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Abstract: Polyoxometalates (POMs) are ideal components for reversible multi-electron storage in energy technologies.
To-date, most redox-applications employ only single, individual POM species, which limits the number of electrons that
can be stored within a given potential window. Here, we report that spontaneous redox self-equilibration during cluster
synthesis leads to the formation of two structurally related polyoxovanadates which subsequently aggregate into co-
crystals. This results in systems with significantly increased redox reactivity. The mixed POM system was formed by non-
aqueous self-assembly of a vanadate precursor in the presence of Mg2+, resulting in two mixed-valent (VIV/V) species,
[(MgOH)V13O33Cl]

4� (= {MgV13}) and the di-vanadium-functionalized species [V14O34Cl]
4� (= {V14}), which co-crystallize

in a 1 :1 molar stoichiometry. Experimental data indicate that in the native state, {MgV13} is reduced by three electrons,
and {V14} is reduced by five electrons. Electrochemical studies in solution show, that the system can reversibly undergo
up to fourteen redox transitions (tentatively assigned to twelve 1-electron processes and two 2-electron processes) in the
potential range between � 2.15 V to +1.35 V (vs Fc+/Fc). The study demonstrates how highly redox-active, well-defined
molecular mixtures of mixed-valent molecular metal oxides can be accessed by redox-equilibration during synthesis,
opening new avenues for molecular energy storage.

Molecular metal oxides, so-called polyoxometalates
(POM) are unique functional molecules which have at-
tracted immense interest due to their tunable structure and
reactivity.[1] POMs have been used in diverse areas of
science and technology, ranging from biomedicine and
therapeutics[2–4] to molecular electronics,[5,6] supramolecular
assemblies[7,8] and catalysis.[9]

One key function of POMs is their ability to reversibly
store and release multiple electrons, making them ideal
molecular components for energy conversion and storage
technologies.[10,11] In general, each electron added to a POM
cluster shifts the reduction potential to more negative
values.[12] The electrochemical potential difference between
two reversible one-electron transitions in POMs is com-
monly in the range of ~0.4 V to 0.6 V (see SI, Section 2.11).
In addition, the maximum overall number of electrons which
can be stored per cluster unit is controlled by the cluster
type (i.e. the number and type of metal centers present), as
well as the electrochemical stabilities of the cluster, the
solvent and the supporting electrolyte. For most applications

in energy storage (batteries, redox-flow batteries, solar
energy storage, etc.), increasing the number of electrons
stored is a major development driver.[13,14]

Inspired by these challenges, ground-breaking works
have focused on how to maximize electron storage in POMs.
Irle, Yoshikawa, Awaga and co-workers showed that POM
integration into lithium ion battery electrodes allows rever-
sible storage of up to 24 electrons on the Keggin polyox-
otungstate [PMo12O40]

n� (n=3–27).[17,18] Pioneering work on
the solution redox chemistry of POMs by Symes, Poblet,
Nyman and Cronin showed that super-reduced Dawson
polyoxotungstates [P2W18O62]

n� (n=6–24) can reversibly
store up to 18 electrons per cluster in aqueous media in the
presence of charge-balancing Li+ or H+ counterions. The
system was further developed for electrochemical on-
demand hydrogen generation.[19,20]

Polyoxovanadates (POVs) have recently become a focal
point for multi-electron storage due to their unique struc-
tural and electronic versatility[21–25] combined with excep-
tional redox properties.[11,26,27] In a series of outstanding
reports, Matson and co-workers showed that derivatives of
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alkoxide-functionalized Lindqvist POVs [V6O7(OR)12]
(R=Me, Et) can undergo multiple (proton-coupled) electron
transfers, enabling energy storage in non-aqueous POV-
based redox-flow batteries.[28–30] Also, some of us recently
showed how metal-functionalization in dodecavanadate
derivatives can be used to tune the number and position of
redox-transitions.[31–33] While these studies were primarily
focused on energy technologies, it is worth noting that
mixed-valent POVs have also received widespread interest
from the molecular magnetism and spintronics communities
as potential components for data storage systems. When
considering the use of POMs in multi-electron storage and
transport, one common theme is that these studies typically
employ only one POM cluster species at a time. In contrast,
the combined use of two or more species to maximize
electron storage capacity has not been explored to date.
This might be due to challenges related to incompatibilities
between species including inter-cluster redox-reactions,
divergent chemical stability or solubility ranges.
Here, we propose a concept to overcome these chal-

lenges by developing designer electron storage materials
where two individual POV clusters are synthesized and
selectively crystallized from one common reaction solution.
Importantly, cluster formation and redox equilibration are
achieved within the reaction solution, thereby ensuring that
no chemical incompatibilities arise for the two targeted
cluster species. This approach results in a 1 :1 mixture of two
POVs with the formal assembly shown in Figure 1, where
the combination of individual redox-processes at both
clusters results in up to fourteen redox-transitions in the
potential range between � 2.15 V to +1.35 V (vs Fc+/Fc).
Mechanistic studies rationalize cluster formation, cluster
stability and charge-storage mechanism. These insights shed
light on how physical and electronic structure interact to
give rise to technologically important redox properties.

To develop the mixed-cluster system, we built on
previous studies by some of us, where we explored the
mono- or di-metal-functionalization of the dodecavanadate
cluster (NMe2H2)2[V12O32Cl]

3� (= {V12}).
[33–37] Here, we dem-

onstrate how under non-aqueous synthesis conditions,
simultaneous formation and redox equilibration of two
closely related {V12} derivatives was achieved, This gave
access to mixed co-crystals showing reversible multi-electron
uptake and release.
The title compound 1 was synthesized by reaction of the

mixed-valent precursor (nBu4N)4[V
IV
2V

V
8O26] (=

(nBu4N)4{V10})
[38,39] with the magnesium and chloride source

MgCl2 (anhydrous) in acetonitrile at 75 °C. Diffusion of
diethyl ether into the green reaction solution gave deep
green crystals of 1 suitable for single-crystal X-ray diffrac-
tion (yield: 70% based on V). The composition and purity
of the compound were confirmed by ATR-IR- UV/Vis/NIR
and EPR spectroscopies, high-resolution electrospray ioniza-
tion mass spectrometry (ESI MS), thermogravimetric analy-
sis (TGA) and single-crystal X-ray diffraction, for details see
Supporting Information.
Single-crystal X-ray diffraction analysis showed that 1

crystallizes in the monoclinic space group C2 with cell axes
a=23.189(4) Å, b=23.197(4) Å, c=17.660(3) Å and angles
α=γ=90°, β=90.089(6), crystallographic details see SI,
Section 3.[40]

Structural analysis of the crystallographic data reveal
that 1 is composed of a 1 :1 mixture of two {V12} derivatives,
that is the mixed magnesium and vanadium/functionalized
species [(MgOH)V13O33Cl]

4� (= {MgV13}) and the di-vana-
dium-functionalized species [V14O34Cl]

4� (= {V14}). Note that
to the best of our knowledge, both clusters, {MgV13} and
{V14} have not been reported previously. For charge-balance,
each unit cell contains two cluster units and eight nBu4N

+

cations. The amount of nBu4N
+ cations in the bulk was

verified by CHN elemental analysis and TGA (see SI,
Section 2.3). The {V14} : {MgV13} molar ratio in the bulk of 1
was analyzed by inductively coupled plasma optical emission
spectroscopy (ICP-OES), which gave a Mg:V atomic ratio
of 1.17: 27 (calculated: 1.0 :27.0 for a 1 :1 molar ratio of
{MgV13} and {V14}). The presence of the Mg� OH group in 1
was substantiated by ATR-IR spectroscopy, where a weak,
characteristic signal was detected at 3460 cm� 1 (Figure 2a).[41]

The presence of both cluster species, {MgV13} and {V14}, was
also observed by negative-ion mode high-resolution electro-
spray ionization mass spectrometry (ESI MS), see Fig-
ure 2c,d. For example, the {MgV13}-related species
(nBu4N)[HMgV12O32Cl]

� was observed at 1667.69 m/z
(calcd: 1667.73 m/z), while the {V14} species (nBu4N)-
[V14O34Cl]

2� was observed at 767.15 m/z (calcd: 767.17 m/z)
In sum, these analyses suggest that 1 can be given as

(nBu4N)8[(MgOH)V13O33Cl][V14O34Cl]=
(nBu4N)8{MgV13}{V14}.
Based on this initial analysis it can be proposed that each

cluster features a fourfold negative charge. This would result
in three VIV centers for {MgV13}, and five V

IV centers for
{V14}, for details on the charge calculations see SI,
Section 2.4. Since most mixed-valent POMs feature anti-
ferromagnetic coupling,[5,23,42–44] it can be put forward that

Figure 1. Formal assembly Scheme and structure comparison of the
mixed-cluster cocrystal 1, compared with structurally related literature-
known single-cluster species (nBu4)4[V16O38Cl] and (nBu4)4-
[V15O36Cl].

[15,16] Note that synthetically, 1 is obtained using [V10O26]
4� as

vanadate precursor.
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both, {MgV13} and {V14} feature one unpaired electron. Thus,
the presence of unpaired electrons in 1 was probed by EPR
spectroscopy (Figure 3). As a reference compound for spin
counting, we utilized the mixed-valent precursor (nBu4N)4-
{V10}

[38,39] which features two isolated VIV centers. Note that
only the EPR spectrum of the reference compound shows
hyperfine coupling, as electron delocalization in 1 results in
a non-observable hyperfine coupling.[45] A comparison of the
spin count of both compounds at the same concentration
and same sample volume, gave 1.87 unpaired electrons per
formula unit of 1. This is in line with our previous oxidation
state and charge assignments which suggested that both
{MgV13} and {V14} feature one unpaired electron each. In
addition, UV/Vis/NIR spectroscopy of 1 in MeCN also
supported the presence of reduced VIV centers as indicated
by characteristic intervalence charge transfer (IVCT) tran-
sitions in the ~500 nm – 1400 nm spectral region (Figure 2b).

We were interested in the Mg2+-induced conversion of
the mixed-valent {V10} precursor into compound 1. Note that
in the absence of MgCl2, no conversion of {V10} into 1
occurs. We used UV/Vis/NIR spectroscopy to follow the
changes of the characteristic signals of {V10} (at λ=500 nm)
and 1 (at λ=1000 nm), see Figure 4a. We hypothesized that
the reaction might be initiated by reaction of Mg2+ with
{V10}, possibly by a Lewis-acid mechanism. Thus, we
investigated the impact of {V10}/Mg

2+ molar ratios on the
conversion rate by a series of [Mg2+]-dependent analyses.
As shown in Figure 4, between 0–1 molar equivalents of
Mg2+ (relative to {V10}), increasing Mg

2+ concentrations
result in equilibria with decreasing {V10} concentration

Figure 2. Characterization of 1. a) ATR-IR spectroscopy showing the
presence of O� H vibrations; b) UV/Vis/NIR spectroscopy showing
characteristic V(IV/V) intervalence charge-transfer (IVCT) transitions;
c), d) simulated and observed isotopic patterns from high resolution
ESI MS analyses, indicating the presence of {MgV13} and {V14}.

Figure 3. Simulated and experimental EPR spectra (T=40 °C) of: a) the
reference compound (nBu4N)4[V

IV
2V

V
8O24]

[38] (3 mM in MeCN); b)
compound 1 (3 mM in MeCN). Comparison of the spin counts gave a
value of 1.87 unpaired electrons for 1.

Figure 4. a) Time-lapse UV/Vis/NIR spectroscopy of the conversion of
{V10} to 1 at time intervals of 1 min. Three isosbestic points at
λ1=665 nm, λ2=446 nm and λ3=340 nm indicate a direct conversion
process. Conditions: T=35 °C, cuvette path length 10.0 mm, [{V10}] :
[MgCl2 (anhydrous)]=1 :1.2, [{V10}]=230 μM). b) Decrease of {V10}
concentration as a function of [Mg2+ ] concentration, monitored by
following the characteristic {V10} absorbance at λ=500 nm; samples
were equilibrated for 1 h before measurement; c) Increase of the
concentration of 1 as a function of Mg2+ concentration, monitored by
following the characteristic absorbance of 1 at λ=1000 nm; samples
were equilibrated for 1 h before measurement. d) Kinetic traces and
mono-exponential fits of the {V10}-to-1 conversion (monitored by
following the decrease of {V10} concentration at λ=500 nm) at
temperatures between 25 °C to 65 °C. Conditions: ΔT=10 °C, cuvette
path length 2.0 mm, [{V10}] : [MgCl2 (anhydrous)]=1 :2.2, [{V10}] -
=500 μM. d) Arrhenius plot based on the kinetic traces shown in e).
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(Figure 4b) and increasing concentrations of 1 (Figure 4c).
When more than ~1 equivalent of Mg2+ is added to the
reaction solution, the characteristic UV/Vis/NIR spectral
signatures of {V10} are lost, and no further changes of the
characteristic signatures of 1 are observed. These data
suggest that the {V10} conversion to 1 is driven by the
presence of Mg2+. Previous studies have reported similar
observations, where Lewis-acidic metals, such as Mg2+,[36]

Ca2+,[32,33] Co2+, Ti4+ or Cu2+ [46] have triggered conversion
processes in polyoxo-vanadates, particularly in organic
solvents.
Thus, we determined the apparent conversion rate

constant k at temperatures between 25 °C – 65 °C to provide
initial thermochemical data for the {V10}-to-1 conversion. As
illustrated in Figure 4d, this allowed an Arrhenius-type plot
showing linear behaviour, which gave an activation energy
for the conversion of 63 kJ/mol.
Next, we explored the electrochemistry of 1, as we

hypothesized that the presence of both, {MgV13} and {V14}
clusters in 1 could result in enhanced redox-reactivity and
electron storage capacity. To prevent any effects of surface
oxidation of the crystalline sample (which was suggested by
microscopic analysis of the native crystals after storage in
air), we purified 1 by re-crystallization from acetonitrile
under inert atmosphere and water-free conditions in an Ar-
filled glovebox (see SI, Section 2.1). These samples were
used for all electrochemical and EPR studies. Electro-
chemistry was performed in inert Ar atmosphere in a
glovebox (for details see SI, Sections 2.11 and 2.12).
Initial electrochemical analyses of 1 (0.5 mM) were

performed by cyclic voltammetry (CV) and square wave
voltammetry (SWV) in anhydrous, degassed acetonitrile
solution containing nBu4NPF6 (0.1 M) as supporting electro-
lyte (Figure 5). All electrochemical data were recorded using
a silver/silver nitrate reference electrode, and the potentials
were then referenced against an internal ferrocene/ferroce-
nium (Fc+/Fc) redox couple. In the potential range between
� 2.15 V and +1.35 V, 1 showed up fourteen redox tran-
sitions (see green labels in Figure 5). Integration of the
complex SWV data results in the tentative assignment that
twelve processes (processes 1, 2, 5–14) are 1-electron trans-
fers, while two processes (processes 3, 4) are 2-electron
transfers (see SI, Section 2.12). In sum, this suggests uptake/
release of 16 electrons by 1 in the given potential range.
Note that initial density functional theory (DFT) computa-
tions for the first reduction of {V14} and {MgV13} gave
theoretical redox potentials which are in close agreement
(ΔE<5 mV) with the experimentally observed data (i.e.,
redox-transitions 8 and 9). For details see SI, Section 2.15.
To verify these findings and assess the bulk redox

activity of 1, we performed bulk electrolysis (BE) under the
conditions used for CV and SWV. Under reductive BE
conditions (Ered=- 1.45 V), the data show that 7.86�0.82
electrons can be taken up per formula unit of 1 (i.e., per one
{MgV13} and one {V14} cluster) when starting from the native
compound. Note that no significant changes of the SWV
data are observed upon bulk reduction, indicating that the
structural integrity of the clusters are retained (SI, Sec-
tion 2.12). Also, an increase of the characteristic IVCT

transitions in the VIS-NIR range are in line with the
increasing number of VIV centers. Under oxidative condi-
tions (Eox= +1.22 V), BE resulted in the release of 8.66�
0.86 electrons per formula unit of 1. This is in line with a
four-electron oxidation of the {MgV13} and {V14} species,
respectively, resulting in the complete removal of all VIV

centers. This is supported by UV/Vis-NIR spectroscopy of
the oxidized sample of 1, where a complete loss of the IVCT
transitions in the VIS-NIR range (characteristic of delocal-
ized VIV centers) was observed (SI, Section 2.12, Fig-
ure S14). Note that for the fully oxidized sample, the SWV
signatures became somewhat less well defined compared to
the native sample. However, upon re-reduction of the
sample at the open-circuit potential OCP (EOCP=-0.06 V vs.
Fc+/Fc), the original SWV signals of 1 were recovered (SI,
Section 2.12, Figure S15), suggesting that the structural
integrity in this sample is retained or regenerated upon re-
reduction. In sum BE analyses indicate that reversible
uptake and release of up to 16 electrons per formula unit of
1 is possible in the potential range between - 1.08 V to
1.07 V vs. Fc/Fc+ (for details see SI, Section 2.12). This is in
line with the data observed from integration of the SWV
data, where 16 electron transfers were estimated (Figure 5

Figure 5. a) Square wave voltammogram and b) cyclovoltammogram of
1, showing 14 pseudo-reversible redox transitions in the scan range
between � 2.15 V to+1.35 V vs Fc+ /Fc, open circuit potential and
scan direction are indicated by the red arrow. Conditions: anhydrous,
deoxygenated acetonitrile containing nBu4NPF6 (0.1 M) as supporting
electrolyte. Scan rate 50 mV s� 1), [1]: 0.5 mM, Ar atmosphere.
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and SI, Section 2.11). Note that the physical mixing of two
chemically or structurally related polyoxovanadates leads to
complex mixtures where redox reactions between the
clusters can occur, which can lead to (partial) degradation or
cluster rearrangements. Thus, redox equilibration during
synthesis is an effective path to avoid this detrimental
reaction (see SI, Figure S17).
In sum, we have shown that redox-equilibration of

structurally related but chemically different polyoxovana-
date clusters is a new and viable synthetic route to access
electroactive compounds with remarkable reversible redox-
reactivity. Specifically, self-assembly and co-crystallization
of two vanadium oxide clusters, {MgV13} and {V14} results in
an unusual system where the redox-events of the two species
facilitate closely aligned redox-transitions, so that up to 16
electrons can be stored in a potential range of ~3.5 V. In
future, this new materials design approach will be used to
develop high-performance electrolytes for non-aqueous
redox-flow batteries.
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