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ABSTRACT: The 9-cobalt(Il)-containing trimeric, cyclic
polyanion [Cog(OH)3(H,0)s(PO,),(B-a-GeWq05)5]* (1)
was synthesized in an aqueous phosphate solution at pH 8 and
isolated as a hydrated mixed sodium—cesium salt. Polyanion 1
was structurally and compositionally characterized in the solid
state by single-crystal X-ray diffraction, Fourier transform
infrared spectroscopy, as well as thermogravimetric and
elemental analyses. The magnetic and electrochemical proper-
ties of 1 were also studied and compared with those of its
phosphorus analogue, [Cog(OH)5(H,0)(HPO,),(B-a-

PW034)5]** (Cog-P). The electrochemical water oxidation
activity of the cesium salt of 1 under heterogeneous conditions

was also studied and shown to be superior to that of Cog-P. The experimental results were supported by computational studies.
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Anionic, polynuclear metal-oxo molecular assemblies, com-
monly known as polyoxometalates (POMSs), are formed by the
condensation of oxoanions of early group 1V and V transition
metals such as VY, Mo"', W"', etc., in their highest oxidation
states.' In a basic medium, these species form lacunary
precursors that can act as inorganic ligands to stabilize
transition metal cations, leading to a variety of novel POM
structures.” Due to their ample physicochemical properties,
transition metal-containing POMs have potential uses in
various areas such as magnetism, biomedical sciences, and
catalysis.”

Over the past 10 years, tungsten-based POMs (polyox-
otungstates) containing 3d and 4d transition metals have been
reported as promising water oxidation catalysts.’™ To keep up
with the world’s growing energy demands, the development of
an artificial, efficient, stable, and inexpensive homogeneous or
heterogeneous water oxidation catalyst (WOC), which can
mimic the natural photosynthesis process, has been of great
interest. Therefore, the synthesis and design of polyoxotung-
state-based WOCs with potential water oxidation activity
manifested itself as a strong alternative contender to

ruthenium-, iridium-, and other metal-based classical com-
plexes.®°

In 2008, the Bonchio group and the Hill group separately
reported the ruthenium-containing POM
[{Ru,0,(OH),(H,0),}(y-SiW;,036),]*°" as a first example
of an efficient WOC.*** This was followed by other 3d
transtion metal-containing POMs, reported as WOCs by
various research groups.*® In particular, the activity of the
cobalt-containing Weakley dimer [Co,(H,0),(PW,04,),]*°
(Co,) was reported in 2010 by Hill and co-workers. ** Since
then, particular consideration was given to Co-containing
POMs in terms of their stability and activity as WOCs under
different conditions, as either homogeneous or heterogeneous
(embedded over a support) catalysts.*

Of special interest is the nonacobalt-containing, phosphate-
stabilized tungstophosphate trimer
[Cog(H,0)s(OH)3(HPO,),(B-0-PW,03,)5]*°~  (Cog-P),
which was first identified by Weakley in 1984’ and
reinvestigated by Coronado and co-workers in 1994.”°¢ The
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group of Galan-Mascaros has demonstrated that Cog-P is an
effective homogeneous and heterogeneous catalyst for water
oxidation, with significant long-term stability and remarkable
activity even in acid media, surpassmg the performance of
noble metal catalystsat pH <1.**" Herein, we report the
synthesis and characterization of its tungstogermanate
analogue [Cog(OH);(H,0)(PO,),(B-a-GeW,03,):1* (1)
as a potential WOC. Compound 1 was isolated as a hydrated
mixed sodium—cesium salt Na;s sCs; ;[Cog(OH) ;-
(H,0)¢(PO,),(B-a-GeW,0,,),]-65H,0 (NaCs-1), which
was characterized in the solid state by single-crystal X-ray
diffraction, infrared spectroscopy, thermogravimetric and
elemental analyses, and magnetic measurements. The electro-
catalytic properties of 1 have been analyzed and compared
with those of Coy-P to determine the effect of Ge(lV)
substitution. This study was supported by computational
calculations, confirming the positive effect upon heteroatom
substitution.

I EXPERIMENTAL SECTION

Materials and Physical Measurements. The precursor salt
Na,[A-a-GeW,0,,]-23H,0 was prepared according to a published
procedure and characterized by Fourier transform infrared (FT-IR)
spectroscopy.® All other reagents were used as purchased without
further purification. Infrared spectra were recorded on a Nicolet
Avatar 370 FT-IR spectrophotometer using KBr pellets. The following
abbreviations were used to assign peak intensities: w, weak; m,
medium; s, strong. Thermogravimetric analysis was carried out on a
TA Instruments SDT Q600 thermobalance with a 100 mL/min flow
of nitrogen; the temperature was increased from room temperature to
500 °C at a rate of 5 °C/min. Elemental analysis was performed by
CNRS, Service Central d’Analyze, Solaize, France.

Synthesis of Na;55Cs55[C0g(OH)3(H,0)(PO,),(B-a-
GeWy0,,)5]:65H,0 (NaCs-1). To a solution of 0.13 g (0.60
mmol) of CoCl,-6H,0 in 20 mL of H,0 was added 0.50 g (0.20
mmol) of Nag[A-a-GeW,0,,]-18H,0, and the mixture was stirred
until a clear, purple solution was obtained. Then, 0.50 g (3.0 mmol)
of NagPO, was added in small portions while the pH value was held at
8 with a 1 M aqueous HCI solution. The resulting turbid solution was
stirred for 1 h at 70 °C and became clear during heating. The solution
was then allowed to cool and then filtered. After a day, purple crystals
of the known polyanlon [{Co,(OH);PO,},(A-0-GeW,0,,), 1%
(Coys) were obtained.® The solution was filtered, and 2—3 drops of
1.0 M CsCI were added to the filtrate. The solution was kept in an
open vial at room temperature to allow slow evaporation. After 1
week, a purple, needle-shaped crystalline product started to appear,
which was then collected by filtration and air-dried. Yield: 80 mg
(22%). IR data (KBr pellet) in cm~1: 1059(m), 935(m), 880(m),
764(m), 701(w), 450(w) (Figure S1). Elemental analysis (%) for
Cs; 5Nay55[Cog(OH); (H,0)6 (PO,), (B-a-GeWgOy,);5]-65H,0.
Calcd (found): Na, 3.58 (3.64); P, 0.62 (0.61); Co, 5.33 (5.42); Ge,
2.20 (2.26); Cs, 7.35(7.46); W, 49.9 (48.9).

Preparation of Csy[Cog(OH);(H,0)s(PO,),(B-0- GeWQO34)3]
38H,0 (Cs-1). To a sofutlon of 0. 20 g of NaCs-1 in 20 mL of

H,O was slowly added solid CsCl while the mixture was being stirred,
until the complete precipitation of Cs-1 in the form of a pink solid,
leaving the solution colorless. This solid was filtered, washed first with
water and next with acetone, and then air-dried. Yield: 222 mg (98%).
The IR spectra of Cs-1 and NaCs-1 are identical (see Figure S1,
showing both IR spectra). The complete substitution of the Na* by
Cs* counter cations was confirmed by EDX analysis of the as-prepared
powder.

X-ray Crystallography. A single crystal of NaCs-1 was mounted
on a Hampton cryoloop in light oil for data collection at 100 K. A
Bruker D8 SMART APEX Il CCD diffractometer with k geometry
and Mo Ka radiation (graphite monochromator; A = 0.71073 A) was
used for indexing and data collection. Data integration was performed
using SAINT,* and routine Lorentz and polarization corrections were

applied. Multiscan absorption corrections were performed using

SADABS.' "2 Direct methods (SHELXS97) successfully located the

tungsten atoms, and successive Fourier syntheses (SHELXL2013)
revealed the remaining atoms.*® Refinements were full-matrix least
squares against |F?| using all data. In the final refinement, all
nondisordered heavy atoms (Na, Cs, P, Co, Ge, and W) were refined
anisotropically; oxygen atoms and disordered counter cations were
refined isotropically. No hydrogen atoms were included in the models.
For the sake of overall consistency, the same formula unit is shown in
the CIF file and in the text, with the same number of counter cations
and crystal waters, as based on elemental analysis, because such
formula unit reflects the true composition of the bulk material.
Crystallographic data are summarized in Table 1. Further details

Table 1. Crystal Data for NaCs-1

empirical formula H 144C04Cs5 sGe3Nay 5 5015.P, W,y

formula weight (g/mol) 9951.21
crystal system triclinic
space group PT

a (A) 19.8452(15)
b (A) 21.4862(15)
¢ (A) 21.5069(15)
a (deg) 91.465(3)

B (deg) 112.489(3) y
(deg) 94.604(4)
volume (A3) 8429.99(107)
z 2

D, (9/cm®) 3.10057
absorption coefficient (mm™1) 21.080
F(000) 8914

crystal size (mm?) 0.45x 0.163 x 0.087

0 range for data collection (deg) 3.400-20.815
no. of reflections collected 231645

no. of independent reflections 17392

R(int) 0.1207
observed [l > 20(1)] 12150
goodness of fit on F? 1.006

R, [I > 20(D]? 0.0721

WR, (all data)” 0.1652

"R, = IR — IF/SIFd. "R, = [Sw(F € FAYSw(FH,

about the crystal structure investigation may be obtained from the
Cambridge Structural Database (https://www.ccdc.cam.ac.uk/
structures/), on quoting the depository number CSD 1916667
Magnetic Susceptibility Measurements. Magnetic suscepti-
bility measurements between 2 and 300 K were carried out on a
polycrystalline sample with a Quantum Design MPMS-XL SQUID
magnetometer using a 1000 Oe field. Pascal’s constants were used to
estimate the diamagnetic corrections for the compounds. Magnet-
ization curves were collected between —7and 7 T at 2 and 10 K.
Electrochemical Measurements. All experiments were per-
formed with a Biologic SP-150 potentiostat. Ohmic drop was
compensated for using the positive feedback compensation
implemented in the instrument. For cyclic voltammetry experiments,
an amorphous carbon paste working electrode (0.07 cm?), a Pt wire
counter electrode, and a Ag/AgCl (NaCl 3.5 M) reference electrode
were placed in a beaker with a pH 7 sodium phosphate (NaP;) buffer
solution (50 mM) and NaNO; (1 M) as the electrolyte. The carbon
paste mixtures were prepared in a mortar by mixing amorphous
carbon paste (Biologic Carbon paste oil base) and Cs-1 in the desired
proportion. Bulk water electrolysis and steady-state experiments were
carried out with stirring in a two-chamber cell, with a porous frit
connecting both chambers. In one chamber, we placed a Pt mesh
counter electrode, and in the other chamber, we placed the modified
carbon paste working electrode (0.07 cm?) and the reference
electrode. Typical electrolysis experiments were carried out in a pH
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7 NaP; (50 mM) buffer solution with NaNO; (1 M) as the
electrolyte.

Computational Methods. All reported calculations were
performed with the Gaussian-09 packageat the density functional
theory (DFT) level by utilizing the B3LYP functional.™®

For Co, W, Ge, and P atoms, the LANL2DZ effective core
potential (ECP) and associated basis sets were used.’® The 6-
31G(d,p) basis set was used for O atoms directly bound to Co, and
the 6-31G basis set for the rest of atoms."” All of the structures were
optimized in water using the IEF-PCM approach to model the water
solvent effects (¢ = 78.36 and UFF radii).’® The nature of all
stationary points was verified by vibrational frequencies. A data set
collection of computational results is available in the ioChem-BD

repository’® and can be accessed via https://doi.org/10.19061/
iochem-bd-2-25.

I RESULTS AND DISCUSSION

Synthesis and Structure. Polyanion 1 is a byproduct
during the synthesis of our reported 16-Co'"-containing
[{Co,(OH);PO,},(A-0-GeWy05,), 1% (Coy).” After the

formation of Co,¢ and filtration of the solution, needle-like
crystals of 1 were isolated as a hydrated sodium—cesium salt
Nais55Cs55[Cog(OH)3 (H20)6 (PO4)2(B-a-GeWgO34)3]-

65H,0 (NaCs-1) a week after the additionof 1 mLofal M

CsClI solution to the filtrate. It is worth noting here that

Weakley's Cog-P is also a byproduct during the synthesis of
[Co4(H,0),(PW403,),]*°~ and was crystallized after the

addition of a second type of alkaline ion.”* The FT-IR spectra
(Figure S2) of Co;s and NaCs-1 clearly showed two different
structural species. Single-crystal X-ray diffraction analysis
revealed that NaCs-1 crystallized in the PI space group (see
Table 1). The structure of polyanion 1 is identical to that of
Weakley’s reported tungstophosphate analogue
[Cos(H,0)5(OH)3(HPO,),(B-a-PW,05,)3]*¢ (Cog-P)"

and comprises an inner [Cog(H,0)s(OH)3(PO,),]°* core of
three {Co,} “triads” bridged to each by hydroxo linkages
(Figure 1), with two phosphate groups capping the assembly

Figure 1. Polyhedral representation of polyanion 1 (left) and the
[Cog(H,0)4(OH),4(PO,),]1°%* core (right) (WO, red; CoOg,
turquoise; HPO,, yellow).

from opposite sides. Each {Cos} triad fills the lacunary
position of one {B-a-GeW,} unit. In other words, the structure
can also be viewed as a triangular assembly of three {Co,(B-a-
GeW,)} units connected to each other by three hydroxo
groups and capped by two phosphate groups (Figure 1). Bond
valence sum (BVS) calculations”® (Table S1) indicated that
the bridging oxygen atoms among the three {Co;(B-a-GeW,)}
units are protonated and that all terminal ligands on the cobalt
centers are aqua. No further protonation within the POM
assembly was however found by BVS. It is worth noting that

the reported tungstophosphate analogue of 1, Cog-P, had
additional protonation sites on the terminal oxo ligands of the
phosphate capping groups, whereas for 1, the same sites are
nonprotonated. This difference in phosphate protonation is
mainly due to the difference in the starting material and
synthesis procedure. Weakley's Cog-P is synthesized starting
with HPO,2~ at pH 7.0, whereas our polyanion 1 is
synthesized using PO,*>~ at pH 8.0. In the solid state, all
cobalt centers in 1 exhibit a distorted octahedral geometry,
with Co"—0 bond lengths and O—Co"~0 angles falling in the
respective ranges of 2.01(2)—2.17(3) A and 81.9(9)—
96.9(10)°, respectively. The chemical composition of NaCs-
1 was further confirmed by thermogravimetric (Figure S3) and
elemental analysis (Experimental Section).

The key for synthesizing 1 and isolating it cleanly free of
Coy liesin the synthesis of the Na;,[A-a-GeWy05,]-18H,0
precursor salt. The synthesis of 1 must be performed using the
crude POM precursor salt which has been precipitated with a
saturated solution of Na CO , according to Herve and Teze.?

2 3

We discovered that using the unwashed POM precursor (see

Figure S4 for the differences in the IR spectra of the washed
and unwashed POM precursors) was crucial for the isolation of
clean 1. An attempt to synthesize 1 using the POM precursor
washed with a 4 M NaCl solution led to the isolation of Coyg
in high yield without any 1. Moreover, attempts to prepare 1

by simply adding solid Na£O, and Na;PO, during the

synthesis were unsuccessful. Finally, the crystallizationof 1

required the presence of cesium counter cations in addition to
the sodium cations already present in solution. We speculate
that a solution equilibrium exists between 1 and Co,4 and that
the type of counter cation(s) present in solution determines
which POM salt will crystallize, either 1 as a mixed

sodium—cesium salt or Co,¢ as a sodium-only salt.

Magnetic Characterization. The magnetic properties of
polyanion 1 are dominated by the strong magnetic anisotropy
of octahedral high-spin Co" cations. The product of the
magnetic molar susceptibility times the temperature (x,,T) at
room temperature is significantly higher than the spin-only
expected value for magnetically diluted S = 3/, centers: x,,T =
26.4 emu K mol ™, and x,, T(spin-only) = 16.875 emu K mol .
When the temperature is decreased, X, T showsa continuous
decrease, which can be attributed to the single-ion anisotropy
but also suggests the presence of dominant antiferromagnetic
exchange interactions. Due to the high magnetic nuclearity of
this cluster, a rigorous treatment is unavailable in this case and
some justified assumptions need to be taken into account. (1)
Only super exchange interactions through oxo bridges will be
taken into account, assuming as negligible the exchange
pathways through PO,%~ groups. (2) A fully anisotropic Ising
model has been assumed for the Co—Co exchange interaction,
in agreement with the large spin anisotropy exhibited by high-
spin cobalt(ll) with an octahedral coordination. This
assumption limits the applicability of the model to the low-
temperature range (T < 30 K), where only the lowest-lying
Kramers doublet of Co(ll) is significantly populated. This
model is adequate for obtaining useful information about the
exchange interactions. The resulting exchange Hamiltonian can
be written as

H = —2](5,,5;,, + S1293, + S2:53, + S4rSs; + SpSer + Ss56,
+ S72882 + S72892 + S82892) B 2‘]'(812582 + S12592 + 53,5,

+ 85,54, + 5,57, + Sg,57,)
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Figure 2. Magnetic behavior of NaCs-1. Evolution of the x,,,T product as a function of temperature (left). Magnetization as a function of magnetic
field (right). In both plots, the solid line represents the best fit from the Ising model as described in the text.

where J and J' correspond to the two types of pairwise
superexchange interactions present in the cluster (intra and
inter-triangles, respectively) and S is the spin operator (z
component) associated with the effective spin S = 1/, of atom
i. The numbering of the atoms is given in the exchange
network (see Scheme S1).

A set of parameters that better model the experimental data
are as follows: g=44, J=7cm™}, and J' = —10 cm™(Figure
2) These parameters can reproduce both, the thermal
dependence of the magnetic susceptibility and the field
dependence of the magnetization, confirming the solidity of
the model. The different sign of the exchange interactions
correlates well with the structural features of the cluster. Edge-
sharing octahedra with Co—O—Co angles in the range of 90—
100° favor the orthogonality of the magnetic orbitals and
therefore ferromagnetic coupling. Conversely, for the inter-
actions through corner-sharing octahedra, these angles are

larger (~120°) and the antiferromagnetic exchange pathways
become dominant. It is worth mentioning that these
parameters are very close to those reported for the isostructural
Cos-P (J = 84, and J = —12 cm™Y).” Therefore, the
substitution of P by Ge does not significantly affect the
magnetic properties of the polyoxoanion, and it can be
concluded that the oxidation state of Co centers stays as Co'"
in all cases.

Heterogeneous Water Oxidation Catalysis. To com-
pare the catalytic activity of 1 with that of the related Coq-P,
we decided to carry out such assays under heterogeneous
conditions, where POMs are stable and robust. On the
contrary, homogeneous conditions present many problems due
to adventitious formation of minor traces of CoO,,**™" which
preclude proper characterization. This is not the case in the
solid state.

The insoluble salt Cs-1 was obtained by metathesis by
addition of an excess of CsCl to a NaCs-1 aqueous solution,
following the literature procedure.” This solid was filtered and
dried in air to be blended with carbon paste. Carbon paste
blends with POM contents between 5 and 35% in weight were
prepared as modified carbon paste electrodes (Cs-1/CP).
Cyclic voltammetry with Cs-1/CP working electrodes shows a
strong oxidation wave that is absent for the pure CP electrode
under the same conditions, suggesting the participation of a

catalytic process promoted by the Co-POM component
(Figure Sb). During successive cycles, oxygen bubbles
appeared on the electrode, and an oxygen reduction wave
was detected below —0.3 V, confirming oxygen evolution.
The Kkinetics of the modified Cs-1/CP  electrodes were
studied by steady-state current experiments. These data
allowed the construction of Tafel plots (Figure 3) as a
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Figure 3. Tafel plot from the steady-state data acquired witha pH 7
NaP; (50 mM) buffer with NaNO; (1 M) as the electrolyte, for
different Cs-1/CP ratios by weight.

function of POM content. Current densities (j) obtained with
catalyst contents between 5% and 30% in weight showed
electrocatalytic features, with consistent Tafel slopes in the

range of 75—90 mV/decade. Above this threshold, the Tafel
slope increases to 130 mV/decade, indicating a different rate-
limiting process, maybe due to mass transport issues. The best
kinetics were found for modified Cs-1/CP electrodes with a
16% content of Cs-1, where the slope reached the minimum
value and the current densities were maximized.
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Bulk water electrolysis was carried out in a two-chamber cell
separated by a glass frit, in a pH 7 NaP; (50 mM) buffer
solution with NaNO; (1 M) as the electrolyte. As shown in
Figure 4, Cs-1/CP working electrodes show a remarkably
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Figure 4. Current density at 1.5V vs NHE (n = 0.68 V) with a 25%
Cs-1/CP modified electrode in a pH 7 NaP; (50 mM) buffer with
NaNO; (1 M) as the electrolyte.

stable performance. Although j decreases slowly during the first
hours, this effect must be attributed to the accumulation of O,
gas bubbles trapped on the carbon paste electrode surface, thus
leading to a decrease in the active surface area. Indeed, the
initial values of current density were recovered by removal of
the O, bubbles after bulk water electrolysis for 2 h, at a current
density above 1 mA/cm? at 1.5 V versus NHE. This
observation is not compatible with catalyst deactivation.

To investigate the stability of Cs-1 under turnover
conditions, the POM was recovered from the blend. The
characterization of the recovered catalyst shows features
identical to those observed for the freshly made Cs-1 (Figures
S6 and S7), without any new features that could be assigned to
CoO,, a common and catalytically active decomposition
product of Co-POMs. The recovery from the blend is
nonquantitative, so we cannot neglect the presence of
additional decomposition compounds. However, such com-
pounds should appear as traces, because they were
undetectable in the recovered bulk. It is worth noting that
although CoO, is 10—100 times more active than the
corresponding Co-POMs when in solution,” this is not the
case for carbon paste electrodes, where gquantitative decom-
position of the Co-POM could not account for the observed
activity.*

Substitution of the heteroatom in POM structures may have
significant effects on their catalytic performance.”” Thus, it is of
interestto compare the activity of 1 with that of the analogous
“all-phosphate” derivative, Cog-P. Cs-1 and Cs;sK-
[Cog(H,0)(OH)3(HPO,),(PWg034)5]-41H,0  (Cs-Cog-P)
yield analogous Tafel slopes (Figure S8), beyond experimental
error, which suggests that the rate-limiting step is the same for
both POMs. This supports the idea that both catalystsare

following the same reaction pathway toward water oxidation,
as expected from the identical geometry of their active sites. In
the potential range studied, Cs-1 shows overall higher current
densities at the same overpotentials, suggesting an intrinsic
superior electrocatalytic activity

Computational Analysis of the Electronic Structure:
The Effect of the Heteroatom. DFT has been extensively
used to study the electronic properties, structure, and reactivity
of polyoxometalates.”” Here, we analyze the electronic
structure of polyanion 1 and compare it with its structurally
analogous phosphorus derivative Cog-P in their resting states.
Unfortunately, 1 and Cog-P are large polyoxometalates in
which all nine Co atoms are in their +2 oxidation state, with a
formal d” high-spin configuration. This results in a complex
electronic structure with 27 unpaired electrons. Given that the
energies of the frontier molecular orbitals do not change too
much when we replace three Co?* ions with three Zn?* ions in
the well-known Weakley-type sandwich ion
[Co,4(H,0),(PW40,,),]*° (Table S2), we decided to simplify
the electronic structure by replacing eight of the Co?" atoms
with eight Zn?* atoms, yielding the polyanions [Co(H,0)-
Zng(H,0)5(OH)3(HPO,),(PW405,)3]**~  (CoP) and [Co-
(HZO)an(HZO)5(OH)3(PO4)2(GeW9034)3_]21‘ (CoGe).
The resulting complex can be regarded as a single-site cobalt
water oxidation catalyst with three unpaired electrons. This
simplified model still requires a strong computational effort but
is affordable with DFT methods. Moreover, we have
constrained the rotation of the water molecule linked to the
Co atom to avoid the possible formation of a hydrogen bond
between the water and the neighbor phosphate unit, and the
Keggin archetype, because it would be unrealistic for a POM
structure surrounded by solvent water molecules, as shown in
Figure5.

The computed geometry parameters are summarized and
compared with the experimental values in Table 2. Both
polyanions present a distorted octahedral geometry around the
Co active site, with a quadruplet in the ground state, where the
three unpaired electrons are localized in the Co atom.

(a) CoP

(b) CoGe

Figure 5. Structures of the optimized models: (a) CoP and (b)
CoGe. The bottom panels show the details of the local Co—OH,
catalytic site (WOy, red octahedra; PO,, yellow tetrahedra; GeO,,
purple tetrahedra; Co, sky blue; Zn, green; P, yellow; O, red; H, gray).
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Table 2. Calculated and Experimental Co—O Bond Distances (in angstroms), O—Co—O Angles (in degrees), and Mulliken

Spin Densities (in |e|)

d(Co-0¢)

CoP computed 2.25
experimental 2.14-2.19

CoGe computed 2.35
experimental 2.11-2.17

d(Co-02) A(O,—Co—0y) p(Co)
2.21 172.4 2.74
2.18-2.27 174.1-177.3 3.00°
2.05 168.3 2.76
2.08-2.14 174.6-177.4 3.00°

20, is the terminal oxygen. bOc is the central oxygen. “Spin density associated with the ideal three unpaired electrons at the Co(ll) center.

Computed structural data present the typical size expansion
compared with the X-ray data in the solid state.”” CoGe
presents a larger bond distance (2.35 A) between the Co and
the oxygen of the water ligand (Co—0,) than in the case of the
CoP polyanion (2.25 A). This feature is consistent with the
shorter Co—central oxygen bond distance (Co—0O,) found in
CoGe (2.05 A) in comparison with that obtained for CoP
(2.21 A). Note that the computed values of the Co—O,
distance follow the same trend as the experimental values,
whereas the difference between the computed Co—O; values is
not observed in the X-ray structure.

Close examination of the computed electronic structures
reveals an increase in the energy levels of the molecular orbitals
of CoGe compared to those found for CoP. As one can see in
Figure 6, in the case of CoP, a and § HOMOs are almost

B a B
-1.38 m——_1 38
4 A
-2.03 m——_2 03 i E
A A ! 1

LUMO

; i 4.35 | | 4.04
4.37 | 435 = ’

| | ) + -5.42
HOMO _5.40 L'— —‘—' -6.38 o +

CoP CoGe

Figure 6. Frontier molecular orbitals of the computed CoP and CoGe
structures. The energy values are given in electronvolts.

degenerated, with orbital energies of —6.40 and —6.38 eV,
respectively. On the contrary, CoGe shows a computed energy

in the a HOMO of -5.73 eV, whereas the § HOMO lies at
—5.42 eV. Moreover, these orbitals are more localized in the
Co atom in the case of the CoGe polyanion, with weights of
26.8% at the a and 59.5% at the § HOMO level. For CoP,
these weights are decreased to 4.1% and 23.4% in the a and
HOMO, respectively (see Figure 7). Hence, we can say that
the fact that the HOMO levels in CoGe lie higher in energy
makes this polyanion easier to oxidize than the CoP one, thus
increasing its performance toward water oxidation catalysis, as
has been seen experimentally; the overpotential to apply for
CoGe is somewhat lower than that of CoP. This effect can also
be explained with the anion charge effect introduced by
Pope.™® The redox properties of a POM depend, among other
factors, on the electron charge density, which can be estimated
by the g/m ratio, where q is the overall negative charge of the
anion and m is the number of metal atoms present in the
structure.”” The q/m ratio for CoP is 0.44, whereas CoGe has
ag/m value of 0.58, because the negative charge increases from
—16 to —21 while the same number of metal centers is

(a) CoP

(b) CoGe

Figure 7. Representation of the a and B HOMO for (a) CoP and (b)
CoGe.

maintained. Therefore, an increase in the g/m ratio leadsto a
more facile oxidation of the POM, thus boosting its
performance as a water oxidation catalyst. We have verified
that the frontier orbital energies are not too sensitive for the
number of Zn?* ions introduced in the model used (Table S3).

| concLusions

We have successfullysynthesized and characterized the

germanium analogue [Cog(OH) 3(H,0)4(PO,),(B-a-
GeWy0,,)5]%t (1) of the known nonacobalt-containing
trimeric, cyclic [Cog(H,0)s(OH) 3(HPO,),(B-a-
PW03,)3]** (Cog-P). Polyanion 1 comprises a cationic
{Coy(OH)5(H,0)s(PO,),}** core stabilized by three [B-a-
GeW,0,,]*° units. The hydrated mixed sodium—cesium salt
of 1 was investigated in the solid state by single-crystal X-ray
diffraction, FT-IR spectroscopy, as well as thermogravimetric
and elemental analyses. Magnetic studies confirmed that the
substitution of P by Ge does not affect the oxidation state of
Co'' or the magnetic coupling. Furthermore, we have
demonstrated that polyanion 1 is a true WOC with a
performance that is better than that of Cogs-P. The results
were further supported by computational DFT analysis, which
attributed the enhanced catalytic behavior of 1 to an increase
in the energy levels of the molecular orbitals caused by an
increase in the negative charge density on 1 versus Cog-P.
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