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ABSTRACT: High-nuclearity Mn complexes have attracted significant
scientific attention due to their fascinating magnetic properties and their
relevance to bioinorganic systems and catalysis. In this work, we demonstrate
how the strong binding characteristics of phosphonate ligands can be
coupled with sterically hindered carboxylate groups to influence the
symmetry of Mn coordination clusters. We describe the structure of two
high-nuclearity Mn coordination cages, {Mn12} and {Mn15}, synthesized
using this approach. These cages are structurally related to the truncated
tetrahedral geometry and adopt rare topological features of Archimedean and
Johnson-type solids. Their structural attributes distinctively influence their
magnetic properties and electrocatalytic H2O oxidation characteristics.

■ INTRODUCTION

High-nuclearity oxo/hydroxo-clusters represent a fascinating
subclass of supramolecular compounds.1−3 The symmetry,
connectivity of the metal centers, and the resulting topological
features of these systems affect not only their electronic
properties but also the chemical activity.4−8 Hence, synthetic
ligand- or metal-directed assembly approaches may provide
pathways to such molecule-based materials with desirable and
tunable properties. High nuclearity Mn clusters have captured
significant attention in the last few decades.2,9−16 Their key
characteristics stem from the presence of unpaired electrons
and Jahn−Teller distortions which, in combination with
intriguing structural features, can give rise to unusual magnetic
properties, including slow relaxation of the magnetization,2

colossal magnetoresistance,9 or magnetocaloric effects.17−19

Additionally, Mn-based coordination clusters are of relevance
to bioinorganic chemistry20−23 and catalysis.24−28 Relevant
polynuclear compounds have been extensively investigated
particularly in relation to the oxygen evolution reaction
(OER)29−35 primarily due to nature’s use of a tetranuclear
Mn species to catalyze this highly endergonic reac-
tion.21,22,25,36,37

The synthesis of polynuclear Mn species often relies on self-
assembly approaches which are serendipitous by nature.38

Ligand choice, however, imparts some synthetic control that
influences the binding affinity toward metal ions, sterics,
denticity, and the bridging behavior.
We have previously exploited the high binding affinity and

defined bridging capabilities of phosphonate ligands to
synthesize high nuclearity V and Mn based Archimedean39

and Platonic bodies, and Keplerates.40−42 Here, we demon-
strate the possibility of combining the binding attributes of
phosphonate ligands with those of sterically hindered
carboxylates to modulate the symmetry of Mn coordination
clusters whose core structures are based on unusual truncated
tetrahedral topologies.
We report rare examples of Archimedean39 ([MnII12(μ3−

OH)4(PhPO3)4(
tBuCO2)12(DMSO)6], (1), and Johnson43

([MnII5MnIII10(μ3-O)4(
tBuCO2)7.15(MeCO2)4.85(PhPO3)6(μ-

OMe)6(μ3-OMe)2(MeOH)5], (2), type solids. The synthesis,
structure, and magnetic characterization of these clusters are
reported. Importantly, we demonstrate how the symmetry of
the core structure of these clusters influences the electro-
catalytic properties toward the highly endergonic, proton-
coupled water oxidation reaction in neutral aqueous media.

■ RESULTS AND DISCUSSION

Single crystals of 1 were obtained by reacting KMnO4 and
Mn(II) acetate in a MeCN/DMSO mixture in the presence of
sterically demanding pivalate and strongly binding phenyl-
phosphonate ligands. It should be noted that a relative excess
of pivalic acid is required to suppress the formation of
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phosphonate salts illustrating the strong binding ability of the
phosphonate ligands. The solvent mixture also plays an
important role in the synthesis as it facilitates the solubility
of both ligand types. Solvent variations, i.e., replacement of
DMSO with DMF preferentially results in the formation of a
well-known {Mn6} cluster.44 L(−)-proline assists the crystal-
lization process of 1 and may act as a structure influencing
agent41 or a “silent ligand”.45−47 Importantly, it tends to
stabilize the +II oxidation state of the Mn centers in compound
1 as the absence of L(−)-proline in the reaction mixture was
found to lead to a dark solution characteristic of the formation
of Mn species that stabilize +III oxidation states (see also
compound 2).
The structure of 1 (Figure 1a) was solved and refined in the

rhombohedral space group R3̅c, with half the cluster entity
located in the asymmetric unit. The dodecanuclear coordina-
tion compound 1 adopts a highly symmetric core structure
representing an unusual example of a truncated tetrahedral
Archimedean body and resembles the rare ε-Keggin structure48

in which the central tetrahedral ion is removed. The MnII

centers reside at the vertices of a truncated tetrahedron and
adopt octahedral coordination environments (Figure 1b). The
MnII ions of the four triangular faces assemble around central
μ3-OH

− groups and are capped by three syn, syn-bidentate
pivalate ligands. The μ3-OH

− ligands are located below the
mean plane of the three MnII centers (∼0.37 Å) toward the
center of the coordination cage. The hexagonal faces involving
six MnII centers are capped by phenylphosphonate ligands
which bind in characteristic 6.222 modes.49 Bridging μ2-κO−
DMSO molecules complete the molecular entity. Bond valence
sum (BVS) analysis50,51 confirm the +II oxidation states of all
Mn atoms and the nature of the bridging OH− groups. The
packing of the coordination clusters 1 in the crystal structure is
stabilized by weak dispersion forces between the organic ligand
residues. These forces result in a typical honeycomb-type
assembly whereby the screw axes coincide with the centers of
the resulting hexagons (Figure 1c).
Among transition metal clusters, the truncated tetrahedral

geometry is only rarely observed52−54 whereby only one Mn
coordination cluster with highly distorted truncated tetrahedral
geometry has been reported.55 To determine the extent of
distortion from an ideal truncated tetrahedron of the cage in 1,
continuous shape measure analysis56,57 was performed as

implemented in SHAPE.58 This analysis (SI) gives a value of
0.139 indicating negligible distortions from the ideal geometry
and making 1 the first example of a highly regular Archimedean
truncated tetrahedral Mn cluster.
A second, structurally related, unprecedented cluster with

lower symmetry is formed when the synthetic procedure of 1 is
modified. A reaction of KMnO4, Mn(II) acetate, pivalic acid,
and phenylphosphonic acid in a MeCN/MeOH mixture in the
presence of 2,6-pyridinedimethanol and acetic acid yields a
highly asymmetric pentadecanuclear cluster, 2. The crystal
structure solution and refinement for 2 were achieved in the
rhombohedral space group R3 with the whole cluster entity
located in the asymmetric unit.
Mn centers in 2 adopt octahedral coordination environ-

ments and occupy the vertices of a distorted augmented
truncated tetrahedron which has, additionally, a triangular
cupola unit attached to one of the hexagonal faces (Figure 2).
To our best knowledge, 2 serves as the only example that
forms this characteristic Johnson-type geometrical arrange-
ment. As highlighted in Figure 2a, the Mn4−Mn15 centers
reside at the vertices of the distorted truncated tetrahedron
while Mn1−Mn3 provide the additional vertices. In contrast to
1, the phenylphosphonate groups cap hexagonal and
pentagonal faces binding in 6.222 and 5.221 modes,
respectively (see Figure 3 for comparison to binding mode
in 1). 2 can further be conceptualized as a congregation of
triangular {Mn3} units which are bridged by syn, syn-bidentate
carboxylate functionalities of pivalates and acetates. These
{Mn3} units form around central μ3-O

2− oxo-groups and are
stabilized by coordinating MeOH ligands. Differently, the
triangular unit comprising Mn1−Mn3 is centered around two
μ3-OMe− groups of which one resides in the cage while the
other is located outside. BVS analysis50,51 confirms the mixed-
valent nature of the compound which is composed of 5 MnII

and 10 MnIII. The coordination environments of the latter
display characteristic Jahn−Teller distortions, which are in-line
with the lower symmetry of 2 in comparison to 1. The lower
symmetry also translates to the packing of coordination
clusters of 2 in the crystal structure. Here, dispersion forces
between the residues of the ligands result in triangular-shaped
voids that extend in the direction of the crystallographic c-axis
which contain constitutional solvent molecules (Figure S5).

Figure 1. (a) Crystal structure of 1, (b) core structure of the complex highlighting the truncated tetrahedral geometry, (c) packing diagram in
polyhedral representation of 1 with view in the direction of the crystallographic c-axis. Color scheme: Mn (green), S (yellow), P (pink), C (black),
O (red). H atoms omitted for clarity; symmetry key ‘= +Y, + X, 3/2-Z.
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The temperature dependences of the magnetic susceptibility
for both, 1 and 2, were determined between 4 and 300 K
(Figure 4a). The room temperature χT value for 1 was found

to be 31.5 cm3 K mol−1 which is significantly lower than the
expected value of 52.5 cm3 K mol−1 for a system of 12
independent MnII (S = 5/2) centers and indicative of
predominantly antiferromagnetic interactions between the
spin centers. This is further confirmed by the temperature-
dependent behavior. When the temperature is lowered, the χT
value continuously decreases to 1.8 cm3 K mol−1 at 4 K,
characteristic for an S = 0 spin ground state. In the case of 2, a
χT value of 42.6 cm3 K mol−1 was observed at room
temperature which is again lower than the expected value of
51.9 cm3 K mol−1 for a system with 5 MnII (S = 5/2) centers
and 10 MnIII (S = 2) centers. The data demonstrates that the
coupling between the Mn centers is dominantly antiferromag-
netic. When the temperature is lowered to 4 K, the χT value
decreases and reaches 12.6 cm3 K mol−1. With consideration of
the high χT value at 4 K, uncompensated, competing
antiferromagnetic interactions or the presence of ferromagnetic
coupling between the spin centers of 2 cannot be ruled out.
A preliminary investigation of the electrochemical properties

of 1 and 2 to evaluate their ability to catalyze the endergonic
electron/proton-coupled H2O oxidation was conducted in
aqueous medium using modified carbon paste electrodes. The
latter were prepared by dispersing 1 and 2 in commercial
carbon paste (1/CP and 2/CP, respectively). These carbon
paste based electrodes provide a hydrophobic environment and
have previously been used to stabilize molecular species,
preventing rapid hydrolytic decomposition even under very
acidic conditions.59 Cyclic voltammetry (CV) of both 1/CP
and 2/CP electrodes (40 wt % loading) using a Ag/AgCl (KCl
3M) reference electrode and a Pt wire counter electrode, in
potassium phosphate buffer at pH 7.2 (KPi, 50 mM) using
KNO3 (1 M) as electrolyte, results in strong catalytic waves
due to H2O oxidation (Figure 4b). The similarities of the first

Figure 2. (a) Crystal structure of 2, (b−d) core structure of the
coordination cluster highlighting the topology of the molecular entity.
Color scheme: MnII (green), MnIII (blue), P (pink), C (black), O
(red). H atoms omitted for clarity.

Figure 3. Binding modes of the organophosphonate ligands in 1 and
2. (a) Stabilization of pentagonal faces of the core structure of 2 by
phenylphosphonates. (b, c) Stabilization of hexagonal faces of the
core structure of 2 and 1, respectively. Color scheme: MnII (green),
MnIII (blue), P (pink), C (black), O (red).

Figure 4. (a) Temperature dependence of magnetic susceptibility
(χT) of 1 and 2. (b) Cyclic voltammograms for 1/CP and 2/CP (40
wt % loading) in a KPi buffer solution at pH 7.2. The sudden rise in
the current density with increasing potential is characteristic of
catalytic water oxidation. (c) Linear sweep voltammograms for 1/CP
and 2/CP at different loadings. (d) The determined onset potentials
for 1/CP and 2/CP at various loadings.

Inorganic Chemistry pubs.acs.org/IC Featured Article

https://doi.org/10.1021/acs.inorgchem.1c00984
Inorg. Chem. 2021, 60, 8388−8393

8390

https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00984?fig=fig4&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00984?rel=cite-as&ref=PDF&jav=VoR


and the fourth CV cycle indicate that there is no observable
transformation of 1/CP and 2/CP during this period.
To study the kinetic profile, linear sweep voltammetry

(LSV) experiments were performed using 1/CP and 2/CP
rotating disk electrodes at a low scan rate of 1 mV/s and
catalytic loadings of 20 and 40 wt % using a Ag/AgCl (KCl
3M) reference electrode and a Pt mesh counter electrode.
(Figure 4c). The electrochemical profiles for both 1 and 2
clearly show that higher loadings significantly increase the
current densities reaching values of 7 and 3.5 mA cm−2,
respectively (Figure 3c). The onset overpotential for 1
decreases from 413 to 251 mV with increased loadings but
remains approximately constant (∼520 mV) for 2 (Figure 4d
and Table S6). It is noteworthy that the observed overpotential
of 251 mV is among the lowest observed for polynuclear Mn
compounds. Noteworthy are also the achieved current
densities of 1, particularly considering that the experiments
were conducted at a pH environment close to 7. From a
structural perspective, both compounds require activation prior
to OER activity whereby weakly bound coordination solvent
molecules can be replaced by H2O substrates. For this process,
the coordination abilities of solvents and coordinating anions
may be considered.60 In 1, this is most likely facilitated through
substitution of the neutral μ2-κO−DMSO molecules poten-
tially resulting in a higher hydration state than the replacement
of neutral terminal MeOH ligands in 2. Considering their
increased coordination ability, the negatively charged μ2-MeO−

ligands in 2 may initially remain coordinated. Hence, the
significantly higher activity of 1 stems from the distinctive
structural differences between 1 and 2 and potentially different
O2 evolution mechanisms (e.g., single site vs binuclear
mechanism). However, detailed future studies are required to
elucidate the activity of 1.

■ CONCLUSION

To conclude, we described a synthetic approach to dodeca-
and pentadecanuclear coordination clusters which represent
examples of Archimedean and Johnson type solids, respec-
tively. Both structures relate to a truncated tetrahedral
geometry which is rarely observed in the chemistry of
coordination clusters. The assembly approach takes advantage
of sterically hindered carboxylates and strongly binding
organophosphonate ligands that facilitate the formation of
characteristic hexagonal structural motifs through 6.222
bridging modes of their donor atoms. Both coordination
clusters are characterized by dominant antiferromagnetic
exchange pathways between the spin centers. The compounds
reveal distinctively different activity characteristics toward the
electrocatalytic oxidation of H2O. The relatively high catalytic
activity of 1 in carbon paste electrodes, which is exemplified by
a low onset overpotential of 251 mV and achievable current
densities of 7 mA cm−2, will be the subject of detailed future
investigations.

■ EXPERIMENTAL SECTION
Synthesis of [MnII

12(μ3−OH)4(PhPO3)4(
tBuCO2)12(DMSO)6]·

Solvent; (1·Solvent). Mn(MeCO2)2·4H2O (0.025 g, 0.10 mmol),
KMnO4 (0.063 g, 0.40 mmol), and pivalic acid (0.408 g, 4.00 mmol)
were combined in MeCN (20 mL). After this solution was refluxed
for 30 min, phenylphosphonic acid (0.032 g, 0.20 mmol) was added.
Reflux was continued for ca. 10 min before L(−)-proline (0.022 g,
0.20 mmol) was added. The resultant reaction mixture was refluxed
further for an additional 15 min before the light colored solution was

filtered and DMSO (10 mL) was added to the filtrate. Subsequently,
the solvent quantity was reduced to 1/3 of its original volume through
evaporation under reduced pressure. The final reaction mixture was
then filtered, and the filtrate was allowed to evaporate slowly. Pale
colored crystals were obtained within 1 week. The crystals were
isolated by filtration, washed with DMSO, and dried in air. Yield: ca.
20% (based on Mn).

Synthesis of [Mn15(μ3-O)4(
tBuCO2)7.15(MeCO2)4.85(PhPO3)6 (μ-

OMe)6(μ3-OMe)2(MeOH)5]·Solvent (2·Solvent). Mn(MeCO2)2·
4H2O (0.125 g, 0.50 mmol), KMnO4 (0.016 g, 0.10 mmol), pivalic
acid (0.204 g, 2.00 mmol), and glacial acetic acid (0.060 g, 1 mmol)
were combined in MeCN (15 mL). After this solution was refluxed
for 2 min, phenylphosphonic acid (0.040 g, 0.25 mmol) was added.
The solution was then refluxed again for 2 min, and 2,6-
pyridinemethanol (0.014 g, 0.10 mmol) was added. The resultant
solution was refluxed again for 2 min after which MeOH (20 mL) was
added to the solution, and the solution was then refluxed for 2.5 h.
The dark brown/red solution was then filtered hot, and the filtrate
was allowed to evaporate slowly at room temperature. Dark, rod-
shaped crystals were obtained during the time period of 1 week. The
crystals were isolated by filtration, washed with a MeCN/MeOH (15/
20 mL) mixture, and dried in air. Yield: ca. 40% (based on Mn).

For further characterizations, see the Supporting Information.
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