purple, Pt; blue, Fe; red, O; grey, C) and (b) CV
of [FesPt5(CO)q5]%~ recorded at a Pt electrode on CH,Cl, solution with [N"Buy]
[CIO4] at 0.2 V s%. The table reports the average bond lengths (&) of
[FesPt3(CO)15]"” (n = 0-2). Adapted from Ref. [127] with permission
from Springer.

the formal electrode potentials (AE®') for consecutive redox processes of
the same MMCC. Their trend can be visualized using a Z-plot, that is, a
plot of the formal electrode potential (E°) vs. the charge (Z) of the most
oxidized species of the Z—/(Z+1)- redox couples of a multivalent MMCC.
In most cases, the Z-plots adopt a staircase-like (Fig. 15) or a linear trend
(Fig. 16), even though sometimes an intermediate behavior is observed
(Fig. 17). Representative CV profiles are provided in Fig. 18.

Staircase-like Z-plots display an alternation of smaller and larger
AE®’ (Fig. 15). It might be assumed that in such MMCCs, electrons enter
in pairs by first semi-occupying and then filling one-by-one the frontier
orbitals, due to the fact that the energy separation between these orbitals
is greater than pairing energy. Staircase-like Z-plots are usually found in
mid-nuclearity £ MMCCs such as [Co;pAuCy(CO)24]"  [82],
[HRh14(CO)25]* [78], [HqRh22(CO)35]* [154], [Ptig(CON221*" [164],
and [Pt24(CO)30]?" [164].

In contrast, the voltammetric profiles of larger MMCCs display
almost equally spaced redox waves, as in the case of [CozgAs; 2(CO)50]4’
[151], [Ni3Ce(CO)36l®™  [158],  [NigyPd7:x(COssl®  [71],
[HNisz7_Pd7,4(CO)4g]®~ [711, and [Ptso(CO)40l®~ [72]. This corre-
sponds to almost linear Z-plots (Fig. 16), and very similar AE®’ between
all consecutive redox couples. It may be concluded that for these larger
multivalent MMCCs, the pairing energy within a single molecular orbital
is very similar to the energy gap between two consecutive orbitals.

An intermediate behavior between staircase-like and linear of the Z-
plot has been observed for some MMCCs (Fig. 17), such as [Co1oNa(-
CONol*™ [148], [RhigAus(CO)361°" [155], [Nias(C2)a(CO)zal*™ [157],
and [Ptgs(CO)44]2’ [164]. In these cases, the Z-plots are almost linear,
except for a single larger AE®' corresponding to the difference between
the first oxidation and first reduction, and, thus, somehow related to the
HOMO-LUMO gap.

The plot of the average separations between the formal electrode
potentials of consecutive redox couples of MMCC displaying multiple
reversible redox changes (AE*,) vs. nuclearity is rather scattered
(Fig. 19). This is somehow due to the fact that, at this length-scale, the
structure of the cluster, the nature of the transition metal atoms
involved, and the presence of additional main group atoms, affect
significantly the electronic state of the clusters. Moreover, the data have
been recorded under different experimental conditions, some of them
very recently, others long time ago. Nonetheless, the general trend is a
decrease of AE”,, as the MMCC nuclearity increases.

The largest MMCCs, which have been electrochemically investi-
gated, have nuclearities 38-44 and display AE”,, = 0.2-0.3 V. This
indicates that their metal cores still possess a semi-conductor nature, but
metallization should occur by further increasing their nuclearity. A
linear extrapolation of the AE®,y vs. nuclearity plot suggests that AE” 5y
might be close to zero at nuclearity ca. 70-90. To reach this nuclearity
for homoleptic MCCs is a big challenge, also due to solubility issues.
Moreover, as AE®,, gets closer to zero, spontaneous auto-
disproportionation equilibria might occur in solution (Eq. (1)), making
very difficult the isolation of a single species. Even though such limit has
not been reached yet, in the case of some larger multivalent MMCCs, it
has been observed by CV and IR-SEC that some oxidation states are
considerably less stable than others. The limited stability of such
oxidation states might be due to their disproportionation, suggesting
some incipient metallization of such large MMCCs. Some examples will
be presented in Section 3.3.

(n+1)—

2 {Mx(CO)y ] Ta [MX(CO)Y } N [Mx (Co)y] (n-1)- o
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Fig. 10. (a) Synthesis of [Pt3(j-CO)3(CNAr PP2)3]"~ (n = 0-2) and (b) CV of [Pt3(u-CO)3(CNAr"PP?);]. Adapted from Ref. [169] with permission from Wiley.

3.3. Homometallic Pt carbonyl clusters

The concepts presented in the previous Sections are well exemplified
by the electrochemical study of homometallic homoleptic Pt carbonyl
clusters. These can be grouped into two main categories, which display
completely different electrochemical behaviors: (a) Chini clusters of

15

general formula [Pt3n(CO)6n]2* (n = 1-10), displaying CO/Pt = 2; (b)
globular Pt carbonyl nanoclusters, called also Pt browns in view of their
color, with CO/Pt < 2 [173-175].

CV analyses of Chini clusters show only the presence of irreversible
processes, in keeping with their known chemical reactivity. Indeed, the
chemical oxidation of a selected Chini cluster [Ptgn(CO)ﬁn]Z_ (n=1-10)
affords a larger cluster [Ptg(nﬂ)(CO)s(nJrl)]Z‘, whereas its chemical
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Fig. 11. (a) Molecular structure of [Ag;3Feg(C0O)32]" " (n = 3-5) (orange, Ag; green, Fe; red, O; grey, C), (b) EPR spectrum of [AglgFeB(CO)gz]“’ recorded at 300 K on
CH3CN solution, and (c) CV of [Ag13Fe8(CO)32]3’ recorded at a Pt electrode on CH5CN solution with [N"Bu,][ClO4] at 0.2 V s~ 1. The table reports the average bond
lengths (A) of [Ag13Feg(CO)32]" (n = 3-5). Adapted with permission from Ref. [171]. Copyright 1992 American Chemical Society.

reduction results into a smaller cluster [Ptg(n_l)(CO)6(n_1)]2’ [176]. As
an example, the CV of [Ptg(CO)lg]z’ in DMF is reported in Fig. 20. It
displays three irreversible oxidation processes at E, = —0.42, -0.30 and
-0.08 V, that correspond to the oxidation of [Ptg(CO)lg]Z’ to
[Pt12(CO)241%", [Pt15(CO)30] ", and [Pt15(CO)36]1%, respectively [177].

Due to their compact structures and the predominance of Pt-Pt over
Pt-CO bonds, several Pt browns are redox active and behave as electron-
sinks [33,178,179]. The compounds so far electrochemically investi-
gated are (the structure of their metal core is reported in brackets):
[Pt15(CO)22]*"  (centered pentagonal  prismatic) [164,165],
[Pt24(CO)301%~ (ccp, regular) [164], [Pt26(CO)321%~ (hep, regular) [166],
[Pty7(CO)311*" (cep, defective) [83], [Pt33(CO)ssl®~ (cep, defective)
[72], [Pt3g(CO)441%~ (cep, regular) [164], [Pt40(CO)401®~ (bec, regular)
[72]. Up to 6-9 redox states have been identified for these MCCs by
combined CV and IR-SEC studies. The multivalence of Pt browns is an
indication of the incipient metallization of their metal cores and is
favored by the presence of strong Pt-Pt bonds, which hamper fragmen-
tation upon oxidation/reduction.

Most of the redox processes of Pt browns involve one electron, and all
the species [Pt;9(CO)22]"" (n = 2-9) [164,165], [Pt24(CO)30]" (n =
0-6) [164], [Pt3g(CO)44]"" (n = 0-6) [164], and [Pt4o(CO)40]"~ (n =
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4-11) [72] (Fig. 21 and Table 5) have been electrochemically and/or
spectroelectrochemically detected. In some cases, the number of elec-
trons involved has been directly determined by controlled potential
coulometric tests. One-electron redox processes of Pt brows usually
cause a shift of £12-18 cm ™! of Vo after each addition (-) or removal
(+) of one electron. Thus, IR-SEC may be used as an alternative method
to determine the number of electrons involved.

IR-SEC of the redox processes of [Pt35(CO)44]%~ shows that electro-
generated odd-electron species are less stable than even-electron ones.
This is likely to be due to disproportionation of odd-electron species in
the timescale of IR-SEC, as depicted in Eq. (1). Similarly, in the case of
[Pt27(CO)31]4’ [83] and [Ptgg(CO)gg]z’ [72] all the electrogenerated
species [Pty7(C0O)311" (n = 3-6, 8) and [Pt33(CO)35]" " (n = 0-4, 6-9)
have been characterized by IR-SEC, whereas [Pt27(CO)31]7’ and
[Pt33(CO)3g]°~ resulted to be very elusive. In the case of [Pty7(CO)311",
the turquoise spectrum of Fig. 22 represents the highest concentration
obtained in our conditions of a species with charge —7, as was demon-
strated by deconvolution analysis on two selected intermediate spectra
of the reduction sequence [83].

As a limiting case, almost all the redox processes analyzed by CV and
IR-SEC for [Ptgé(CO)gz]z’ involve two electrons (Table 6) [166], leading
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Fig. 12. Some examples of MMCCs with one fully interstitial late transition metal atom displaying two or more electrochemical redox reversible processes: (a)
[Co11Te;(CO)10] -, (b) [NiuBiz(CO)lg]:"’, and (c) [Nilgsbz(CO)M]s’ (blue, Co; orange, Te; green, Ni; yellow, Bi; purple, Sb; red, O; grey, C).

A Energy levels

>

oNn

éj N

5 |ILUMO N —
r§ \\\\\ \\\\\\\ N
= .

(] -

2 [

~ "

HOMO —_ ] Bulk

Number of metal atoms in cluster

Fig. 13. Schematic representation of the decrease of the HOMO-LUMO gap with increasing cluster nuclearity.

to the characterization of the species [Pty5(CO)32]" " (n =2, 4, 6, 8, 10).
The species [Pt26(CO)32] and [Ptzﬁ(CO)32]7’ have been observed only
in some solvents. The two-electron nature of the redox processes is
confirmed by a variation of +30-35 em~! of vgo, almost the double than
observed for one-electron processes.

Even if all Pt browns analyzed display both oxidation and reduction
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electrochemical processes, the number of reductions is usually greater
than oxidations. Oxidation processes are somehow limited by stability
issues as well as adsorption on the electrode of neutral or less charged
species. Generally speaking, MMCCs seem to be more prone to reduction
and charges down to 8- or 11— have been observed during IR-SEC. This
is in keeping with the n-acid character of CO ligands.
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Fig. 14. (a) Molecular structure (blue, Co; yellow, As; red, O; grey, C), and (b) CV (black) and DPV (red) responses in CH3CN solution of [Co35As12(CO)s0]*~
displaying seven reversible redox processes. Adapted with permission from Ref. [151]. Copyright 2022 American Chemical Society.
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Fig. 15. Staircase-like Z-plots of the formal redox potentials (E°’ vs. SCE) of
[C010AUC,(CO)24] "~ (vellow), [HRh;4(CO)55]°~ (red), [HaRhyy(CO)3s5]*™ (blue),
[Pt;9(CO)22]*" (orange), and [Ptz4(CO)30]* (green).

In some cases, electrogenerated odd electron species have been
trapped at low temperature and characterized by EPR spectroscopy, as
in the case of [Ptp4(CO)3p]™ [166,178]. Sometimes, it has been possible
to chemically generate some oxidized or reduced species observed by CV
or IR-SEC. Nonetheless, isolation and structural characterization by SC-
XRD have been possible only in the case of [Ptys(CO)s2], which
resulted to be isostructural with parent [Pt26(CO)32]2’ [174]. More
often, chemically generated species evolve during work-up or crystalli-
zation, resulting in new clusters. For instance, stepwise chemical
oxidation of [Pt;9(CO)22]*" affords [Pt19(C0O)22]>", [Pt19(CO)22]" and
[Pt;9(CO)22]~, which are transformed upon crystallization into
[Pt40(CO)401%~, [Pt3s(CO)44]%~, and [Pt3g(CO)44]>", respectively [174].
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Fig. 16. Linear trend of Z-plots of the formal redox potentials (E*’ vs. SCE) of
[Co3sAs12(CO)sol*™ (green), [NizaCe(CO)s6l® (red), [NisyxPdy x(CO)4s]®™
(yellow), [HNiz; 4Pd;«(C0O)45]° (blue), and [Ptso(CO)40]°~ (grey).

3.4. Heterometallic Ni-Pt and Ni-Pd carbonyl clusters

Heterometallic Ni-Pt MMCCs may reach high nuclearities and often
display electron-sponge behavior. Their electrochemical study offers the
possibility to investigate two interesting features:

1) Modulation of the redox behavior of MMCCs by protonation/
deprotonation;

2) Modulation of the redox behavior by Ni/Pt substitution of iso-
structural MMCCs.

The first feature may be evidenced by analyzing the couples of pro-
tonated/deprotonated clusters [HNisgPt4(CO)4s51°~ and
[Ni3ePta(CO)a5]®" [160], [HNizsPto(CO)gg]®  and [NizsPto(CO)as]®
[161], [HNisgPts(CO)4s]®~ and [NisgPte(CO)4gl®~ [162] (Table 4).
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Fig. 17. Z-plots with intermediate behavior between staircase and linear of the
formal redox potentials (E° vs. SCE) of [Co1oN2(CO)1ol*™ (yellow),
[RhiAug(CO)36]®  (blue),  [Nips(Co)a(CO)sol®™  (red),  and
[Pt35(CO)44]>~ (green).

These may be easily interconverted by protonation/deprotonation re-
actions using acids and bases. Within each couple, the same redox
change occurs at more negative potentials in the case of the hydride
species compared to the non-hydride one (Fig. 23). This is probably
because, considering clusters with the same negative charge, the hydride
species has one additional electron compared to the non-hydride one. As
a further consequence, often hydrides derivatives display fewer re-
ductions and an increased number of oxidation steps compared to the
related non-hydride cluster. The possibility to modulate the redox
behavior of MCCs by protonation/deprotonation is not limited to Ni-Pt
clusters, but it is often found also in other high nuclearity MCCs, see
for instance the entries [HNi3gCg(CO)42]°~ and [Ni38C6(CO)42]6* [158],
[HNig7_Pd7,4(CO)4g]®~ and [Nig;_Pd7,(CO)4gl®~ [71]1 of Table 4.
This topic will be further discussed in Section 4.2.

The second feature is not so straightforward as protonation/depro-
tonation, since Ni/Pt replacement requires dedicated and not trivial
syntheses. For instance, [NiggPtG(CO)4g]6_ contains an inner Ptg octa-
hedron and 38 surface Ni atoms [162]. The formal replacement by Pt of
three Ni atoms on the surface leads to the closely related
[NigsPtg(CO)4g]6’ (Fig. 24) [161]. Both clusters are multivalent, but the
redox potentials are shifted toward more negative potential in the case
of the Pt-richer species (Fig. 25). Moreover, the presence of more Pt in
[Ni3sPto(CO)4gl®~ seems to favor oxidation and disfavor reduction
processes compared to [NiggPtﬁ(CO)4g]6’. Similar considerations apply
to the closely related [HNisgPte(CO)4s]®~ and [HNizsPte(CO)4gl® .
These phenomena might be explained based on the smaller propensity to
back-donation of Pt compared to Ni, which leads to a minor stabilization
of the more reduced species. This point is further supported by IR
spectroscopy, which shows identical vco patterns for [NiggPtG(CO)48]6_/
[NizsPtg(CO)4g]®™ and [HNizgPts(CO)4s]®> /[HNissPto(CO)4s]®~, but
shifted to higher wavenumbers (5-10 cm’l) for the Pt-richer species. A
less pronounced tendency toward oxidation upon replacement of Pt with
Ni has been observed also in the case of [Ptlg(CO)22]4’ and [Ptyq.
Nix(CO)2l*™ (x = 3.11) [165].
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Fig. 18. Representative examples of CV profiles of MMCCs displaying (a)
staircase-like, (b) linear and (c) intermediate Z-plots. (a) [Pt19(CO)22]*~ in DMF
solution, [NEt,][PFe] supporting electrolyte, scan rate 0.2 V s~!. Adapted from
[164] with permission from Springer (2009). (b) [Ni32C6(CO)36]6’ in CH3CN
solution, [NEt4][ClO4] supporting electrolyte, scan rates: CV 0.2 V s7L dee.
voltammogram 0.02 V s L Adapted from [158] with permission from Wiley
(1999). () [Rh15Au6(CO)35]6’ in CH3CN solution, [N"Buy][PF¢] supporting
electrolyte, scan rate 0.2 V sL. Adapted from [155] with permission from
Wiley (2024).

It was believed for longtime that, due to weaker Pd-Pd, Pd-CO and
Ni-Pd bonds, heterometallic Ni-Pd MMCCs were not sufficiently stable to
undergo reversible redox processes. Nonetheless, it has been recently
demonstrated by combined CV and IR-SEC studies that
[Nizo xPdex(C0O)42]°” (x = 0.09), [Nizz «Pd204x(C0)4s]®™ (x = 0.62),
[Nize xPds x(CO)46]®~ (x = 0.41), [NigyxPd7,x(CO)4s]® (x = 0.69),
and [HNigy_de7+x(CO)4g]5’ (x = 0.53) are multivalent [71,80]. In the
case of [Nig7_Pd7,4(CO)4s]®™ (x = 0.69), and [HNig;_Pdy.(CO)4s]®~
(x 0.53), which are isostructural to [NiggPtﬁ(CO)48]6’/
[NizsPto(CO)4s]®” and [HNizgPte(CO)ag]® /[HNizsPto(CO)agl®, it
seems that introducing Pd atoms shifts the redox potentials to less



T. Funaioli et al.

0,9 1
0,8 1
0
0,7 1
-
L J
°
0,6 - : °
N e °
- .
05 T
> Y
2 DN
<
0,4 1
L ]
L J
0,3 1
0,2 4
L3
0,1 1
o
0 10 20 30 40 50 60 70 80 90 100
Nuclearity

Fig. 19. Experimental average separation of consecutive redox couples (AE”,,
in V) as a function of the nuclearity of the cluster. Data from Table 4.

negative values and favors more reduced species (Figs. 26 and 27).

3.5. MMCCs containing main group elements

The presence of one or more interstitial main group elements such as
C, Si, N, P, As, Sb, Bi, S, and Te, has been shown to support the
multivalence and electron sink behavior of MMCCs, as these inner atoms
strengthen the metal core by enhancing metal-metal interactions.
Moreover, doping of a metal cluster by inserting a different element can
favorably modify the molecular orbital diagram, thereby facilitating
electron addition or removal in MMCCs. Several examples of multivalent

Ox

gpuﬂ) Eucz:n

EDu!Jl

oD a7

EIv

-0

Fig. 20. CV of [Ptg(CO)1]*~
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MMCCs containing main group elements are present in Table 4 and
presented in other Sections. Herein, we will focus on the [Rh12E(CO)27,
281"~ (E = In, Ge, Sn, Sb, Bi) species as case study [104,180,181].

The multivalence is shared between all five members of the [Rh;3E
(CO)27,28]1"" family of clusters and has been unraveled by electro-
chemical studies through in situ IR SEC [104,180,181]. These clusters
exemplify cases where CV yields low currents and poorly defined peaks,
or where redox features are barely discernible on conventional WEs,
such as Pt or GC. Under such conditions, conventional electrochemical
methods, including CV and controlled potential coulometry, often fail to
provide reliable information on the reversibility of redox processes or on
the number of electrons exchanged. In contrast, IR SEC experiments
performed in an OTTLE cell allow the gradual variation of the WE po-
tential within a defined window, while collecting time-resolved vibra-
tional spectra in the carbonyl region. With an appropriate potential
range, it becomes possible to observe fully reversible shifts of vco bands
to higher or lower wavenumbers upon oxidation or reduction, respec-
tively. These spectral changes involve both terminal (v&o) and bridging
(180) carbonyl ligands, providing direct molecular insight into the redox
behavior of the cluster.

When the WE potential is gradually swept across a defined range in
solutions of high-nuclearity MCCs, multiple redox events can be
observed. The resulting series of IR spectra can typically be grouped
according to the different redox states accessed during the experiment,
allowing the identification of long-lived electrogenerated species with
distinct charge states. The appearance or absence of clear isosbestic
points within each spectral group serves as an indicator of the relative
stability of intermediates, or alternatively, of competing processes that
may complicate the electron transfer steps. In high-nuclearity clusters, a
relatively uniform shift of terminal CO bands in the range of 14-20 cm ™!
is generally associated with single-electron transfers, whereas shifts of
approximately 28-40 cm ™! are indicative of two-electron processes.

Beyond tracking redox states, IR SEC also provides valuable insight
into: (a) the kinetic persistence of oxidized or reduced species beyond
the timescale accessible by CV, suggesting potential for their chemical
isolation, and (b) structural reorganizations following redox events,
often reflected in significant changes in the vibrational profile. For
instance, changes in the charge state of a cluster can lead to variations in
the intensity ratio between terminal and bridging carbonyl bands,
highlighting modifications in the coordination geometry of CO ligands.
This trend aligns with the tendency of carbonyl ligands to adopt bridging
positions more readily as the overall cluster charge becomes increas-
ingly negative [182-184].

Within the heterometallic

isostructural, and

icosahedral,

in DMF, scan rate 50 mV s '. [N"Buy][BF4] as supporting electrolyte. Three consecutive irreversible oxidation processes lead to

[Pt12(CO)241%", [Pt15(CO)30]%~, and [Pt;5(CO)36]%~ (purple, Pt; red, O; grey, C). Adapted with permission from Ref. [177]. Copyright 2001 American Chemi-

cal Society.
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Fig. 21. IR-SEC selected spectra of [Pt4o(CO)40]" (n = 4-11). Adapted with
permission from Ref. [72]. Copyright 2016 American Chemical Society.

Table 5
Infrared stretching frequencies (em™) of terminal (Vo) and bridging (VEO)
carbonyl groups for [Pt40(C0)40]" in CH3CN as a function of the cluster charge n.

Cluster charge n veo Po

—4 2051 1856, 1799
-5 2039 1845

-6 2027 1831

-7 2012 1817

-8 2000 1800

-9 1988 1783

-10 1976 1767

—-11 1966 1767, 1752(sh)

isoelectronic [Rh12E(CO)27,28]" clusters (E = In, Ge, Sn, Sb, Bi), only
the indium derivative, [Rhlzln(CO)zg]s’, displays a well-defined CV
profile. Nevertheless, the electrochemical quasi-reversibility of its redox
processes (particularly the reduction) was primarily established through
in situ IR SEC. For the remaining congeners, whose voltammetric re-
sponses are poorly resolved or featureless, IR SEC proved essential for
detecting distinct and stable redox states revealing their multivalent
behavior. Among them, the Sb-containing cluster, [Rhlgsb(CO)27]3’,
exhibited the most regular and fully reversible electrochemical profile,
characterized by five consecutive one-electron redox events spanning
formal charge states from —2 to —6, each associated with a well-defined
IR spectrum.

By contrast, [Rhlzsn(CO)27]4’ showed a markedly lower redox
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flexibility, with only a single stable oxidation step being observed, and
no clearly resolved reduction events. Similarly, the Ge and Bi derivatives
demonstrated intermediate behavior: [Rhy 2Ge(CO)27]4’ underwent two
successive one-electron oxidations, while [RhlzBi(CO)gy]s’ displayed
only one. In both cases, reduction led exclusively to even-electron spe-
cies (ie. [Rh12Ge(CO)2;1°™ and [Rhi2Bi(CO)271°/7") while the inter-
mediate odd-electron states could not be directly isolated but were
inferred through spectral deconvolution. A similar situation was
encountered for [Rhlzln(CO)28]3’, where the pentaanion [RhijIn
(CO)28]5’ was clearly identified, but no spectroscopic evidence for the
intermediate [Rhlgln(CO)gg]“’ species could be obtained. According to
Continuous Shape Measures on the DFT-optimized structures, the
reduction of [Rhlgln(CO)zs]g” to [Rhlzln(CO)gg]S’ should also cause a
distortion of the icosahedral arrangement of the Rh centers. Fig. 28
summarizes the redox behavior of the full series as established by IR SEC
experiments [185].

4. Interplay between electrochemical properties and structural
features of MMCCs

Electrochemical properties and structural features of MMCCs are
strictly related and reciprocally interconnected. From one side, addi-
tion/removal of electrons may cause structural changes of MMCCs.
Minor changes may involve modification of the carbonyl stereochem-
istry, small variations in bond lengths, or small distortions of the original
symmetry. Larger structural changes may lead to the variation of the
geometry of the cluster core, elimination of some CO ligands, cluster
condensation or fragmentation, up to complete cluster decomposition.
Usually, the extent of the structural change is somehow related to the
electrochemical reversibility of the redox process. Ideally, complete
electrochemical reversibility should require the absence of any struc-
tural rearrangement upon addition/removal of electrons. Indeed, de-
parture from canonical electrochemical reversibility often arises from
minor structural changes, leading to quasi-reversible electrochemical
processes [48]. If larger structural changes are involved, the electro-
chemical processes gradually lose reversibility and become irreversible.
Structural changes induced by redox reactions will be discussed and
exemplified in Section 4.1.

On the other side, the introduction of some small structural varia-
tions in otherwise isostructural MMCCs may cause changes of their
redox properties. As shown in Section 3.4, the most straightforward
method to tune the redox properties of MMCCs is the addition/removal
of a hydride ligand via acid/base reactions. Alternatively, one or more
CO ligands may be replaced by other ligands, or M/M’ substitution may
be performed in heterometallic clusters. The effects of structural changes
on the redox properties of MMCCs will be further discussed in Section
4.2.

4.1. Structural changes induced by redox reactions on MMCCs

Because of the strong n-acidic character of CO, n-back-donation from
the cluster core to the CO ligands is largely affected by the MMCC
charge. Thus, n-back-donation should increase upon MMCC reduction
and decrease upon oxidation. Consequently, the v¢o bands should move
to lower wavenumbers upon MMCC reduction and, vice versa, to higher
wavenumbers upon oxidation (see also Sections 2.3, 3.3, and 3.5). At the
same time, an increased n-back-donation should also favor to some
extent bridging coordination of the carbonyl ligands compared to ter-
minal mode. Indeed, in several instances, IR-SEC experiments demon-
strated an increase of the relative intensity of bridging vco bands versus
terminal ones, upon cluster reduction [102,182-184]. This point is well
exemplified by IR-SEC studies of [Pt4(CO)40]%~ (Fig. 21) and [Nige.
Pds5.x(CO)461%~ (x = 0.41) (Fig. 29).

Alternatively, the addition of two moles of electrons per cluster may
lead to the elimination of one CO ligand with concomitant increase of
the anionic charge of the cluster of two units. This point will be further
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Fig. 22. (a) Molecular structure (purple, superficial Pt; yellow, interstitial Pt; red, O; grey, C), (b) CV at Pt (top) and GC (bottom) electrode, CH3CN solution, [N"Bu,]
[PFg] (0.1 mol dm®) as supporting electrolyte; scan rate: 0.1 V s’l, and (c) IR-SEC selected spectra of [Pt27(CO)31]4’. Adapted with permission from Ref. [83].

Copyright 2022 American Chemical Society.

Table 6
Infrared stretching frequencies (ecm™Y) of terminal (v&o) and bridging (VEO)
carbonyl groups for [Pt26(CO)3,]" in CH3CN as a function of the cluster charge n.

Cluster charge n vko Po

-2 2048 1803
—4 2020 1768
—6 1983 1769
-8 1955 1769
-10 1920 1741

discussed in Section 5.

Instead of influencing the CO ligands, redox reactions may affect the
metal core of the cluster. Roughly speaking, this depends on the nature
of the molecular orbitals involved in the redox processes. If electrons are
added/removed to/from MOs with mainly M-CO bonding or antibond-
ing character, the redox event will mainly affect the CO ligands, as
mentioned above. In contrast, if the redox process add/remove electrons
to/from MOs mainly involving M-M interactions, it will affect somehow
the metal cage of the MMCCs. Unfortunately, the generally delocalized
nature of occupied and empty molecular orbitals in MMCCs makes a
qualitative interpretation of the experimental outcomes sometimes
difficult. Orbital composition analyses based on partitioning approaches
such as the Hirshfeld one can be helpful to shed more light on the
localization of the molecular orbitals [186]. An example concerning the
frontier orbitals of [Rh16Au6(CO)36]6’ is provided in Fig. 30 [155].

It is worth noting that the number of molecular orbitals doubles
when electronic structures with unpaired electrons are simulated using
an unrestricted computational approach. Moreover, a clear distinction
between M-M and M-E-M bonds (E = bridging atom) is sometimes
complicated, in particular in the presence of interstitial atoms or p-CO

22
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Fig. 23. Linear trend of Z-plots of the formal redox potentials (E*’ vs. SCE) of
the couples of protonated/deprotonated clusters [HNizgPt4(CO)451°~ (blue) and
[NigePts(CO)4516~ (green), [HNizgPts(CO)4g]®~ (red) and
[NigPts(CO)45]®~ (orange).
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Fig. 24. (a) Molecular structure of [NiggPte(CO)4s]®~ and (b) its metal core (purple, Pt; green, Ni; red, O; grey, C). Metal cores of (c) [NizsPto(CO)4s]®~ (purple, Pt;
green, Ni, yellow, Ni/Pt &~ 57:43; blue, Ni/Pt ~ 93:7) and (d) [Ni37,de7+x(CO)43]6’ (x = 0.69) (green, Ni; purple, Pt, yellow, Ni/Pd = 33:67; blue, Ni/Pd ~ 91:9;
grey, C; red, O). Adapted with permission from Ref. [71]. Copyright 2021 American Chemical Society.

ligands. In situations of this type, there can be the lack of (3,—1) bond
critical points (BCPs) between two adjacent transition metals, as
observable for instance for the [MGC(CO)15]4’ clusters (M = Fe, Ru) in
Fig. 31 [105,106]. The number of localized critical points in the two
examples provided satisfies the Poincaré-Hopf relationship [187].

In such a scenario, three possible major events involving the metal
core are possible because of a redox process, in addition to influencing
the CO ligands as mentioned above: (1) polyhedral rearrangement, (2)
variation of some M-M distances, (3) breaking of a M-M bond.

Reversible polyhedral rearrangement upon an electrochemical pro-
cess of MMCCs is rather rare. The most noticeable example is the
transformation of the bicapped tetrahedral cluster [Osg(CO)15] (84 CVE)
into the octahedral [OsG(CO)lg]z’ (86 CVE) upon the addition of two
electrons (Fig. 32). The process is reversible and may be achieved both
chemically and electrochemically. It has been established by SEC that
this reduction is a pseudo-first order process and the structural rear-
rangement takes place during the first electron-transfer step [188].

Polyhedral rearrangement is driven by the need of maintaining a
correspondence between electron count and geometry of the metal
framework. It allows a (quasi)reversible redox process in electron pre-
cise clusters, that otherwise would undergo irreversible redox events. It
must be remarked that, more often, redox active MMCCs display vari-
ations of some M-M distances upon reduction or oxidation. From one
side, this allows a less strict correlation between electron count and
cluster geometry, since the same cluster may exist with the same
structure of the metal core and a different number of CVE. On the other
side, population/depopulation of bonding/anti-bonding MOs results in
the weakening or strengthening of some M-M bonds. Depending on the
fact that the MOs involved in the redox process are localized or
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delocalized, the variations may occur on a few specific M-M bonds or
may involve more M-M bonds. Delocalization should be favored with
increasing MMCC nuclearity and, at some point, the effect on M-M
distances should be negligible. On the opposite side, if the MO involved
in the redox process is more localized on a single M-M bond, the redox
process could lead to a considerable loosening or even breaking of such
bond.

4.1.1. Computational studies on structural changes induced by redox
reactions on MMCCs

The key point is how to prove experimentally the occurrence of such
structural variations. Indeed, in most cases, the SC-XRD structure of a
single MMCC is available and then, its redox activity proved by elec-
trochemistry and SEC. In these cases, a theoretical approach is possible
[189], based on the computational simulation of the structures of the
MMCCs obtained by adding/removing electrons to/from the SC-XRD
structure of the starting MMCC. This approach may be applied to all
redox active MMCCs but of course is a theoretical and not an experi-
mental proof. Low root-mean-square deviations (RMSD) between DFT-
optimized structures of MMCCs having different global charges could
suggest reversible or quasi-reversible electrochemical behavior, but this
outcome should be supported by other computed values, such as the
Gibbs energy variations related to the dissociation/association of a
carbonyl ligand, or to the formation of new bond with a solvent mole-
cule. For instance, the RMSD between the structures of [Ru6C(CO)15]4’
and its oxidation product [Ru6C(CO)15]2_ computed at CPCM/PBEh-3c
level resulted quite low (0.453 A) [105], but the meaningfully negative
Gibbs energy variation for the reaction between [RuGC(CO)15]2_ and
acetonitrile (-25.3 kcal mol™') was in line with the experimental
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Fig. 25. Linear trend of Z-plots of the formal redox potentials (E°’ vs. SCE) of
the couples of clusters [HNizgPts(CO)4s]® (red) and [HNizsPto(CO)ag]®™

(blue), [NizgPts(CO)4s]®~ (orange) and [NigsPto(CO)4s]®~ (green), formally
related by partial Ni/Pt replacement.
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Fig. 26. Linear trend of Z-plots of the formal redox potentials (E°' vs. SCE) of
the clusters [NiggPts(CO)4gl®™ (green), [NissPto(CO)4gl®™ (blue) and
[Nis7_xPd7,(CO)4s]®™ (x = 0.69) (red) formally related by partial Ni/Pt/Pd
replacement.

observation of [Ru6C(CO)15(CH3CN)]2’. A similar result was obtained
considering the analogous iron derivatives simulated with the CPCM/
r?’SCAN-3¢ method [106], and the formal displacement of the
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Fig. 27. Linear trend of Z-plots of the formal redox potentials (E°' vs. SCE) of
the clusters [HNisgPtg(CO)4g]®~ (green), [HNizsPto(CO)4sl®~ (blue) and
[HNi37_de7+x(CO)48]5’ (x = 0.53) (red) formally related by partial Ni/Pt/Pd
replacement.

coordinated CH3CN molecule by CO was justified from a thermody-
namic point of view.

The simulated IR spectra can provide a correlation between experi-
mental and computed data. When high nuclearity clusters are investi-
gated, common DFT-based methods in combination with double- or
triple-{ quality basis sets can be computationally expensive. An
acceptable modelling of the structure of these species can be obtained
using recent semi-empirical approaches, such as the GFN2-xTB method
[190,191]. For instance, the RMSD between experimental and computed
structures of [Pt27(CO)31]4’ was 0.485 A using GFN2-xTB and 0.520 A
with PBEh-3c [83].

The variations of electron density, potential energy density and other
related quantities at (3,—1) BCPs indicate which bonds enforce or
weaken on varying the number of electrons in MMCCs [192]. As an
example, the comparison of the {RugC} cores of [Ru6C(CO)15]4’ and
[RuGC(CO)ls]Z’ indicated a slight weakening of the Ru-carbide bonds
for the less reduced species. In some cases, the extension of the analysis
to ring and cage critical points can provide further useful data [193].
When unpaired electrons are present, information about the changes in
the electronic structure of the cluster caused by redox processes can be
also obtained from the spin density plots. For instance,
[Rh16Au(CO)361°~ and [RhigAue(CO)ssl”~, derived from the one-
electron oxidation and reduction of [RhjgAug(CO)s36]®”, maintained
the approximate D4, symmetry of the {AugRhje} core, but the spin
density resulted less symmetric, mainly localized on the central {Aug}
fragment and on two mutually trans {Rh4Aus} octahedra in the oxidized
species and on two mutually cis {RhsAus} octahedra in the reduced
cluster (Fig. 33) [155]. Before studying the electronic features of para-
magnetic species, the preliminary comparison of the energy values
among electronic structures with different multiplicity is highly sug-
gested. For instance, the doublet electronic configuration of [RhjsIn
(CO)23]2_ resulted more stable than the quartet and sextet configura-
tions by about 42.3 and 93.2 kcal mol ! [104].

Among the most important limits of DFT calculations, it must be
stressed that the commonly used exchange-correlation DFT functionals
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Fig. 28. Multivalence behavior of the [Rh12E(CO)27,2g]"" family of clusters (n = 3 when E = In, Sb, Bi; n = 4 when E = Ge, Sn) as obtained by spectroelec-
trochemical experiments. Adapted from Ref. [104], with permission from The Royal Society of Chemistry.
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Fig. 29. (a) Selected IR spectra of [Nise.Pds,(CO)461®~ (x = 0.41) as a function of the cluster charge n and potential E (V, vs Ag pseudo reference electrode) in
CH3CN containing 0.1 mol dm—3 [N"Bu4] [PFs]. The absorptions of the solvent and supporting electrolyte have been subtracted. (b) Molecular structure of [Nizs.
de5+x(CO)45]6’ (x = 0.41) (green, Ni; purple, Pt, yellow, Ni/Pd ~ 53:47; grey, C; red, O). Adapted with permission from Ref. [71]. Copyright 2021 American

Chemical Society.

do not respect the Koopmans’ theorem, thus there is no straightforward
correlation between the Kohn-Sham frontier orbitals and the ionization
potential and electron affinity of a MMCC [194]. Such a point must be
considered when attempts of comparison between electrochemical
outcomes and DFT-computed quantities are carried out. It is worth
noting that the redox potential derives from the small difference be-
tween two very large quantities, the total energies of two oxidation
states, with a strong contribution from the solvation of the species.
Changes in the solvation sphere related to the oxidation or reduction of
the species are of difficult prediction and can strongly affect the final
redox potential [195-197] Finally, the energy comparison between
closed- and open-shell systems, typical of one-electron transfers, de-
serves particular attention. The closed-shell compounds are usually
simulated with a restricted DFT approach, while the open-shell mole-
cules with unrestricted DFT calculations. Among the possible sources of

25

error, the spin contamination in the unrestricted calculations influences
the final energy of the species and can lead to wrong predictions of the
redox potentials [198,199].

4.1.2. Experimental evidence of structural changes induced by redox
reactions on MMCCs

To experimentally prove that some M-M bond distances change upon
a redox process, two or more differently charged MMCCs obtained by
redox reactions must be isolated and structurally characterized by SC-
XRD. This poses serious limitations, since often oxidized or reduced
MMCCs are stable in the timescale of electrochemistry and SEC, but not
sufficiently stable for chemical isolation and crystallization. As shown
above, the experimental evidence of the t-CO/pu-CO rearrangement is
more straightforward, since it is based on IR spectroscopy, often ob-
tained directly in an electrochemical OTTLE cell. Nonetheless, there are
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Fig. 30. DFT-optimized structure of [RhlsAus(CO)gs]G’ with HOMO and LUMO plotted (green and pink tones, surface isovalue = 0.03 a.u.) and selected Hirshfeld
percentages. Color map: Rh, blue; Au, yellow; C, grey; O, red. Adapted from Ref. [155] with permission from Wiley.

!

Fig. 31. DFT-optimized structures of [MeC(CO)15]* clusters (M = Fe, Ru) with (3,—1) BCPs and (3,+1) RCPs (ring critical points) represented with small yellow and
orange spheres, respectively. Color map: Fe, light green; Ru, dark green; C, grey; O, red.
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Fig. 32. Reversible polyhedral rearrangement upon reduction of [Osg(CO)15] to [Osg(CO)15]%>~ (CO ligands have been omitted for clarity).
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[Rh16Aus(CO)36]"~

Fig. 33. DFT-optimized structures of [Rh;Aus(CO)36]°~ and [Rh;Aug(CO)s6]”~ with spin density plots (violet tones, surface isovalue = 0.001 a.u.). Color map: Rh,
blue; Au, yellow; C, grey; O, red. Adapted from Ref. [155] with permission from Wiley.

some noticeable examples where two or more redox related MMCCs
have been structurally characterized by SC-XRD.

The cases of [FesPt3(CO)15]"” (n = 0-2) [127,128] and
[Ag13Feg(C0)32]" " (n = 3-5) [141,171] have been presented in Section
3.1 (Figs. 9 and 11). In the former case, the Pt-Pt bonds are sensibly
shortened after each oxidation step, suggesting a slight anti-bonding
character of HOMO with respect to the three Pt atoms [127,128,200].
In the case of [Ag13Feg(C0O)32]" (n = 3-5), the Ag-Ag distances tend to
decrease, and the Ag-Fe ones tend to increase with the addition of
electrons, even if the changes are very small and close to the experi-
mental uncertainty. Thus, some care must be taken, but this might
suggest that the LUMO of the cluster is bonding with respect to the Ag-
cuboctahedron and antibonding with respect to the Ag-Fe interactions
[50].

A further noticeable example is represented by [FeeNi6N2(CO)24]2’,
whose metal cage consists of a face-sharing trioctahedron based on an
abab staking of four triangles, two external Fes and two internal Nig
[142]. The two nitrides are located on the two external FesNis octa-
hedra, whereas the inner Nig octahedron is empty. The CV of

[FegNigNo(CO)41%~ displays two reductions and one oxidation, all
chemically and electrochemically  reversible. ~ The three
[FegNigN2(CO)24]"" (n = 2-4) anions have been characterized by SC-
XRD, revealing very similar structures. The Fe-Fe and Fe-Ni bond dis-
tances are almost identical in the three species (Fig. 34), whereas the Ni-
Ni distances, especially the Ni-Ni(inser-triangley Ones, monotonically in-
crease with the increase of the number of valence electrons. This sug-
gests that the electrons are added to the central Nig octahedron and
populate an antibonding orbital [50].

The species [COgPt4C2(CO)Z4]2’ is isostructural to
[FeﬁNiﬁNZ(CO)24]2’, with the four Pt atoms disordered over the inner
octahedron [153]. It displays two reductions and one oxidation pro-
cesses displaying features of chemical reversibility. The oxidized mono-
anion [CogPt4C2(CO)24]1  has been isolated and characterized by SC-
XRD, 13C NMR and ESR spectroscopy. The bonding parameters of
[C08Pt4C2(CO)24]2’ and [CogPt4C2(CO)24] are almost identical, but a
slight elongation of the Co-Pt(inner noncentered octahedron) distances suggests
that the fragment involved in the electron transfer process is the inner
octahedron.

(®)

E (V, vs. SCE)

Complex Fe-Ni | Fe-Fe | Ni-Niintra-triangle | Ni-Niinter-triangle
[FesNigN2(CO)24]> | 2.63 | 2.61 2.79 2.62
[FesNigN2(CO)24]* | 2.63 | 2.62 2.80 2.65
[FesNigN2(CO)24]* | 2.63 | 2.62 2.81 2.72

Fig. 34. (a) Molecular structure of [FegNigN2(CO)24]%~ (green, Ni; orange, Fe; blue, N; red, O; grey, C). (b) CV of [FegNigN(CO)2412~ recorded at a Pt electrode on
CH3CN solution with [N"Bu4][ClO4] at 0.5 V s~. The table reports the average bond lengths (A) of [FegNigNx(CO)24]™ (n = 2-4). Adapted from Ref. [142] with

permission from Elsevier.
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Both the dicarbide -clusters [C013C2(CO)24]4’ [134] and
[C011C2(CO)23]2_ [133] display a rich electrochemistry and, interest-
ingly, they have been used recently as efficient electrocatalysts for the
hydrogen evolution reaction (HER) [56,57]. The [C013C2(CO)24]4’
tetra-anion displays one oxidation and two reduction processes, all
having features of chemical and electrochemical reversibility, and
involving one electron each. The SC-XRD structures of [C015C2(CO)24]*"
and [C013C2(CO)24]3’ have been determined, and all the bonding pa-
rameters concerning the Co;3C; cage are identical within experimental
error.

The CV of [C011C2(CO)23]2’ displays two reversible processes, that
is, one oxidation and one reduction (Fig. 35). Both [C011C2(CO)23]2’
and [Co;11C2(CO)23]” have been structurally characterized by SC-XRD,
and their common Co;1;Cy cage is based on two CogC octahedra
sharing a common vertex and presenting three further inter-octahedra
bonds. Ideally, such Co;;Cy cage should display 27 Co-Co bonds (12
per each octahedron, 3 inter-octahedra) and should possess 148 CVE [86
x 2 (Oh) — 18 (vertex) — 2 x 3 (Oh-Oh bonds)]. Both [C011C2(CO)23]2’
and [Co11C2(CO)o3]™ are electron rich, possessing 155 and 154 CVE,
respectively. This causes the loosening of some Co-Co bonds within the
octahedral units. Indeed, [C011C2(CO)23] contains 25 Co-Co bonds
[2.459(3)-2.933(3) [o\] and two weaker Co-Co contacts [3.058(7) and
3.249(3) 10\], whereas [C011C2(C0)23]2’ contains 23 Co-Co bonds
[2.4532(16)-2.8301(15) A] and four weaker Co-Co contacts [3.066(3),
3.138(4), 3.238(2), and 3.324(2) i\]. Also, the stereochemistry of the CO
ligands is slightly different, since [Co;1C2(CO)23] displays 13 t-CO and
10 p-CO ligands, whereas [C011C2(CO)23]2’ displays 14 t-CO and 9 pu-CO
ligands. In this case, the addition of one electron transforms one p-CO
into a t-CO in contrast to what expected, and it is probably because also
the Co-Co bonding significantly changes.

E(V, vs. SCE)
-3 10 08 05 03 [] 03 05 08
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As reported in Section 3.3, [Pt26(CO)32]2’ displays a very rich elec-
trochemistry, and both the di-anion and mono-anion have been struc-
turally characterized [166,174]. The SC-XRD of [Pt26(CO)32]2’ and
[Pt6(CO)32] are almost superimposable, both concerning the metal
cage and CO stereochemistry. It is likely that the addition/removal of a
single electron on this large MMCC does not cause any significant
structural change, or the changes are too small compared to the exper-
imental precision of the SC-XRD analysis.

Heterometallic [Fe4Au(CO) 6] exists in solution as an equilibrium
between [Au{n®-Fey(CO)g}2]~ and [Au{n®-Fes(CO)g}{n>Fes(CO)s(p-
CO)2}]17, being the unbridged species the major one [129]. In both cases,
the central Au atom adopts a square-planar coordination, being bonded
to two Fey(CO)g units. Its CV displays two reversible one-electron re-
ductions at —0.68 and —0.89 V, and both the dianion and trianion have
been characterized by IR SEC (Fig. 36). They may be also chemically
generated, by reduction of [Fe4Au(CO);6] in THF solution at —70 °C
using one or two equivalents of Na/CyoHg. IR spectroscopy clearly in-
dicates the presence of bridging carbonyls in both the dianion and tri-
anion. The structure of the trianion has been determined by SC-XRD,
showing a tri-coordinated Au cluster with formula [Au{nl-Feg(CO)g}
{nz—Feg(CO)ﬁ(p—CO)g}]3’. Based on IR spectroscopy, the radical dianion
may be formulated as [Au{n2—Fe2(CO)3}{nz—Fez(CO)G(p—CO)Z}]2’. In
this case, the addition of the first electron favors p-CO coordination,
whereas the second electron causes the breaking of one Fe-Au bond. The
reduction processes have been investigated also by DFT methods, sug-
gesting that the reduction of [Au{nz—Fez(CO)g}Z]’ to [AU{T]Z-Fez(CO)g}
{nZ—FeZ(CO)G(p—CO)z}]Z’ is accompanied by a slight elongation of the
Au-Fe and Fe-Fe bonds, together with the stereochemical change of two
carbonyls from terminal to edge bridging mode, as observed by IR
spectroscopy. The addition of a second electron further elongates one

M S EAT AN ISR R A B
2200 2620 3040 3460 3880 4300
Gauss

Fig. 35. Molecular structures of (a) [Co;1C2(CO)23]~ and (b) [C011C5(CO)531%~ (blue, Co; red, O; grey, C). Co-Co contacts < 3.02 Aare represented as full lines, those
in the range 3.02-3.35 A as fragmented lines. (c) DFT calculated spin density surface (0.002 electron/au®) of [Coq11C5(CO)23]%~ (red, negative spin density; green,
positive spin density). (d) CV recorded at an Au electrode in THF of [C011C2(CO)23]1%~ (2.0x1073 M). [N"Buy] [BF4] (0.1 M) supporting electrolyte. Scan rate 0.1 V
s~!. X band EPR spectrum of [C011C2(CO)23]%~ in CH,Cl,, solution registered at 193 K: (e) experimental and (f) simulation. Adapted with permission from Ref. [133].

Copyright 2014 American Chemical Society.
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Fig. 36. (a) CV and (b) OSWV of a solution 3.8 x 10~* M of [Fe4Au(CO);6]~ in THF/[N"Bu4][PF¢] 0.2 M. Scan rate 0.2 V s~ 1. IR-SEC during the stepwise overall
reduction of [Fe4Au(CO)16]~ (0.9 x 103 M) in CH3CN solution [N"Buy][PFe] (0.10 M) as supporting electrolyte: (c) first reduction, E,, from —0.40 V to —0.60 V, vs.
pseudo-Ag electrode; (d) second reduction, E,, from —0.60 V to —0.75 V, vs. pseudo-Ag electrode; grey line, initial spectrum. The structures of [Au{nz—Fez(CO)g}z]’
and [Au{n1—Fez(CO)g}{qz-Fez(CO)(,(p—CO)z}]3’ have been determined by SC-XRD, whereas [Au{n2—FeZ(C0)8}{nz-Fez(CO)G(u—CO)Z}]2’ has been optimized by DFT.
Adapted with permission from Ref. [129]. Copyright 2022 American Chemical Society.

Au-Fe bond up to its breakage.

4.2. Effects of structural changes on the redox properties of MMCCs

The effect of M/M’ substitution on the redox properties of hetero-
metallic MMCCs has been discussed in Section 3.4. Similarly, modula-
tion of the redox properties may be obtained by changing the nature of
main group elements within MMCCs. This is well exemplified by the
series of E-centered icosahedral clusters [RhlzGe(CO)27]4’, [Rh15Sn
(CO)271*", [Rh128b(CO)371%7, [Rh12Bi(CO)271°7, and [RhyoIn(CO)2s]*",

[Co11Te7(CO)0]

+L

032V .
[Coy1Tes(CO);o) === [CoyTe;(CO);(]

all possessing 170 CVE [104,180,181]. A part [Rh1,Sn(CO)7]*~ which
displays a single reversible oxidation process, all the other species show
by CV or IR-SEC three or four reversible redox processes. In the case of
[RhlzGe(CO)27]4’ and [Rhlgsb(CO)zy]?”, all the four redox processes
are mono-electronic. Conversely, in the case of [Rh12Bi(CO)27]3’ and
[Rhlzln(CO)23]3_, two redox processes are mono-electronic, whereas
the most cathodic event involves two electrons. Further details can be
found in Section 3.5.

The redox properties of MMCCs may be also modulated by replace-
ment of some carbonyls with other ligands, such as phosphines. The
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Fig. 37. Global presentation of the reaction of [Co;1Te;(CO);o]~ with L = PMe,Ph. Verified redox couples (horizontal) and CO substitution steps (vertical). Adapted

from Ref. [150] with permission from Wiley.
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substitution of one CO with a more c-basic ligand should shift the redox
processes to more negative potentials and favor less negatively charged
species [184,201]. As a matter of fact, the heteroleptic clusters
[Co11Te7(CO)10.x(PMeoPh)k] (x = 0-5) are all multivalent and display
three reversible mono-electronic reductions [150]. Each reduction step
is shifted of 0.12-0.24 V towards more negative potentials upon each
CO/PMe,Ph substitution (Fig. 37). Moreover, in the case of the com-
pounds containing 4-5 PMe,Ph ligands, also one reversible oxidation
process is observed, affording the [Coj;Te;(CO)g(PMeyPh)4]" and
[Co11Tes(CO)s(PMesPh)s]t cations. SC-XRD structures have been
determined in the case of [C011Te7(CO)1Q]2’, [Co11Te7(CO)10] ~, and
[Co11Te;7(CO)s(PMezPh)s].

As outlined in Section 3.4, protonation/deprotonation reactions
represent a very straightforward and simple way for tuning the redox
properties of MMCCs. Protonation of anionic MMCCs may be accom-
plished using stoichiometric amounts of strong acids, such as HBF4-Et,0,
CF3SO3H, HySO4 or CF3COOH. The process may be reversed using strong
bases, such as NaOH, [N"Bus][OH], MeONa, or Bu'OK
[30,71,154,158,160-162,202-211]. In some cases, protonation/depro-
tonation may spontaneously occur by changing the solvent: more polar
solvents favor deprotonation, whereas less polar solvents favor proton-
ation (Fig. 38). From one side, acid/base reactions represent a very
simple way to tune the redox properties of MMCCs. On the other side,
the occurrence of acid-base equilibria, in conjunction with redox ac-
tivity, may complicate the electrochemical investigation of MMCCs.
Indeed, the charge of a hydride multivalent MMCCs may be changed
both by acid-base and redox reactions. At the same time, electrochem-
istry may considerably help the study of multivalent polyhydride
MMCGCs.

As previously discussed (Section 3.4), the same redox change occurs
at more negative potential in the hydride species compared to the non-
hydride MMCC. The same applies by increasing the number of hydrides
in polyhydride MMCCs, even though sometimes the presence of two or
more hydride ligands may be detrimental to the redox aptitude of the
cluster. For instance, [HZNiggPt6(CO)48]4’ displays a limited number of
(not well defined) reversible redox processes, compared to
[HNisgPte(CO)4g]®~ and [NisgPte(CO)4s]®™, probably because of
reductive Hy elimination in polyhydride species. At this regard, it is
noteworthy that some MMCCs have been found to be active as electro-
catalysts for the hydrogen evolution reaction (HER) [25,53-58,201].
The proposed mechanisms involve a combination of two proton transfer
(PT) and two electron transfer (ET) processes, with formation of hydride
MMCCs as intermediates and final release of Hy (see Section 5).

T
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E/Volt (vs. SCE)

16 -1.4

Fig. 38. OSWV profiles of an approximately 1:1 mixture of [NizsPto(CO)4g]®~
and [HNissPte(CO)asl®™ (7 x 10~* mol dm3) recorded under the following
conditions: a) immediately after its dissolution in DMF solution (—), b) after 90
min (----). Scan rate 0.1 Vs !, supporting electrolyte [N"Buy][PFs] (0.2 mol
dm™3), Au WE. [HNissPto(CO)4g]®” spontaneously deprotonates to
[NigsPto(CO)45]®~ with time in DMF. Adapted from Ref. [161] with permission
from Wiley.

30

Coordination Chemistry Reviews 549 (2026) 217365

4.2.1. Electrochemistry as an indirect tool to circumstantiate the hydride
nature of larger MMCCs

The different redox properties of MMCCs related by protonation/
deprotonation reactions have been revealed to be a useful indirect
method for the assessment of the polyhydride nature of larger MMCCs.
As mentioned above, often anionic MMCCs behave as Bronsted bases
and may be protonated by acids resulting in hydride MMCCs. It must be
remarked that, due to the n-character of CO, hydride ligands of MMCCs
behave more like H* than H™. Thus, polyhydride MMCCs may be viewed
as polyprotic acids which can be reversibly deprotonated/protonated
upon reactions with Bronsted bases and acids [30]. The decrease of one
unit of the negative charge of the cluster upon each protonation step can
be easily monitored by the shift to higher wavenumbers of its vco bands
by IR spectroscopy. The crucial point is that the same effect may be
obtained upon one-electron oxidation. Indeed, H" may act toward the
MMCC as a protonating agent or as an oxidizer via the H'/H, couple. So,
how to discriminate between protonation and oxidation of MMCCs by
acids? In the case of low to mid nuclearity MMCCs, the answer can be
easily found by means of 'H NMR spectroscopy, which can be used for
the direct detection of hydride ligands. However, as thoroughly dis-
cussed in the literature, the direct detection of hydrides in MMGCs by 'H
NMR fails above a nuclearity of ca. 30 metal atoms [212]. Similarly, the
direct location of hydride ligands by SC-XRD become increasingly
difficult as MMCC nuclearity increases, and it becomes almost impos-
sible in the case of larger MMCCs. Very few hydride MMCCs have been
characterized by single crystal neutron diffraction, and the examples are
limited to low or mid nuclearity MMCCs [30].

In all these cases, electrochemistry may be used to indirectly deter-
mine if the two differently charged MMCCs are related by protonation/
deprotonation or oxidation/reduction. Indeed, in the latter case, they
should display the same electrochemical properties, whereas in the
former case they should present different electrochemical behavior.
Some examples have been presented in Section 3.4, and further exam-
ples may be found in Tables 2-4 and in the cited literature. A few further
representative cases will be briefly discussed herein.

The two anions [Nigs(C2)4(CO)32]*~ and [HNias(C2)4(CO)3213~ can
be easily interconverted by acid-base reactions, and both have been
structurally characterized by SC-XRD (Fig. 39) [157]. Their molecular
structures are almost superimposable, even though it has not been
possible to locate the hydride ligand by SC-XRD. Also, all the attempts to
detect the hydride of [HNigs5(C2)4(CO)3213~ by 'H NMR failed, and the
reader can find details on this problem in the literature. CV, OSWV and
IR-SEC studies indicate that, in CH3CN solution, [HNizs(C2)4(CO)32]3_
undergoes three reversible reductions, whereas [Ni25(C2)4(CO)32]4’
displays one oxidation and four reductions with features of reversibility.
The fact that the two species obtained upon protonation/deprotonation
display different electrochemical behavior, clearly suggests that they are
different chemical species, in accord with the hydride nature of
[HNizs(C2)4(CO)32]3’. Moreover, [HNigs(C2)4(CO)32]3’ spontaneously
deprotonates to [Ni25(C2)4(CO)32]4’ by standing in DMF or CH3CN so-
lution, as demonstrated by time-dependent OSWV (Fig. 39).

Similar considerations apply to the isostructural (as determined by
SC—XRD) [HNi31P4(CO)39]57 and [HzNi31P4(CO)39]47 (hydrides have
not been located by SC-RD nor detected by *H NMR) (Fig. 40 and
Table 7) [102]. [HNig;P4(CO)30]>~ displays two oxidations and six re-
ductions all reversible in the timescale of IR-SEC, allowing the spec-
troscopic characterization of the species [HNiz;P4(C0)39]" ™ (n = 3-11).
Conversely, [H,Nig P4(CO)30]*~ shows only three reversible reductions
leading to [HoNi31P4(CO)39]"~ (n = 4-7); its poorer electrochemistry
compared to [HNiz;P4(CO)30]°~ agrees with the di-hydride nature of the
tetra-anion generated by protonation of the penta-anion as discussed
above. As a further proof of the poly-hydride nature of these clusters,
[HNi3;P4(CO)301°~ may be further deprotonated by NaOH to
[Ni31P4(CO)39]6’, whereas the hepta-anion [Ni31P4(CO)30]”~ can be
generated only by addition of Na/naphthalene to the hexa-anion. In this
way, also the number of hydride ligands has been indirectly assessed.
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Fig. 39. (a) Protonation/deprotonation equilibrium involving [HNips5(C2)4(C0)321° and [Nigs(C2)4(CO)321% . (b) Molecular structure of [Nig(C2)4(CO)32]4~ (green.
Ni; red, O; grey, C). (c) Time evolution of the Osteryoung square wave voltammogram of a 0.9 x 10> M solution of [HNiy5(C2)4(CO)321%~ in CH3CN compared with
that of a 7 x 10~> M solution of [Nip5(C2)4(CO)32]* (bottom), showing gradual deprotonation. GC WE and [N"Buy][PF¢] (0.1 mol dm~) as supporting electrolyte.
Adapted from Ref. [157], with permission from The Royal Society of Chemistry.
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Fig. 40. (a) Protonation/deprotonation equilibria involving the [HgNizP4(CO)39]"" (n = 4, 5, 6) clusters and chemical reduction of [Nig1P4(CO)301°~ to
[Ni31P4(CO)36)7 . (b) Molecular structure of [Hg.,Niz1P4(CO)30]™ (n = 4, 5) (Ni, green; P, purple; C, grey; O, red). (c) CVs recorded at a Pt electrode in CH3CN
solution of [H2Ni31P4(CO)3g]4’ (black) and [HNi31P4(CO)39]5’ (red). [N"Buy] [PFs] (0.1 mol dm?) as the supporting electrolyte. Scan rate 0.1 V s L Adapted with

permission from Ref. [102]. Copyright 2018 American Chemical Society.

[H4Rh35(C0O)35]*~ and [H3Rhy2(CO)35]1°~ can be distinguished based
on their CV and DPV profiles (Fig. 41) [154]. In this case, the presence of
the hydride ligands in both species has been supported also by 'H NMR
spectroscopy, which clearly indicates that a mixture of both species is
present in CH3CN, whereas pure [H3Rh22(CO)35]5’ is present in more
polar solvents such as DMF and DMSO. The equilibrium between
[H4Rh22(C0)35]4’ and [H3Rh22(CO)35]5’ can be evidenced also by
electrochemistry, since the signals of both species have been detected by
CV and DPV in CH3CN, whereas the electrochemical profile of only
[H3Rhy2(CO)351°~ is present in DMF. Even though such acid-base
equilibria might complicate the electrochemical study of hydride
MMCCs, suitable combinations of electrochemical and SEC techniques
can be very helpful to study them. This point is nicely exemplified also
by the series of clusters [Hg_,NizgC4(CO)30(CdCD2]1"" (n = 4-6) [79]. CV
and DPV analyses in CH3CN are complicated because of an equilibrium

31

between [HyNizgCs(CO)30(CACD21*~ and [HNizoCs(CO)30(CACD2I",
whereas pure [Ni30C4(CO)30(CdC1)2]6’ has been detected in DMF.

A further point of interest may be found in the electrochemical
studies of the acid-base related species [H2Co15PdgC3(CO)ssl,
[HC015Pd9C3(C0)38]2’, and [C015Pd9C3(CO)38]3’, whose structures
have been determined by SC-XRD [135]. The CV profiles of these three
MMCCs display only reversible oxidation processes (Fig. 42), which are
different for the three of them. This clearly indicates that they are
different chemical species, and the conversion of the mono-anion into
the di- and tri-anion, as well as the conversion of the di-anion into the
tri-anion, may be accomplished only by deprotonation and not by
reduction. Moreover, SQUID studies of [HCo0;5PdgC3(CO)3g]®~ show
that it is an even-electron species with two unpaired electrons, corrob-
orating the presence of a single H-atom.

[He_nNizoC4(CO)34{Cu(CH3CN)}2]1"" (n = 4-6) represent a further
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Table 7

IR stretching frequencies (em™Y) of terminal (V&) and bridging (v'éo) carbonyl
groups for [HNiz;P4(C0O)30]" and [HaNiz1P4(CO)39]™ in CH3CN as a function
of the cluster charge n and of the potential E as measured by IR-SEC. The starting
[HNi3; P4(CO)30]°~ and [HyNig P4(CO)30]*~ are evidenced in bold.

Cluster charge n veo Lo E
[HNi3,P4(CO)30]1 ™"

3 2040 1892 -0.30V
4 2022 1882 —0.60 V
5 2009 1873 -1.0V
6 1995 1864 —-1.41V
7 1982 1852 —1.68V
8 1965 1841 —-1.92V
9 1951 1825 —-2.19V
10 1939 1809 —2.34V
11 1928 1799 —2.55V
[H2Niz;P4(CO)30] "~

4 2022 1876, 1818 —-0.40 V
5 2011 1864, 1806 -0.70 Vv
6 1994 1847,1780 —-1.15V
7 1980 1841 -1.75V

family of poly-hydride MMCCs which display different CV profiles, and
whose inter-conversion may be fully accomplished only by means of
acid-base reactions [163]. To conclude this Section, the CV profiles of
[Ni36C08C8(CO)48] 6- and [HNigﬁCOgCg(CO)48]57 display only irrevers-
ible redox processes and, thus, their interconversion can be achieved
only by acid-base reactions [213]. This is apparently a trivial conclusion,
but it may be applied to other non-redox active MMCCs to prove their
hydride nature.
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5. Further chemical information obtained by electrochemical
studies of MMCCs

In the previous Sections, several examples of MMCCs displaying
reversible or quasi-reversible electrochemical processes have been pre-
sented. It has been shown that, in these cases, electrochemical and SEC
studies may give information on the electronic and structural features of
MMCCs. This Section will focus on MMCCs with irreversible redox
processes or presenting reversible (or quasi-reversible) electrochemical
processes followed by further chemical reactions. In these cases, elec-
trochemistry and SEC studies may give information on the chemical
properties of these MMCCs and, in some favorable cases, on the products
of chemical reactions.

A general chemical information that can be obtained from electro-
chemical studies, independently of the fact that the processes are
reversible or irreversible, is the potential at which the cluster may be
oxidized or reduced. This information can help the selection of a suitable
oxidizing or reducing agent to chemically modify the cluster
[76,214-216].

The irreversible oxidation or reduction of a MMCC may lead to
different events, such as fragmentation, condensation, structural rear-
rangement, elimination/addition of ligands, decomposition. Reviews
are available in the literature on the synthesis and chemical reactivity of
MMCCs and, therefore, only a few examples combining chemical reac-
tivity and electrochemical analyses will be presented herein [24-36].

Formally, two electrons may replace one CO ligand leaving the
number of CVE unaltered. Indeed, in several instances, the two-electron
reduction of a MMCC results in the increase of two units of its anionic
charge and elimination of one CO ligand. For instance, controlled po-
tential electrolysis of [Rh;2C2(C0)241%~ affords [Rh;2Ca(CO)a3]*~ with
retention of the Rh;2Cy cage [46]. Similarly, [Felrs(CO)16] undergoes
to an irreversible two-electron reduction (Ep —1.27 V) affording

[H4Rhy(CO)351* |

st e 0 el N i

b |

B
[H3Rh,,(CO)35]° ||

R

*

*

20 10 05 00 05
E (Volt, vs S.C.E.)

©
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200 175 -1.50 -125 -1.00 -0.75 -0.50 -0.25
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(d

Fig. 41. (a) Molecular structure of [Hg ,Rh5(CO)35]"" (n = 4, 5) (blue, Rh; red, O; grey, C). Hydride ligands have not been located by SC-XRD. (b) 1H NMR spectra
of (upper trace) a mixture of [H4Rh22(CO)351*~ (6 —14.5 ppm) and [H3Rh(CO)351°~ (5 —23.4 ppm) in CD3CN, and (lower trace) [H5Rh25(CO)35]°~ in dg-DMSO.
(c) CV (full line) and DPV (dotted line) of a mixture of [H4Rhy5(CO)35]*~ and [H3Rhy2(CO)35]°~ in CH5CN. (d) Comparison between the DPV profiles of the mixture
of the two clusters in CH3CN (full line) and pure [H3Rh2,(C0)35]1°~ in DMF (dotted line). Adapted with permission from Ref. [154] Copyright 2011 American

Chemical Society.
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Fig. 42. Protonation/deprotonation reactions of [Hz ,C015PdgC3(CO)35]"" (n = 0-3) (orange, Pd; blue, Co; red, O; grey, C). Hydride ligands have not been located
by SC-XRD. [H3Co;5PdgC3(CO)35] and [HoCo15PdgC3(CO)3g] ™ display an Oh-Pdg core, whereas [Coq sPdoC3(CO)381°%~ adopt a TP-Pdg structure (Oh = octahedron; TP
= trigonal prism). Both isomers have been found in the case of [HC0,5PdgC5(CO)35]®>”. (a) Magnetization in function of field of
[NMe3(CH2Ph)]2[HCo015PdgC3(CO)3g]-CeHi4 as measured at 5 K (black dots). The data were fitted with the Brillouin function for different S values and Landé g-factor
of free electron. Dashed lines are the best fits for S = 1/2 (red) and S = 3/2 (magenta). The black solid line represents the best-fitting curve from least-squares analysis
for S = 1. Inset: zoom of the high field region. Cyclic voltammograms recorded at a glassy carbon electrode in CH3Cl, of (b) [H2Co35PdgC3(CO)3s]™, (€)
[HC015Pd9C3(CO)38]2’ and (d) [C015Pd9C3(C0)38]3’ (2.0 x 1073 M). [N"Buy] [BF4] (0.1 M) supporting electrolyte. Scan rate 0.2 V s~L. Solvent discharge occurs at
high potentials. Adapted from Ref. [135] with permission from The Royal Society of Chemistry.

[Felrs(CO)1 5]3’ (Fig. 43); both clusters display octahedral structures, in = Fe, Ru), whose redox properties have been studied by electrochemical
agreement with their electron count (86 CVE) [121]. and computational methods (Sections 2.3 and 4.1.1) [105,106]. Indeed,
From a chemical point of view, a two-electron reduction may be [M6C(CO)15]4’ may be obtained upon chemical or electrochemical
accomplished using Na/naphthalene (or similar reducing agents) or reduction of [M6C(CO)16]2_.
using NaOH in a polar solvent such as MeOH or DMSO. In the latter case, IR SEC and DFT investigation point out that the chemical and elec-
the OH™ ion attacks a CO ligand of the cluster resulting in its oxidation to trochemical oxidation of [M6C(CO)16]4’ in CH3CN, under N or Ar at-
CO, with concomitant two-electron reduction of the cluster. This mosphere, is likely to proceed via unsaturated labile [M(,C(CO)ls]Z’
approach has been often employed for synthetic purposes [217-219]. species. Due to stronger Ru-Ru bonds, the Ru species is sufficiently stable
Considering the reverse process, a two-electron oxidation of a MMCC to add CH3CN leading to [RugC(CO)q 5(CH5CN)]". Conversely, the Fe
may favor the addition of a ligand. This represents an important syn- species rapidly decomposes forming some free CO, which can saturate
thetic route for the preparation of heteroleptic MMCCs. The use of both the remaining dianion with formation of [FesC(CO)16]%~. Performing
reduction and oxidation reactions for the preparation of new MMCCs is the chemical oxidation of [FeGC(CO)15]4’ in the presence of suitable

well represented by the [M6C(CO)16]2’ and [M6C(CO)15]4’ species (M trapping agents (e.g., PTA, CO%’, RS7) it is possible to trap the
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Fig. 43. The irreversible electrochemical reduction of [Felrs(CO);6] in CH3CN affords [Felrs(CO)1513~ (yellow, Ir; blue, Fe; red, O; grey, C). Cyclic voltammograms
of (I) [Felrs(CO)16]~ and (II) [Felrs(CO);5]°~ (CH5CN solution, Pt WE, [NEts][ClO4] supporting electrolyte, scan rate 0.2 V sh. Adapted with permission from ref.

[121] Copyright 1991 American Chemical Society.

unsaturated species resulting in the formation of species such as [FegC
(CONs(PTA)I®",  [FesC(CO)14(COx)]*  and  [FesC(CO)14(SR)I>
[106,220].

As a further example, tetrahedral [H30s4(CO);2]~ (60 CVE), in
CH3CN solution, undergoes a single-stepped two-electron oxidation at
Ep, = +0.78 V, which is apparently irreversible being coupled to the
coordination of two CH3CN molecules with formation of butterfly
[H3054(C0O)12(CH3CN)2]" (62 CVE) (Fig. 44) [221]. The resulting
[H3054(C0O)12(CH3CN)2] T is irreversibly reduced to [H30s4(CO);12]  at
Ep = -1.35V.

Several other examples have been reported in the literature where an
electron transfer involving a MMCC is coupled to a chemical reaction. It
is not possible here to describe all of them, but only a few representative
examples will be presented.

The cluster [Ni12C(CO)18]4’ was obtained by chemical reduction of
[NigC(CO)ly]Z’; it undergoes two oxidations and one reduction,
reversible in the CV timescale [156]. The IR SEC investigation of the
three processes showed that the products of the reduction and of the first
oxidation, namely [Ni12C(CO)1g]5_ and [Ni12C(CO)1g]3_, respectively,
are fairly stable clusters, while a fragmentation follows the second
oxidation with formation of its precursor [NigC(CO)ly]z’.

As already said in Section 3.3, multivalent MMCCs usually display a

greater number of reduction processes than oxidations. In several cases,
the latter are followed by fragmentation reactions to give stable and
known products that can be easily identified by their characteristic IR
spectrum. Thus, two carbonyl bands at 2120 and 2063 em™! [222]
demonstrated the formation of the mononuclear cationic [Rh
(CO)2(CH3CN)21™ by oxidation in the case of [Rh16Au6(CO)36]5’ [155]
and [Rh;5E(CO)27]™ (E = Sb or Ge) [180], while often the IR absorption
of Ni(CO)4 was found after oxidation of MMCCs containing Ni, as for
example [NiuP(CO)lg]B’, [HNi3;P4(CO)301°~ [102], or
[Nizo_xPdgx(CO)421°~ (x = 0.09) [80].

A peculiar case is represented by MMCCs that can be described as
complexes composed of a central M™" ion bonded to MMCC fragments.
In these cases, the redox processes may be centered on the metal ion or
on MMCC ligands. Moreover, the primary electron transfer may be fol-
lowed by intra-molecular redox processes involving M** and the MMCC
fragments.

The cluster [{CosC(CO)12}2Au]” is composed of two square-
pyramidal [CosC(CO);2]™ anionic cluster ligands ng-coordinated to an
Au(I) center [82]. Its CV displays one oxidation and two reduction
processes all with features of chemical reversibility and involving one
electron each (Fig. 45). Thus, the four [{CosC(CO)12}2Aul™ (n = 0-3)
species are stable in the timescale of CV, but partial decomposition is

Ep=-135V
+2e”

in CH;CN

T 0 H— 0

Os
\ -2¢” H,eeN” W7 N N
7 \\O H\ /\
)S<—x0s  Ep=+0.78V o
H . H
in CH3CN
[H3084(CO) 2] [H30s4(CO);(CH;CN), "

Fig. 44. The irreversible electrochemical oxidation of [H30s4(C0O);2]~ in CH3CN affords [H30s4(C0O);12(CH3CN),]1™ (CO ligands have been omitted for clarity).
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observed during IR-SEC experiments. Both LUMO and LUMO+1 are
centered on the two [CosC(CO);2]” fragments, which are reduced to
[C05C(CO)12]2’ during the cathodic steps. The limited stability in the
IR-SEC timescale of the reduced species is probably due to intra-
molecular redox reactions, which lead to Au(0) and [CosC(CO)12] .

A similar behavior has been observed for [{Nig(CO)lz}zAu]S’ and
[{Nig(CO)12}2Cd2Cl5]13~, which are composed of two [Nig(CO)12]%~
units acting as ligands towards a central Au" and [Cda(u-C)3] ™ unit,
respectively [223]. Their CV profiles display an irreversible reduction

(Ep = —2.01 and -1.52 V for [{Nis(CO)lz}zAu]e" and [{Nig(C-
0)12}2Cd,Cl31%7, respectively), followed by a reversible two-electron
reduction at E° = —2.42 V for both clusters (Fig. 46). The latter

reversible two-electron process has been observed at the same E°’ for
[Ni6(CO)12]2_. It is likely that the first irreversible reduction leads to the
detachment of [Nig(CO)12]%~ from [{Nig(CO)12}2Aul®~ and [{Nig(C-
0)12}2Cd2C13]3’. This has been confirmed by IR-SEC experiments,
which corroborate the formation of free [Ni6(CO)12]2_ in correspon-
dence of the first reduction. Similarly, electrochemical studies of
[Nig(CO)15]%~ show that this is irreversibly reduced to [Nig(CO)12]%".
Chemical reactions coupled with electron transfer processes are
fundamental for electrocatalytic applications. Different MMCCs are
active homogeneous electrocatalysts for reduction reactions as, for
example, HER, and this topic has been recently reviewed
[25,53-58,201,224-229]. Electrochemical studies (e.g., CV, IR-SEC,
controlled potential electrolysis) are very useful to optimize the exper-
imental conditions, fine tuning the properties of the MMCC electro-
catalyst, determining the kinetic parameters and the electrocatalytic
mechanism. Overall, HER involves two PT and two ET processes, and
adopts an ECEC or ECCE mechanism (Fig. 47). After ET1 and PT1, a
monohydride MMCC intermediate is usually formed. For HER electro-
catalysis, such monohydride undergoes ET2/PT2 (ECEC path) or PT2/
ET2 (ECCE path) leading to a labile di-hydride that rapidly liberates Hy
restoring the catalytic cycle. Slowing down PT2 compared to PT1 can
favor hydride-transfer (HT) from the monohydride MMCC intermediate
to a substrate other than H'. Indeed, following this strategy, it has been
possible to extend MMCC electrocatalysis to CO5 reduction (Fig. 48).

+032V -1.02V
[{CosC(CO) 12} 2AU] [{CosC(CO) 12 Au | —=
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| 200a
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6. Conclusion and outlook

A survey of the electrochemical and SEC methods for the investiga-
tion of MMCCs has been herein reported. A major goal of any electro-
chemical study is to determine if a MMCC (or any other species) is redox
active. This, in turn, sheds light on the electronic properties of the
compound under investigation. Indeed, the redox aptitude of MMCCs
increases with their nuclearity, even though ad hoc conditions may
prompt redox activity also within smaller MMCCs. As a matter of fact,
larger MMCCs are often multivalent and behave as electron-sinks,
envisioning an incipient metallization of their metal cores.

Electrochemical and SEC studies unravel a subtle interplay between
the electrochemical properties and the structural features of MMCCs.
The multi-electron redox activity of MMCCs, often coupled with struc-
tural rearrangements or ligand dissociation, complicates the interpre-
tation of electrochemical data. Radical anions may be transient and
prone to rapid degradation or aggregation. Working at low tempera-
tures, employing rapid scan rates, and combining electrochemical data
with in situ spectroscopic monitoring is often necessary to capture and
stabilize reactive intermediates. A multimethod approach, based on
chemical, electrochemical, SEC, spectroscopic, structural and compu-
tational studies, is often necessary to fully understand the chemical and
structural processes accompanying a redox event. At the same time, the
redox properties of multivalent MMCCs may be fine-tuned by slight
variations of their structures, such as protonation/deprotonation, ligand
substitution, selective metal or hetero-atom replacement.

Overall, the electrochemical characterization of MMCCs reveals not
only their redox potentials and stability domains but also the extent of
electron delocalization and structural robustness, key features for their
application in catalysis, electrocatalysis, molecular electronics, and
nanomaterials.

As outlined throughout this review, several electrochemical tech-
niques are currently available and can be effectively applied to the study
of MMCCs. CV and IR-SEC are the most powerful ways to investigate
reversible, quasi-reversible, or irreversible redox processes of MMCCs.
These methods can be complemented by other electrochemical ap-
proaches (DPV, SWV, EIS) to gain deeper insights into the number of
exchanged electrons, kinetic parameters of the electron transfer process,
coupling with subsequent chemical reactions, and deconvolution of

-130V
[{CosC(CO)2} AU = [{CosC(CO),p}pAUT

Fig. 45. Reversible electrochemical redox processes of [{CosC(CO)12}2Au] . (a) Cyclic voltammograms (recorded at a Pt electrode in a CH5Cl, solution; [N"Buy]
[PFe] 0.2 mol dm 2 as supporting electrolyte; scan rate 0.1 V s™1), (b) HOMO, (¢) LUMO and (d) LUMO+1 (DFT EDF2 calculations, isovalue = 0.04 a.u) of [{CosC
(CO)12}2Au] . Adapted from ref. [82] with permission from The Royal Society of Chemistry.
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Fig. 46. (I) Cyclic voltammograms recorded at an Au electrode in THF solution of: (a) [Ni6(CO)12]2’; (b) [Nig(CO)lg]Z’; () {Cd,Cl3[Nig(CO)12] 2}3’; (d) [Nij2Au
(CO)24]3’. Normalized currents of samples in mM concentration. [N"Buy][PFe] (0.2 M) supporting electrolyte. Scan rate 0.2 V 1) Osteryoung square-wave
voltammograms (full line) and its second derivative (dashed line) recorded at an Au electrode in a T solution of (a) [NiG(CO)lz]z’; (b) [Nig(CO)lg]Z’; (c)
{Cd2C13[Ni5(CO)12]2}3’; @ [Ni12Au(CO)24]3’. [N"Buy] [NPFg] supporting electrolyte (0.2 M). Scan rates: 0.1 vsL. Adapted with permission from Ref. [223]
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overlapping processes among other effects.

MMCCs possess highly complex structures which can be determined
with atomic precision only by SC-XRD [24-37]. Once the structure of a
MMCC has been determined by SC-XRD, electrochemical methods are
particularly valuable, not only to study its redox properties, but also to
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get detailed information on the structures of the electrogenerated spe-
cies. Indeed, because of the presence of CO ligands, IR-SEC allows real-
time monitoring of structural (relative intensity of terminal/bridging
vco bands), and electronic (v¢o shifts) changes associated with redox
processes of MMCCs. Additional insight can be obtained from comple-
mentary in situ or ex situ spectroscopic techniques. In general, a multi-
method approach, combining structural (SC-XRD), spectroscopic (IR,
NMR, EPR, mass spectrometry), electrochemical and computational
techniques, is required to fully investigate molecular nanoclusters such
as MMCCs.

Low nuclearity MMCCs are often electron precise and show a direct
relationship between structure and number of CVEs. Different electron
counting rules have been developed (EAN, Wade’s rules, PSEPT, TEC)
which apply to different size-regimes and/or types of clusters
[42,111-118]. However, their application becomes more difficult as
MMCC nuclearity increases, and larger MMCCs are often multivalent
and behave as electron sinks. These multivalent clusters exhibit from
three to seven reversible electrochemical processes, meaning that the
same molecular structure can exist in multiple oxidation states with
distinct charges and CVE counts. In some smaller MMCCs, multivalence
may arise from specific combinations of electronic, steric, and bonding
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factors, although their redox activity remains less pronounced than in
high-nuclearity systems.

Electrochemically generated oxidized or reduced MMCCs are often
sufficiently stable to be observed not only within the timescale of CV but
also during IR-SEC. Sometimes, they can be also chemically generated,
isolated and spectroscopically characterized. In a few cases, it has been
possible to structurally characterize by SC-XRD two or more MMCCs
related by direct redox reactions.

Further information on the variation with nuclearity of the electronic
status of multivalent MMCCs can be obtained from the Z-plots of the
formal redox potential (E°'). Mid-nuclearity clusters typically exhibit
staircase-like Z-plots, whereas higher-nuclearity clusters display nearly
linear ones. This difference suggests that mid-sized MMCCs possess well-
separated frontier orbitals with energy gaps larger than the electron-
pairing energy, while in larger MMCCs the spacing between consecu-
tive orbitals approaches the pairing energy.

The average separation between the formal electrode potentials of
consecutive redox couples of multivalent MMCC (AE®,,) roughly de-
creases as MMCC nuclearity increases. Smaller MMCCs (6-10 metal
atoms) exhibit AE*,, ~ 0.7-0.8 V, whereas the largest investigated
systems (38-44 metal atoms) show AE®,, ~ 0.2-0.3 V. These values
indicate a semiconducting nature of the largest MMCC cores. A further
decrease in AE®',, with increasing nuclearity could signal the onset of
metallic behavior, representing one of the major challenges for future
synthesis and electrochemical exploration of MMCCs.

The redox properties of multivalent MMCCs may be tuned by se-
lective M/M’ replacement in heterometallic clusters, or upon substitu-
tion of a few carbonyls with other ligands. Such modifications can
induce subtle shifts in E° values and modulate the tendency toward
oxidation or reduction. Often, protonation/deprotonation (acid/base)
reactions offer a straightforward and reversible method to fine tune the
redox behavior of MMCCs. Moreover, it has been shown that electro-
chemistry represents a powerful and effective approach to indirectly
confirm the hydride nature of larger MMCCs, which are systematically
NMR silent [30,135,154,212].

Addition/removal of electrons to MMCCs may be completely
reversible without any apparent structural change, or may be accom-
panied by small structural rearrangements, or may be accompanied by
irreversible chemical reactions, or may lead to complete decomposition.
Electrochemical studies are, therefore, fundamental for identifying the
mechanisms and optimal experimental conditions for the selected pro-
cess. Small (reversible) structural changes may involve variations of CO
stereochemistry, M-M bond lengthening, cage distortion, or a combi-
nation of these. Related irreversible processes leading to effective
chemical reactions include CO elimination (or addition), M-M bond
breakage, complete rearrangement of the metal cage, cluster conden-
sation or fragmentation.

A complete understanding of these redox-induced processes (and the
corresponding experimental conditions), which may be induced in a
MMCC by redox events, is of paramount importance for their exploita-
tion in synthetic purposes and electrocatalytic applications. Electro-
chemical studies, in combination with structural, spectroscopic and
computational methods, are therefore required to fully unravel the po-
tentialities of MMCCs and molecular nanoclusters in general. In view of
the rich information that can be obtained by electrochemical methods
and their complementarity to other techniques, electrochemistry should
be employed more systematically in the future for the study of MMCCs
and other molecular nanoclusters.

The synthesis, structural characterization, and electrochemical
investigation of larger MMCCs are key issues for the future of the topic
herein described. The main aim is to experimentally observe a further
decrease of AE®y, up to complete metallization of the metal core of the
cluster. Moreover, widening the number and size of investigated MMCCs
should lead to a better understanding of the relationships among
structure and composition of the metal core, ligand interactions, elec-
tronic status, chemical properties and electrochemical features of
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MMCCs. A value of AE®,, close to thermal energy (RT) could lead to
auto-disproportionation equilibria in solution. A hint of such dispro-
portionation processes has been, for instance, observed in some large Pt
MMCCs whose electrochemistry indicates that odd-electron electro-
generated species are sometimes less stable than even-electron species
[72,83,164]. It is expected that disproportionation processes will
become more common with further increasing cluster nuclearity, and
their experimental study should be a fascinating challenge. To add
complexity and richness to the system, also protonation/deprotonation
reactions could be present in larger MMCCs, as already observed in
several instances.

Paramagnetism of odd and even electron MMCCs is well-established,
even though the number of investigated clusters is limited [98,153].
This is due to synthetic limitations and to the high sensitivity to impu-
rities of magnetic measurements. In situ EPR-SEC could be particularly
effective in investigating the magnetic properties of electrogenerated
MMCCs, especially if conducted at low temperatures. Some examples
have already appeared in the literature [137,143], but a more system-
atic approach would be highly beneficial for understanding magnetism
especially in larger MMCCs. This could lead to the application of MMCCs
as molecular nanomagnets or as components of charge-transfer
materials.

Finally electrocatalysis by MMCCs has gained significant attention in
recent years [25,53-58,201,224-229]. Fundamental electrochemical
studies are very important for fully elucidating the role of MMCCs in
electrocatalytic processes and to select the best electrocatalysts.
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