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We report the synthesis and characterisation of
[MngK,04(OH),((CH3)sCCO0)16] whose cluster core shares some
features with the oxygen evolving complex (OEC), the natural water
oxidation catalyst. Importantly, this complex provides a bio-
inspired complex that promotes catalytic H,O oxidation at neutral
pH value.

Ever increasing energy demands and the closely related issue of
global warming derived from fossil fuel combustion have
enforced the development of renewable energy sources as one
of the most important scientific challenges today.* Solar energy,
among other energy sources like wind and hydropower, is
considered to be more ecologically sustainable and of higher
economic impact due to its ubiquity. However, the
implementation of solar energy as an alternative, sustainable
energy source requires storage concepts as its supply is
generally irregular both in terms of time and location. Nature
stores energy in chemical form involving the breakage and
formation of chemical bonds in the presence of sunlight. H,O is
the obvious candidate for energy storage due to its abundance,
and solar energy can be used to split water photochemically or
electrochemically to obtain H, which can then be used as a
potentially carbon-free fuel with high gravimetric energy
capacity.? Electrochemically, H,0 splitting occurs at 1.23 V (vs.
reversible hydrogen electrode, RHE) via the reactions shown in
Scheme 1.3

Energetically, the bottleneck is associated with the oxidation
half-reaction which occurs in green plants in photosystem-II (PS-
I), as part of photosynthesis.>* Numerous successful attempts
towards crystallising PS-Il have greatly aided our understanding
of its complex structure.®> The oxygen evolving complex (OEC)
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Scheme 1 Redox reaction and half-reactions of the water splitting process.

represents the active site for water oxidation in PS-Il. It
comprises of a distorted {MnsCa} cubane unit that has a
dangling Mn atom attached to it. The OEC resides in its
{Mn";Mn",} form, which is commonly referred to as the dark
stable S; state.® During photosynthesis, the complex undergoes
structural changes cycling through different intermediate (S,, S3
and S;) states, each of which differs from the other in the
number of charge equivalents stored. The release of O; is
accompanied by the formation of the {Mn"'sMn'V} S state which
transforms back to the S; state.5® 7 This half-reaction occurs at
neutral pH conditions® under which the majority of the
synthetic catalyst fail to achieve satisfactory activity.? The harsh
oxidising conditions damage the OEC and deactivate it during
H,0 oxidation within approximately 30 minutes'® but owing to
self-healing mechanisms, it reconstitutes to catalyse H,0
oxidation for extended periods.*!

Over the last decades, considerable efforts have been dedicated
to the synthesis of {Mn;} cubanes that mimic the OEC.'?
However, the incorporation of a hetero-metal atom into the
cubane unit has been found to be synthetically difficult and only
a few such cubane complexes have been reported.'® A notable
example among these, is a {MnsCa} complex3® 13f which is
structurally similar to the distorted cubane unit of the OEC and
which is the only {MnsCa} cubane system known to incorporate
a dangling Mn centre. However, catalytic H,O oxidation has not
been reported for this distorted, mixed-metal cubane complex.
We have been interested in the electronic and magnetic
attributes of Mn coordination clusters!* whereby our recent
efforts were directed towards developing reactive OEC mimics
with cubane type motifs. To this end, we have modified the
synthesis of a {Mng} complex!® to form the complex [MngKx(ps-
0)4(H-OH)2((CH3)3CCOO)15(CH3CN)2]'CHC|3 (Mnus) which
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reveals some noteworthy similarities to the OEC. Importantly,
we demonstrate its catalytic activity towards H,0 oxidation at
neutral pH value, thus, providing an example of a hetero-
metallic system that captures the structural attributes of the
OEC and can promote the oxidation of H,0.

Structural Characterisation

Single crystals of MngK, form upon refluxing KMnQO, in the
presence of pivalic acid in CH3CN, followed by addition of CHCl3
and they were characterised using single crystal X-ray
diffraction (Table S1, ESI). This synthetic protocol exploits the
structure directing effects of the pivalate ligands modifying
established synthetic routes to Mn oxo-clusters with butterfly
motifs!> to assemble a polynuclear complex with cubane-type
arrangement.

MngK; crystallises in the monoclinic crystal system in the space
group P2:/n and contains an octanuclear Mn complex in which
all the Mn centres adopt octahedral coordination
environments. The structure can be regarded as a dimer of two
distorted {Mn4K} cubane units that are symmetry related by an
inversion centre, and that are bridged by pivalate ligands and
two Hs3-oxo groups, 02 and its symmetry equivalent (Fig. 1(a)).
Each {Mn4K} cubane unit consists of three Mn"" ions, Mn1, Mn2
and Mn3, and a K*ion. The fourth Mn"' centre, Mn4, structurally
relates to the dangling Mn centre of the OEC and is linked to
{Mn4K} through an oxo-ligand, O1, and the O-donors of four
pivalate ligands. Altogether, each {Mn4K} motif is stabilised by
nine pivalate ligands whose O-donors occupy the tetragonally
elongated Mn'" Jahn-Teller sites. Two ps-oxo ligands, 01 and 02,
and a pp-hydroxo O-donor, O3 form three of the vertices of the
cubane unit. The latter is further engaged in a H-bond involving
a monodentate pivalate ligand that binds to Mn3 (O-O donor—
acceptor distance ca. 2.6 A). Within each of the {Mn4K} units,
the K* ions are strongly incorporated into the cluster core and
are connected to all four Mn" centres via ps-oxo and pivalate
moieties, thus distinguishing MngK, from other Mn
coordination complexes that employ K* ions merely as charge-
balancing counterions.

The molecular structure of MngKj; is particularly distinctive as it
shares some geometrical features with the OEC as highlighted
in Fig. 1(b) and (c). Considering the +IIl oxidation states of the
Mn centres which were unambiguously assigned by bond
valance sum analysis and DFT calculations (tables S2 and S3),
MngK; may be compared to the formally reduced S.; state of the
OEC.1®

Some Mn-0O distances in the cubane unit, in general, compare
well with those found in OEC whereby differences result from
ligand restrains and the reduced nature of the Mn'" centres and
their characteristic bonding features. The K-O bond distances
are, on average, approximately 0.3 A longer in comparison to
the Ca-O bond distances in OEC. Most significant differences to
the OEC structure are associated with the Mn3-K/Ca distance
and the atom position and connectivity of the dangling Mn4
centre which, in the OEC, is additionally bound to Mn1 via an
oxo-ligand.
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(a)

Fig. 1 (a) Crystal structure of MngK,. (b) and (c) Comparison of the core of the cubane-
type complex in OEC and MngK,, respectively (interatomic distances are given in A).
Weaker inter-atomic distances >3 A are represented as intersected lines. Colour code:
Mn (blue), K/Ca (yellow), C (grey), N (blue), O (red) and H (light grey).

The phase purity and thermal stability of the compound were
determined using powder  X-ray diffraction and
thermogravimetric analysis, respectively (Fig. S1 and S2, ESI).
The magnetic susceptibility data reveals dominant
antiferromagnetic interactions between the Mn centres in
MngK; leading to an S = 0 ground spin state (Fig. S3, ESI). These
observations are supported by the computational DFT analyses
(Tables S5 - S7, ESI) performed using the methods described in
ref. 17.

Electrochemical Analysis

The outlined structural features and the characteristics that
relate to the reduced form of OEC prompted us to investigate
the electrochemical properties of the complex and to
characterise its ability to undergo oxidation and influence the
electrochemical H,O oxidation. Prior to these studies, the
hydrolytic stability of MngK; was investigated. For this purpose,
MngK, was dispersed in Millipore water by sonication for 30
minutes after which the residual material was collected,
washed and then dried at room temperature (MngK,*). Energy
dispersive X-ray spectroscopy (EDX) measurements clearly
confirm that the sample transforms upon sonication in aqueous
systems giving rise to a black-brown, amorphous solid (Fig. S4,
ESI) with a Mn:K ratio >20:1, rather than 4:1, as observed for
MngK,. Additionally, the Mn:O ratio in MngK>* was found to be
~1:3 and no residual carbon content was detected. The inherent
instability of the molecular structure of MngK, upon sonication

This journal is © The Royal Society of Chemistry 20xx
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in aqueous solution is further supported by changes observed
in the infrared (IR) and X-ray photoelectron spectroscopy (XPS)
data of MngK;* compared to MngK; (Fig. S5 and S6, ESI). The
XPS data suggests that MngK, transforms into manganese-
derived oxides.’® The K* ions, on the other hand, and
oligonuclear Mn pivalate complexes are released into the
aqueous solution phase upon sonication as demonstrated by
mass spectrometry giving rise to signals corresponding to
monomeric and dimeric manganese pivalate species (Fig. S7,
ESI). The low solubility of MngK, in water, but moreover its
instability when forced to dissolve in water, renders it
unsuitable for homogeneous electrochemical studies in
aqueous medium. Previously conducted electrocatalytic H,O
oxidation experiments using a polymorph of MngK, thus, only
serve to characterise the activity of the hydrolytic
decomposition products.!3¢

To investigate the electrochemical properties of MngK; in
aqueous medium, modified carbon paste electrodes were
prepared by dispersing MngK, in commercial carbon paste
(MngK,/CP). These carbon paste based electrodes are known to
provide a hydrophobic environment and have previously been
applied to stabilise molecular species, preventing rapid
hydrolytic decomposition even under very acidic conditions.®
Cyclic voltammetry (CV) of MngK,/CP electrodes in potassium
phosphate buffer at pH 7.2 (KPi, 50 mM) using KNOs3 (1 M) as
electrolyte, results in a strong catalytic wave due to H,0
oxidation (Fig. 2(a)). The similarity in the first and the fifth CV
cycle indicates that there is no observable transformation of
MngK; during this period.

To study the kinetic profile of this H,O oxidation reaction, linear
sweep voltammetry (LSV) was performed using a MngK,/CP
rotating disk electrode at a low scan rate of 1 mV/s to ensure
quasi-steady state conditions during the experiment. The MngK;
catalyst loading was varied between 10 and 40 wt-% of the total
CP blend. From the electrochemical profile (Fig. 2(b) and (c)), it
is evident that higher MnsgK; loadings significantly increase the
current densities and decrease the onset potential of the H,0
oxidation reaction. Above a catalyst loading of 40 wt-%, the
electrodes become brittle and unsuitable for obtaining
reproducible data and thus 40 wt-% MngK,/CP loadings were
employed in further experiments.

40 wt-% MngK,/CP electrodes, give rise to an onset
overpotential of 420 mV for the H,0 oxidation reaction and a
Tafel slope of 255 mV dec? (Fig. 2(c) and (d)) within an
overpotential range of 400-700 mV (Table 1). Similar Tafel
slopes have previously been observed for other H,0 oxidation
catalysts.?? Within the 700-800 mV range, the slope was found
to be slightly higher (280 mV dec™?). Tafel analysis for successive
linear sweep scans using these MngK,/CP electrodes, resulted
in characteristic slope changes (Fig. S9, ESI). Upon cycling, the
Tafel slope above 700 mV decreases to ~230 mV dec! and a new
redox peak at ca. ~1.1 V (vs NHE) is observed after 5 linear
sweep cycles. The appearance of a new peak and the
convolution behaviour suggests that MngK; is catalytically active
operating at an onset potential of 420 mV and then undergoes
transformation to a new species which is catalytically active
above 700 mV.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 (a) Cyclic voltammograms for MngK,/CP (40 wt-% loading) in a KPi buffer solution
atpH 7.2. The sudden rise in the current density with increasing potential is characteristic
of catalytic water oxidation. (b) Linear sweep voltammograms for MngK,/CP and
MngK,*/CP at different loadings. (c) The determined onset potentials for MngK,/CP and
MngK,*/CP at various loadings. (d) Steady-state Tafel data for MngK,/CP electrodes for
various catalyst loadings.

To substantiate this hypothesis, linear sweep voltammetry
experiments were conducted using MngK,*/CP electrodes (Fig.
2(b) and (c)). In this case, however, the MngK,* content was
restricted to 20 wt-% as electrodes became brittle at higher
loadings. The electrochemical behaviour of MngK,* bears close
similarity with that observed at the later stages of the
successive linear sweep experiments using MngKy/CP
electrodes thereby suggesting that MngK, transforms to a
species that exhibits a similar electrochemical behaviour as
MngK,>* while facilitating H,O oxidation. Indeed, the XPS data
suggests that both materials are structurally similar but differ in
the protonation state of the O donor atoms (Fig. S6, ESI). This
difference is not surprising as the different experimental
conditions of the hydrolytic transformations are expected to
result in variable quantities of coordinating 0%, OH and H,0
species.

The onset overpotential was found to be 695 mV for a 20 wt-%
MngK,* loading in contrast to 532 mV for the corresponding
MngK,/CP electrode. Thus, the electrochemical data of MngK>*
corresponds to that previously reported for a polymorph of
MngK; for which the activity has been attributed to Mn;0s.13¢
To confirm the formation of oxides under these conditions,

Table 1 The onset overpotential for water oxidation with MngK,/CP and MngK,*/CP
electrodes at different loadings in the overpotential range of 400-700 mV. The
onset potential is clearly lower for MngK,/CP electrodes.

Loading Onset overpotential Tafel slope (mV
(mV) dec?)
10% MnsK2/CP 630 190
20% MnsgK2/CP 532 245
30% MnsgK2/CP 453 278
40% MnsK2/CP 420 255
10% MnsK;*/CP 706 195
20% MngKz*/CP 695 250

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 (a) CA data for MngK,/CP (40 wt-% loading) at 1.56 V vs NHE in KPi buffer solution
at pH 7.2 for the first six hours. (b) Cyclic voltammograms for MngK,/CP before and after
CA.

chronoamperometry (CA) at an applied potential of 1.56 V (vs
NHE) was performed for 16 hours using a MngK,/CP working
electrode (Fig. 3(a) and Fig. S10, ESI). Cyclic voltammetry (Fig.
3(b)) after CA revealed a new oxidation peak at ca. ~1.02 V (vs
NHE). The appearance of this new signal?* and the XPS analysis
(Fig. S6, ESI) confirm that the decomposed material comprises
of defective Mn oxides.®

These results demonstrate that MngK; is indeed active towards
water oxidation and with time, transforms to a less-active
material that displays a similar structural and electrochemical
behaviour as MngK,*. Just like the OEC, MngK, decomposes
rapidly, but it appears to be highly active for H,O oxidation in
comparison to the corresponding oxide phase. This can be
inferred from a comparison of the linear sweep voltammograms
of MngK; and MngK,* at 10 and 20 wt-% loading (Fig. 2(b) and
(c)) which show that MngK; is highly active even though the
concentration of Mn centres and hence, the number of active
sites per unit weight, is much lower for MngK; in comparison to
Mnus*.

As the CV and LSV experiments confirm that the activity is
derived from MngK;, we decided to obtain some mechanistic
insights. The catalytic behaviour of MngK, can only be be
facilitated by the voids along the crystallographic c-axis which
are characterised by a cross-sectional diameter of 5.20 and
where constitutional CHCls molecules reside. Preliminary DFT
calculations suggest that the substitution of the monodentate
pivalate group bound to Mn3 with an OH ion is energetically
feasible rendering Mn3 as a possible initiation site for catalysis
(ESI). Further investigations will be required to elucidate the
mechanistic details for the H,O oxidation reaction which might
reveal some insights into the OER activity of the OEC.

To conclude, we have demonstrated that a synthetic,
heterometallic {Mn,}-based cubane structure that bears some
structural features to the natural OEC, can promote the catalytic
oxidation of H,0. The complex can be synthesised using
inexpensive commercial chemicals and the synthesis highlights
the structural directing role of pivalate groups allowing the
synthesis of cubane-type Mn clusters. Modification of the alkyl
moieties of the carboxylates may provide a path for further
structural modification to obtain structurally more accurate
OEC mimics.

To stabilise the molecular species and to investigate its
electrocatalytic behaviour, MngK; was dispersed in a protective
carbon paste matrix. Electrodes with a 40 wt-% MngK; loading,

4| J. Name., 2012, 00, 1-3

give rise to an onset overpotential of 420 mV and\a Tafelslope
of 255 mV dec? at pH = 7.2. Similar to tRe!/CECOMRYIESShEWs
relatively high catalytic activity and also undergoes
decomposition under oxidative, hydrolytic conditions to form a
less-active species.
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