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Redox tuning the Weakley-type polyoxometalate
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Water oxidation is a key reaction for the conversion of solar energy into chemical fuels, but effective water-oxidation catalysts
are often based on rare and costly precious metals such as Pt, Ir or Ru. Developing strategies based on earth-abundant metals
is important to explore critical aspects of this reaction, and to see whether different and more efficient applications are possible
for energy systems. Herein, we present an approach to tuning a redox-active electrocatalyst based on the doping of molybde-
num into the tungsten framework of [Co,(H,0),(PW,0,,),1'*, known as the Weakley sandwich. The Mo-doped framework was
confirmed by X-ray crystallography, electrospray ionization mass spectrometry and inductively coupled plasma optical emis-
sion spectrometry studies. The doping of molybdenum into the robust Weakley sandwich framework leads to the oxidation of
water at a low onset potential, and with no catalyst degradation, whereby the overpotential of the oxygen evolution reaction is

lowered by 188 mV compared with the pure tungsten framework.

cal fuel by powering the oxidation of water to form NADPH,

the reduced form of nicotinamide adenine dinucleotide phos-
phate, and O, (ref. ). However, energy conversion schemes based on
sunlight really use water splitting into both H, and O,, an uphill
energy transformation involving multielectron transfer events*”.
Given the abundance of water, hydrogen production® using electrol-
ysis should be cheap as many effective hydrogen evolution catalysts
have been reported’. However, hydrogen production is not straight-
forward as it is coupled with the slower water-oxidation process’.
Hence, the energetic cost of obtaining oxygen via water oxidation
is the rate-limiting step for obtaining hydrogen (see equation (1),
E' is the standard electrode potential)®. Therefore, the development
of water-oxidation catalysts (WOCs) beyond examples that use pre-
cious metals, for example, IrO,, is a critical step to produce hydro-
gen cheaply and at scale’. An ideal WOC must be fast, capable of
water oxidation at a potential minimally above the thermodynamic
value, and display oxidative, hydrolytic and thermal stability.

N atural photosynthesis is able to store solar energy in a chemi-

2H,0 () »2H, (g +0, (g) E°=1.23V 1)

Given this challenge, much effort has been put into the synthesis
of earth-abundant-based WOCs, mostly based on stable bulk metal
oxides' and molecular species’'*. As first-row transition metals are
abundant, less toxic and able to catalyse several reactions'®, they can
yield inexpensive WOC catalysts that operate under homogeneous
conditions™''~'>", based, for instance, on cobalt oxides'’ and iron>"".
Cobalt-containing WOCs are formed under oxidizing conditions
from aqueous Co(11) salts, and operate at moderate potentials and are
oxidatively stable'. The stability of polyoxometalates (POMs) against
oxidation makes them excellent candidates to develop artificial
photosystems that can operate over long periods of time. However,
there are few examples of POMs based on first-row transition met-
als capable of performing effectively as WOCs'®". Perhaps one of
the most remarkable examples is the cobalt-containing POM frame-
work [Co,(H,0),(PW,0,,),]"* recently reported by Hill et al.**,

whichisthewell-known stable Weakley-sandwicharchetype” (Fig. 1).
In fact, the Co-POM WOCs are fast and efficient, but POMs form
complex mixtures and mechanistic investigations so far have only
been able to explore the nature of the catalyst under different con-
ditions, for example, heterogeneous or homogeneous, varying pH
and inclusion of electroactive additives'’”. Tungsten-based POMs
are stable and have expanded the library of WOCs'*-°, although
many of them still contain precious metals such as the ruthenium
substituted {Ru,Si,W,,} POM by Bonchio et al.”**. The lifetime and
catalytic activity of {Ru,Si,W,,} opened a new paradigm in WOCs.
In this context, our hypothesis was to implement the Weakley sand-
wich as a catalyst archetype that could be doped with different met-
als to tune its redox properties and improve its catalytic activity
and stability. In fact, multimetallic catalysis has already been used
to improve the homogeneous catalytic oligomerization of ethylene,
and to lower the effective voltages needed to drive oxygen evolution
reactions”. Crucially, we deployed the doped material as a heteroge-
neous electrocatalyst and analysed the parent {Co,W;} under iden-
tical conditions for a direct comparison of properties.

Herein we show that it is possible to dope molybdenum into
the [Co,(H,0),(PW,0,,),]""={Co,W;} structure’ synthesizing a
mixed Mo and W {Co,Mo,W,} Weakley sandwich, a well known,
easy to synthesize POM cluster that is a known WOC. Using this
approach, we were able to tune the amount of Mo doped into the
structure, gain positional control and lower the overpotential for
water oxidation by 188 mV, achieving 517mV versus 705mV for
the undoped parent {Co,W,;} compound. WOCs often decompose
to other active materials under moderate applied potentials, chal-
lenging the nature of the genuine catalytic species™. This problem is
often overcome by immobilizing the molecular WOCs on electrode
surfaces” . The structurally robust WOC {Co,Mo W} shows a
high degree of oxidative stability and is able to be anchored to the
electrode. Our system has fully succeeded in combining the high
efficiency and tunability of a molecular catalyst with the durability
and stability of a bulk material in a heterogeneous electrocatalyst
for water oxidation. In this study, we have shown that a mixture of
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{Co,W,g} {Co,M,g} {CoMog} {Co,Mo,}
Fig. 1| Polyhedral structures of earth-abundant-based WOCs.

a, Representation of two tungsten-based WOCs ({Ru,W,,}*" and
{Co,W5}°%). b, Representation of the new cluster family with mixed Mo/W
addenda positions. ¢, Representation of two molybdenum-based WOCs
({CoMo}?* and {Co,M0,,}?°). Red spheres, oxygen; purple spheres, cobalt;
brown spheres, ruthenium; orange spheres, phosphorous; grey spheres,
silicon. Teal polyhedra, {WOg} units; yellow polyhedra, {MoOg} units;

mixed teal-yellow polyhedra, {MO.} units, where M =Mo/W.

Mo/W shows a high activity towards water oxidation with an stabil-
ity comparable to cutting-edge bulk metal oxide catalysts. Structural
mapping shows the preferential distribution of doped molybdenum
near the catalytic active site adjacent to the terminal water ligands
at the end of the {Co,} core, and electrospray ionization mass spec-
trometry (ESI-MS) analysis confirms that the compounds are mix-
tures of differently substituted {Mo,W } species. This results show
how solid solutions of redox-active metals can be used to tailor the
catalytic properties of well-known cluster-catalyst archetypes.

Results

Synthesis of the Mo-doped Weakley sandwich {Co,Mo, W }. The
synthesis of the tungsten and cobalt-containing Weakley sandwich-
type POM is a straightforward, one-pot reaction, giving yields over
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35%. The procedure involves heating Co?*, phosphate and tungstate
salts in a 2:1:9 ratio in water at reflux’. The strategy was to dope
the synthesis of the traditional {Co,W,} with different amounts of
molybdenum. The following percentages of molybdenum in the
reaction were tested: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100. The
synthetic procedure consisted of mixing the molybdate and tung-
state salts in the presence of a phosphate salt, then lowering the
pH to 6.5 by addition of acetic acid. This solution was added to a
cobalt solution and the resulting mixture was refluxed for 2h. After
that, potassium acetate was added to promote crystallization and
the resulting brown liquor was left to crystallize. All the reactions
yielded two types of crystals after one day except for the three highest
molybdenum percentages, which only formed precipitate on ongo-
ing evaporation. However, only reactions using three molybdenum
percentages were reliably reproducible in a good yield, those being
40% (compound 1), 50% (compound 2) and 60% (compound 3).
The two types of crystals were big dark brown block crystals
(‘type A’ compounds 1a-3a) and small golden rectangles (‘type B’
compounds 1b-3b).

Electrochemistry of the Mo-doped Weakley sandwich
{Co, Mo, W }. Cation exchange from the Na/K* salts into Cs* was
performed to yield water insoluble compounds 1a[Cs], 1b[Cs],
2a[Cs], 2b[Cs], 3a[Cs] and 3b[Cs] for heterogeneous catalysis
studies to be conducted. These were also analysed by inductively
coupled plasma optical emission spectrometry (ICP-OES), which
showed that the Mo:W ratio was maintained relative to the Na/K*
salts. Electrochemical experiments were performed to determine
the effect of the molybdenum substitution into the cluster and
assess the water-oxidation properties of the compounds (1a[Cs]-
3a[Cs] and 1b[Cs]-3b[Cs]). Nafion-carbon black inks of the com-
pounds were prepared and deposited onto the surface of a glassy
carbon electrode to conduct the electrochemical measurements.
Linear sweep voltammetry was performed on these salts (pH7 in
50 mM KPi buffer, 0.8-1.4 V versus Ag/AgCl) to determine whether
there was an electrochemical difference between them. As can be
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Fig. 2 | Electroanalytical analysis of the compounds. a,b, Rotating disc electrode linear sweep voltammogram for the materials 17a[Cs]-3a[Cs] and 1b[Cs]-
3b[Cs], respectively. The experiment was conducted in a single cell at pH 7.1 in 50 mM KPi buffer, TM KNO;. Rotating disc speed, 2,000 r.p.m. Scan rate,
2mV s ¢,d, Bulk electrolysis of compounds 3a[Cs] (¢) and 3b[Cs] (d) performed at pH=7.1in 50 mM KPi buffer, 1M KNO, at 1.4 V versus Ag/AgCl.
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Fig. 3 | Electrochemical kinetics analysis of the compounds. a b, Tafel data for 3a[Cs] (a) and 3b[Cs] (b) extracted from doing Tmin bulk electrolysis
scanning from 0.8V to 1.4V versus Ag/AgCl in 50 mV increments. pH 7.1, 50 mM KPi buffer, 1M KNO,. ¢,d, Oxygen evolution during bulk water
electrolysis with carbon paste electrodes containing 20% weight of compounds 3a[Cs] (¢) and 3b[Cs] (d) performed at pH 7.1 in 50 mM KPi buffer, TM
KNO; at 1.4 V versus Ag/AgCl. Theoretical oxygen evolution was calculated estimating Faradaic production from current data (arrows indicate initial and

final electrolysis times).

seen in Fig. 2a,b the onset potential for water oxidation decreases as
the proportion of molybdenum increases in the cluster, with 3a[Cs]
and 3b[Cs] being the best catalysts for each type of cluster (see Tafel
plots, Fig. 3a,b).

To explore the differences in the catalytic activity of com-
pounds 1a[Cs], 1b[Cs], 2a[Cs], 2b[Cs], 3a[Cs] and 3b[Cs] using
modified electrodes (using Nafion binder and carbon black),
rotating linear sweep voltammetry experiments were conducted
to determine the differences in the onset potentials among com-
pounds 1a[Cs], 1b[Cs], 2a[Cs], 2b[Cs], 3a[Cs] and 3b[Cs]. The
caesium salt of the all-tungsten material ({Co,(PW,),}) was also
tested as a control experiment (see Fig. 2). At a current density
of 1 mA cm™ the potential for the water splitting of 3b[Cs] is
reduced by 188 mV compared with the pure tungsten Weakley.
Type A materials (Fig. 2a,c) show that 3a[Cs] has the lowest onset
potential, followed by 2a[Cs] (these two range between 1.30 and
1.35V). They are followed by 1a[Cs], which has an onset poten-
tial of ~1.35V. These values are much lower compared with the
all-tungsten analogue, which has an onset potential higher than
1.40 V. Type B materials (Fig. 2b,d) also follow the same tendency,
with 3b[Cs] the material showing the lowest onset potential, fol-
lowed by 2b[Cs] and 1b[Cs] (the three compounds show an onset
potential between 1.30 and 1.35V).

There are remarkable current density differences between type A
and type B compounds at a given potential. At 1.6V, 1a[Cs] shows
a current density slightly higher than 2.5mA cm™, and 1b[Cs] dis-
plays a current density of almost 4.0mA cm™. At 1.5V, 2a[Cs] has
a current density of almost 2.5mA cm~ and 2b[Cs] has one of that
is slightly higher than 3.0mA cm™. Finally, at 1.4V, 3a[Cs] shows a
current density value slightly higher than 1.5mA cm™ and 3b[Cs]
has a current density of almost 3.5mA cm™. Meaning that in gen-
eral, type B compounds are faster than type A compounds in catalys-
ing the water-oxidation reaction. This observation is in agreement
with the experimental data; the Tafel data show that type B materials
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have faster kinetics than type A materials. As compounds 3a[Cs]
and 3b[Cs] showed the best performances as catalysts for the water-
oxidation reaction, deeper electrochemical analysis was performed
on these two materials.

Bulk electrolysis experiments using compounds 3a[Cs] and
3b[Cs] were performed to test their hydrolytic and oxidative sta-
bility when used as catalysts as part of Nafion inks (see Fig. 2¢ for
3a[Cs] and Fig. 2d for 3b[Cs]). Chronoamperometry was per-
formed on compounds 3a[Cs] and 3b[Cs] at 1.4V versus Ag/AgCl
(1.6 V versus normal hydrogen electrode (NHE)). The experiments
were conducted in 40 ml of pH?7.1 buffer, in a single cell. A steady
current density of of 0.4mAcm™ was achieved after 1.5h, kept
constant for >12h, and gas bubbles were seen to form the work-
ing electrodes during these experiments. During these experiments,
the current density was constant, suggesting that both 3a[Cs] and
3b[Cs] remained stable. In addition, inspection of the working
electrodes after the experiments revealed no change in the surface
material. Also, studies with steady-state current at different poten-
tials were done on modified glassy carbon electrodes with the inks
prepared using 3a[Cs] and 3b[Cs].

Multistep chronoamperometry was conducted on compounds
3a[Cs] and 3b[Cs] and a Tafel plot was produced for each catalyst
(Fig. 3). Compound 3a[Cs] shows a Tafel slope of 217 mV decade™
and an overpotential of 648 mV at 1 mA cm~2. Compound 3b[Cs]
shows a Tafel slope of 228 mV decade™ and an overpotential of
620mV at 1 mA cm™. Such high Tafel slope values have been pre-
viously reported, but they are not associated with this work, as the
compounds that show these high slopes are structurally and chem-
ically very different. All compounds show an improved water-
oxidation capability relative to the all-tungsten {Co,W} parent,
demonstrating that doping molybdenum into the tungsten frame-
work of the cluster is a good strategy for improving the catalytic
activity of POM WOCs. The materials obtained from one crystal
form or the other (type A versus type B) exhibit slightly different,
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but significant, catalytic behaviour, with compounds 1b[Cs],
2b[Cs] and 3b[Cs] showing a lower onset potential for oxygen
evolution than 1a[Cs], 2a[Cs] and 3a[Cs], respectively. The rea-
sons for the variation are not completely understood as compounds
la-3a and 1b-3b have the same ratio of Mo/W; however, there are
minor cationic differences between compounds 1a-3a and 1b-3b,
which may be the attributing factor for these electrochemical varia-
tions. A detailed mechanistic study is not the aim of the present
work, but recent work on a tetracobalt-polyoxometalate catalyst
suggests that active cobalt oxides {Co0",0,} as WOCs undergo oxi-
dation to Co™ (ref. ). A similar study suggested that the active
{Co",0,} cubane is the most efficient heterogeneous Co-oxide
WOC and the Co/Ni-cubane bridges homogeneous and heteroge-
neous catalyst design through fine-tuned edge-site environments
of the Co centres™.

The best candidates for splitting water, compounds 3a[Cs] and
3b[Cs], were studied for stability and oxygen evolution perfor-
mance. To further investigate the qualities of the mixture of Mo and
W compounds, bulk electrolysis was conducted at 1.4V versus Ag/
AgCl for 12h (Fig. 2¢,d), showing that both compounds can give
a steady current for relatively long periods of time, proving their
stability and performance at pH7. To confirm the Faradaic oxygen
production during bulk electrolysis, we monitored the oxygen evo-
lution in the gas space in analogous pH and buffered conditions.
For these experiments, we used carbon paste electrodes instead (see
Supplementary Information section 4)*, to achieve higher current
densities and, therefore, to detect the presence of oxygen more eas-
ily. Chronopotentiometry for 3a[Cs] and 3b[Cs] was conducted at
a constant current of 1mAcm™ (Fig. 3c,d). The oxygen evolved
data are quantitative when compared with the expected amount of
generated oxygen. Thus, we can rule out the participation of com-
petitive reactions. This guarantees that the data acquired by this
process are a good parameter to assess the electrocatalytic activity
of these materials.

Solution stability and characterization of {Co,Mo,W }. The sta-
bility of compounds in solution was determined by electrospray
ionization ion mobility mass spectrometry (ESI-IM-MS) on the six
compounds (see Fig. 4 and Supplementary Tables 5-10). Assigning
specific species to the peak envelopes proved difficult due to sig-
nificant envelope overlapping. Therefore, using this particular tech-
nique allowed for the separation of species not only by the mass/
charge ratio (m/z), but also by their cross-sectional area. The six
compounds display similar profiles via ESI-IM-MS. At a first glance,
the profiles for compounds 1a, 2a and 3a appeared to be very simi-
lar. However compounds 2a and 3a seem to have their envelopes
shifted to lower m/z values, indicating that the species present
in these samples are lighter. This agrees with the fact that com-
pounds 2a and 3a have a higher percentage of the lighter element
Mo. A similar trend was observed for compounds 1b, 2b and 3b
(see Supplementary Tables 5-10).

The signals at m/z<900 correspond to fragments of the par-
ent cluster. Above m/z =900, two differently charged series can be
observed. A major one at m/z=~1,000 with a charge of —4 and a
minor one with a centre between m/z=1,200 and 1,300. On the
plots of drift time versus m/z, it can be clearly seen that the —4
and —3 signals correspond to different species, whose spectra can
be separated. The difference in the envelopes of the —4 group of
envelopes suggests that there are multiple {Co,Mo,W } species
present incorporating different ratios of Mo/W, such as {Mo, W},
{MoyW ,} and {Mo,W,} (see Supplementary Tables 5-10 for spe-
cific assignments). The —3 group of envelopes is much broader
and also corresponds to the fully intact {Co,M,s} sandwich. A
wider range of species can be assigned to this signal than the —
4 group of envelopes. In some cases, peaks represent the mixed
addenda from the {Co,Mo,W,,} species to the {Co,Mo;} cluster.
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Fig. 4 | Mass spectrometry data showing the stability of the compounds.
a-c, ESI-IM-MS of compounds 1a (a), 2a (b) and 3a (c). Left axis shows
relative intensity. The insets show the drift time for the different —4 and —3
species plotted against m/z. The dotted vertical lines indicate the centre of
the group of envolopes once separated from the -3 group of envelopes at a
higher m/z value. For more information, see Supplementary Section 3.

Identification of the {Co,Mo,4} cluster is virtually unprecedented,
as such a structure based on all-molybdenum lacunary fragments
is exceptionally rare”’.

Complementary to mass spectrometry, ICP-OES results helped
to definitively assess the molybdenum content. ICP-OES was con-
ducted on the sixdifferent samples obtained (1a, 1b, 2a,2b,3aand 3b)
to determine the proportion of molybdenum to tungsten in each
material. Despite their almost identical unit-cell parameters, com-
pounds 1-3 were chemically distinct, with a unique Mo:W ratio;
however, between crystal types A and B, the Mo:W ratio was largely
conserved. However, there was a slight variation in the counterca-
tions present. The ICP results showed that the synthetic ratio did
not match the final ratio of the products. A lower amount of molyb-
denum compared with the synthetic ratio was found in the crys-
tals, meaning that not all the molybdenum available is introduced
into the structure. As expected, reactions with a higher percent-
age of molybdenum produced compounds with correspondingly
higher Mo content (Table 1). Overall, the MS analysis gave a good

Table 1| Comparison of the expected number of atoms of Mo:W
in {Co,P,Mo,W,0,,} based on the synthetic ratio used to the
observed numbers found via ICP-OES

Compound (% Mo usedin  Expected number Found number in

the synthesis) based on synthetic  formula

ratio

Mo w Mo w
1a and 1b (40% Mo) 7.2 10.8 7.0 1.0
2a and 2b (50% Mo) 9.0 9.0 7.6 10.4
3a and 3b (60% Mo) 10.8 7.2 8.0 10.0
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Fig. 5 | Crystallographic data showing site occupancy for the six
compounds. Representation of the molybdenum-doped Weakley sandwich
{Co,Mo,W,} showing the crystallographically identified unique positions
in both polyhedral and simple two-dimensional formats, and a heatmap
representation of the tungsten occupancy across these nine, but five
unique positions in one of the symmetrically linked halves of the
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indication that the compounds obtained are crystalline mixtures of
multiple Weakley sandwich clusters of varying Mo:W ratios, and
the formula obtained via ICP-OES represents the average ratio of all
these different clusters.

Crystallography of the Mo-doped Weakley sandwich
{Co,Mo,W }. To fully explore the structural composition of the
new compounds, single-crystal X-ray crystallography was con-
ducted to identify the positional preferences of Mo and W atoms
within the doped Weakley sandwich structure. Compounds 1a-3a
crystals belong to the monoclinic system (P2,/n space group) and
have the following unit cell dimensions: a=12.8A, b=16.54,
c=21.5A, a=90°, f=104° y=90°, V=~4,393A%. Compounds
1b-3b belong to the triclinic system (P1 space group). Compounds
1b and 2b have the following unit cell dimensions: a=11.5 A,
b=1324, ¢=1824, a=70°, p=73° y=73°, V=~2,230A%
However, compound 3b has a slight change in unit cell dimen-
sions, which are: a=12.3A,b=13.34A,c=16.2A, a=101°, f=73°,
y=111°, V=~2,394 A>. Single-crystal X-ray structure determina-
tion revealed that compounds have the Weakley structure with
C,, symmetry: four cobalt atoms sandwiched by two {PM,} POM
units form a rectangle, of which two cobalt centres are on the C,
axis with all coordination oxo ligands from the POM units. While
the other two cobalt centres each have one water ligand. Structure
refinements indicated that all metal (M) sites in the {PM,} POM
units contain both tungsten and molybdenum. Having C,, sym-
metry, the whole cluster has only five unique positions for the
metal sites and (average positional preferences for either W or
Mo on each unique position are summarized in Fig. 5). The two
unique metal sites on the cap of the {PM,} block show a prefer-
ence for tungsten with occupancy ratios of around W:Mo =0.8:0.2.
One metal site of the belt positions—that nearest the cluster cen-
tre—also prefers tungsten with an occupancy ratio of around
W:Mo =0.63:0.35. However, the remaining two unique belt posi-
tions show a preference for molybdenum with an occupancy ratio
of around W:Mo=0.35:0.65. This is interesting as the location of
the maximum enrichment of the Mo is adjacent to one of the ter-
minal water ligands on the {Co,} belt, as shown in Fig. 5.

212

Discussion

In summary, we have shown that substituting molybdenum into the
known {Co,W i} Weakley sandwich structure is a successful strat-
egy towards POM-based WOCs, and structure control on these
clusters has been achieved and confirmed by ICP-OES and ESI-
IM-MS. The ratio of molybdenum to tungsten observed in the final
compounds is lower than the ratio used synthetically, but up to the
equivalent of eight of the eighteen addenda sites can be replaced
reliably with molybdenum. MS revealed that the final compounds
are complex crystalline mixtures of many different Mo/W contain-
ing clusters, with evidence revealing the unexpected presence of
the elusive {Co,Mo,g} species. The results provide a strategy for
generating molecular heterogeneous catalysts by doping known
W clusters with Mo to improve their WOC properties, opening up
this field to the development of POM-based WOCs using similar
design principles.

Methods

Materials and chemicals. All chemicals were purchased from Sigma-Aldrich and
used without further purification. Na,,[Co,(H,0),(PW,0,,),] was synthesized
according to ref. 2. Detailed description of the synthesis of compounds 1a, 1b, 2a,
2b, 3a, 3b can be found in the Supplementery Information, section 2.

Single crystal X-ray diffraction. Suitable single crystals were selected and
mounted onto the end of a thin glass fibre using Fomblin oil. Single-crystal datasets
and unit cells were collected at 150(2) K on a Bruker Apex II Quasar diffractometer
equipped with a graphite monochromator (4 (MoKa)=0.71 A) at 150(2) K.
Structure solution and refinement was carried out using SHELXS-97°* and
SHELXL-97% via WinGX™". Selected details of the data collection and structural
refinement of each compound can be found in Supplementary Tables 12-17 and
full details are available in the corresponding .cif files.

Electrospray ionization mass spectrometry. Measurements were performed using
a Waters Synapt-G2 spectrometer. The instrument was operated in negative mode
and with an electrospray source regularly calibrated using 2 ugl~"' Nal solution

in 1:1 2-propanol/H,O from Waters Q-ToF Qualification Standard Kit. The

sample was dissolved in 1:1 mixture of high-performance liquid chromatography
(HPLC) grade deionized water and HPLC grade acetonitrile and injected into the
spectrometer at a flow rate of 5 plmin~". The following parameters were used for
acquisition of all spectra: ESI capillary voltage, 2.9kV; sample cone voltage, 10.0V;
extraction cone voltage, 4.0 V; source temperature, 80 °C; desolvation temperature,
180°C; cone gas (N,) flow, 151h~"; desolvation gas (N,) flow, 7501h~!; source gas
flow, 0.0 mlmin~; trap gas flow, 2.0 ml min='; helium cell gas flow, 180 mlmin
ion-mobility spectrometry-mass spectrometry (IMS-MS) gas flow, 90.0 mlmin~';
IMS-MS DC entrance, 25.0; helium cell DC, 35.0; helium exit, —5.0; IMS bias,

3.0; IMS-MS DC exit, 0.0; IMS-MS wave velocity, 1,087 ms~'; IMS-MS wave
height, 23.7 V. Data were acquired using MassLynx v4.1 and initially processed
using Waters DriftScope v2.2 software. IM-MS spectra are displayed with a linear
intensity scale using the colour-coding shown in the accompanying key (Fig. 4); no
filtering is applied to limit signals or remove noise. Data analysis was performed on
the Waters Driftscope v2.2 software.

Inductively coupled plasma optical emission spectroscopy. The sodium and
potassium compounds were dissolved in HPLC grade water without digestion. The
compounds containing caesium were digested in 3 ml hydrogen peroxide and then
dissolved in HPLC grade water. The instrument used was an Agilent 5100.

Electrochemistry. Measurements were made on a single-channel Bio Logic SP150
potentiostat.

Oxygen evolution. Oxygen evolution was detected with an Ocean Optics NeoFOX
oxygen-sensing system equipped with a FOXY probe inserted into the gas space of
the reactor, close to the anode.

Data availability. The datasets generated during and analysed during the
current study are available from the corresponding author on reasonable request.
Crystallographic data (excluding structure factors) have been deposited with

the Cambridge Crystallographic Data Centre (CCDC 1563819-1563824) and
may be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif. Full
synthetic, analytical, crystallographic and topological analyses are given in the
Supplementary Information.
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