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Hydrogen is the most promising fuel of the future owing to its carbon-free, high-energy content and potential to be effi-
ciently converted into either electrical or thermal energy. The greatest technical barrier to accessing this renewable resource
remains the inability to create inexpensive catalysts for the solar-driven oxidation of water. To date, the most efficient system that
uses solar energy to oxidize water is the photosystem Il water-oxidizing complex (PSII-WOC), which is found within naturally occur-
ring photosynthetic organisms. The catalytic core of this enzyme is a CaMn,0, duster, which is present in all known species of
oxygenic phototrophs and has been conserved since the emergence of this type of photosynthesis about 2.5 billion years ago.
The key features that facilitate the catalytic success of the PSII-WOC offer important lessons for the design of abiological water
oxidation catalysts.

In this Account, we examine the chemical prindples that may govern the PSII-WOC by comparing the water oxidation capabilities of
structurally related synthetic manganese-oxo complexes, particularly those with a cubical Mn,0, core (“cubanes’). We summarize this
research, from the self-assembly of the first such dusters, through the eluddation of their mechanism of photoinduced rearrangement to
release 0,, to recent advances highlighting their capability to catalyze sustained light-activated electrolysis of water.

The [Mn,04]¢" cubane core assembles spontaneously in solution from monomeric precursors or from [Mn,0,]>* core com-
plexes in the presence of metrically appropriate bidentate chelates, for example, diarylphosphinates (ligands of Ph,PO,~ and 4-phen-
yl-substituted derivatives), which bridge pairs of Mn atoms on each cube face (Mn,04Le). The [Mn,0,]¢* core is enlarged relative
to the [Mn,0,*" core, resulting in considerably weaker Mn—O bonds. Cubanes are ferocious oxidizing agents, stronger than anal-
ogous complexes with the [Mn,0,]>* core, as demonstrated both by the range of substrates they dehydrogenate or oxygenate
(unactivated alkanes, for example) and the 25% larger O—H bond enthalpy of the resulting 45-OH bridge.

The cubane core topology is structurally suited to releasing O,, and it does so in high yield upon removal of one phos-
phinate by photoexcitation in the gas phase or thermal excitation in the solid state. This is quite unlike other Mn-oxo com-
plexes and can be attributed to the elongated Mn—0 bond lengths and low-energy transition state to the u-peroxo precursor.
The photoprodud, [Mn,0,Ls|™, an intact nonplanar butterfly core complex, is poised for oxidative regeneration of the cubane
core upon binding of two water molecules and coupling to an anode. Catalytic evolution of O, and protons from water exceed-
ing 1000 turnovers can be readily achieved by suspending the oxidized cubane, [Mn,0,L¢]*, into a proton-conducting mem-
brane (Nafion) preadsorbed onto a conducting electrode and electroxidizing the photoreduced butterfly complexes by the
application of an external bias. Catalytic water oxidation can be achieved using sunlight as the only source of energy by
replacing the external electrical bias with redox coupling to a photoanode incorporating a Ru(bipyridyl) dye.
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Introduction

The need to replace finite fossil fuels with abundant, renew-
able, environmentally friendly energy sources is both press-
ing and globally recognized. One long-sought solution is the
development of a photoelectrochemical device in which sun-
light efficiently splits water into oxygen, O,, at the anode and
hydrogen, H,, at the cathode."? The key technical impedi-
ment to such a cell is the need for and present-day absence
of efficient, low-cost catalysts capable of oxidizing water using
sunlight to drive this energetically highly unfavorable reac-
tion (AH® = 572 kJ/mol):

2H,0 — 0, + 4H" + 4e” (1)

The equivalent uncatalyzed atomic dissociation reaction
requires a temperature of 2500 °C to break the four strong
O—H bonds (enthalpy AH® = 494 kJ/mol each).® The energy
barrier can be significantly lowered by coupling the dissocia-
tion steps to the energy-releasing step of O—0O bond forma-
tion (AH® = —494 kJ/mol). This can, however, only occur via
the intermediacy of a catalyst that is constrained to rearrange
these five bonds in a coordinated sequence with picometer
precision and without releasing reactive intermediates. Deliv-
ering the necessary energy input into these bonds while over-
coming the mechanistic complexity is among the “Holy Grails”
of chemistry."?

In this Account, we describe the chemical principles that
Nature appears to use to catalyze water oxidation by
photosynthesis*~® by highlighting one particular class of
manganese—oxo clusters that adopt these attributes: (i) clus-
ter self-assembly, repair, and flexibility; (i) constrained Mn oxi-
dation states; (iii) mobility of protons and their coupling to
electron transport; and (iv) mechanistic requirements for dioxy-
gen bond formation and turnover.

The active site of the photosystem Il water-oxidizing com-
plex (PSI-WOC) within oxygenic phototrophs comprises a
CaMn,40Oy core; the stoichiometry is based upon electron para-
magnetic resonance (EPR) and extended X-ray absorption fine
structure (EXAFS) experiments® and reconstitution of the clus-
ter from its elemental constituents.” This core composition is
conserved in all photosynthetic organisms and thus appears
to be the sole biological innovation that can do this chemis-
try. Five oxidation states are produced following four succes-
sive light flashes differing by one electron each, denoted S,
S4, ..., S4. The PSII-WOC turnover rate in whole cells of live
microalgae is typically (1—4) x 102 s ' and 103 s~ in vitro.

Early EPR and EXAFS experiments identified eight possi-
ble Mn,O; topologies,®~'° which were narrowed to two to
three core types by subsequent XRD of single crystals of a
cyanobacterial PSIFWOC in the resting S, state. The precise
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FIGURE 1. XRD model of the MnsCa core of cyanobacterial PSII-
WOC according to (a) Ferreira et al.>'> and (b) Guskov et al.’?
Reprinted with permission from ref 13. Copyright 2009 Wiley-VCH
Verlag GmbH & Co. KGaA. Ca (green), O (red) Mn (purple).

connectivity of the core has been debated owing to limited
resolution and radiation-induced reduction or damage.'' How-
ever, the early model'? of a three plus one organization of the
four Mn atoms has remained in the more recent structures
determined by higher resolution (2.9—3.5 A) X-ray diffrac-
tion (XRD)® '3 and polarized single-crystal Mn-EXAFS."* All of
these models contain a plane of three Mn atoms forming an
approximate equilateral triangle with the Ca atom located
above the plane positioned either on the 3-fold axis defined
by the three Mn atoms (trigonal pyramid or Cs, symmetry, Fig-
ure 1)®'315 or displaced slightly off the 3-fold axis within one
of the three perpendicular planes (C,, symmetry).'* The dis-
tances between the three Mn and Ca are compatible with the
presence of bridging oxygen atoms (O, OH, or OH,). Although
the “oxos” are not distinguishable at present resolution, the G,
and G, models suggest these “oxos” are either chemically
equivalent (Cs,) or a mixture of these three types (Cy,) in the
resting S, oxidation state. The trigonal pyramidal CaMns sub-
cluster with four equivalent oxo bridges is depicted in Figure
1 from the XRD reports. We refer to this as the CaMnsO, het-
erocubane core type or its Cy-distorted counterpart as a
CaMnsOy distorted (or incomplete) heterocubane. The fourth
“dangler” Mn atom is fully coupled electronically to the het-
erocubane subcluster, probably via one®'> or two'* “oxo”
bridges. It is located in the same plane as the three Mn accord-
ing to XRD models®'3'> or possibly out of this plane in one
of the three Mn-EXAFS models.' From this, we conclude that
there is substantial agreement identifying the WOC core as a
CaMn30y heterocubane subcluster plus tightly coupled dan-
gler Mn. This topology has been further supported by high-
level computational modeling of the core and side chains.'®

With this model of the PSII-WOC in hand, we next consider
synthetic Mn—oxo models, particularly those having the basic
M40, “cubane” topology, and examine their activity as water
oxidation catalysts.

An early proposal for photosynthetic O, production
involved a Mn,0O,4 cube to Mn,0, butterfly rearrangement, but
because there were no Mn,O,4 cube examples, it remained
untested.'” There are now over 100 structures of tetranuclear
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FIGURE 2. (a) Synthetic routes to Mn;Oq4L¢ by self-assembly of
preformed dimers (1a—d) or from Mn" and MnO,~ ions (1a),'®° (b)
X-ray crystal structure of 1a (LgMn404, L = Ph,P0O,"),"® (0 [Mn,04]
cubane core, and (d) phosphinate ligand.

Mn—oxo complexes in the CCDC database containing either
cube-like M4(OX),4 cores, unsymmetrical (incomplete) cube-
like cores, or the planar butterfly core [Mn,0,]"*. Among these
complexes, the first all oxo-bridged Mn,0, core complexes
were [Mn,O4Lg], Ta—d (Figure 2, where L~ = (p-R-CgH,)>PO> ",
R = H (1a), OMe (1b), Me (1¢), | (1d)."® 2" These molecules,
denoted cubanes, are chelated by six facially capping
phosphinates.

The feasibility of synthesis of a molecular complex con-
taining the CaMn;0, heterocubane subcluster has been impli-
cated indirectly, because this core type has been synthesized
within a larger Mn;3 cluster.?? To date, no reactivity studies
have been reported on this molecule.

Self-Assembly and Flexibility

A water oxidation catalyst must take up two water molecules
and transform them through various reactive intermediates
into dioxygen and four free protons. This undoubtedly
requires an ability to dynamically reform itself upon comple-
tion of the cycle. EPR and EXAFS experiments indicate that
ligand coordination changes occur to Mn during light-induced
cycling of the PSII-WOC.>®> The dark resting state of the
CaMn,40Oy core in isolated PSII-WOC complexes is unstable and
requires elevated levels of free Ca?*, CI~, and osmolyte to
maintain the stability of the cofactors and protein conforma-
tion. The PSI-WOC protein provides a flexible, low coordina-
tion number environment for the Mn and Ca ions. The
CaMn,0y core assembles spontaneously from the apo-WOC-
PSII protein complex in the presence of light and the free
cofactors.** The binding and photooxidation of Mn?* occurs
sequentially in the sequence 1(+hv) + Ca(dark slow) +
3(+hv). Calcium binding templates the protein for the rapid
highly cooperative uptake of the last three Mn?*. This sug-
gests that it controls the formation and bonding stability of a
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CaMnjs unit. The similarity to the CaMn30O, heterocubane sub-
cluster should be noted.

Thus, the first feature of a successful PSIl water oxidation
catalyst is likely to be ligand-guided self-assembly that retains
coordination flexibility throughout the catalytic cycle. This fea-
ture is observed in several abiological O,-evolving species.*”
For example, the Mn,O4Ls cubanes (L = Ph,PO,~, 1a) form by
self-assembly starting from mononuclear precursors'® or from
two [Mn,0,]>* core complexes in the presence of diphe-
nylphosphinate ligands (Figure 2).'° The reaction is driven in
part by the formation of 12 interligand nonbonded associa-
tions (z—x interactions) between the phenyl groups, as
revealed in the XRD structure. All isolated derivatives thus far
have diphenyl rings, confirming the role of phenyl packing for
formation.

The high charge density of the [Mn404]°" core and antici-
pated weaker bonding arising from the orthogonal bonds
compared with planar oxo core types led us to predict that the
core would be expanded, which was confirmed by XRD.'®2°
The Mn—Mn separation in 1a (2.95—3.0 A) is 10—15%
longer compared with that in [Mn,O,]** core complexes. Thus,
the choice of phosphinate as capping ligand with its long
interoxygen separation (2.58 A) is crucial to forming 1a—d in
high yield. Carboxylates have a shorter bite distance (O---O
= 2.22 A) and cannot bridge the Mn atoms in the same way
and do not form Mn,0, cubanes.'®

Once formed, the cubical core is capable of phosphinate
exchange in solution. This kinetic lability of the ligands facil-
itates attachment to phosphinate-functionalized surfaces. For
example, bis(p-iodophenyl) phosphinate attaches to gold sur-
faces and allows exchange of cubanes onto the surface.?' By
contrast, the more acidic organosulfonates (RSO5~) do not
undergo ligand exchange in solution with phosphinate ligands
on cubanes.

Access to High Valence States

EPR and X-ray absorption near edge structure (XANES) exper-
iments have identifed Mn" and Mn" oxidation states in each
S-state of the catalytic cycle. Some mechanisms also propose
a Mn" oxidation state in S,, although no experimental evi-
dence supports this to date.?” Mn'" has not yet been conclu-
sively identified in any S-state of the cycle and has been
excluded based on >>Mn electron nuclear double resonance
(ENDOR),?® although the possibility of one Mn" in S, remains
an open question that is debated.?%° The electrochemical
potentials of the PSI-WOC cluster vary throughout the S-state
cycle in a narrow window,* and all are less than the electro-
chemical potential of the photooxidant pigment P680 (1.25 V
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vs SHE).2° Thus, the mean overpotential for water oxidation at
pH 7 (0.82 V) is 0.43 V.

The redox potentials of Mn ions are determined by the
ligand coordination number and ligand type, which deter-
mines electron donation (covalency) and proton ionization
capacities.®' In the CaMns subcluster of the PSI-WOC, the
adjustable ligand field is achieved by ionization of water mol-
ecules (yielding OH~, O?7) and protein residues coordinating
Mn ions. Additional electrostatic and charge transfer interac-
tions among the Mn and Ca ions are important in setting the
absolute redox potentials of the S-states. These contributions
are sufficient to achieve all of the Mn valence states required
to oxidize water at a relatively constant potential.

In the cubane clusters Ta—d, three oxo ligands and three
phosphinate oxygen donors support each metal center, pro-
viding a strong ligand field. This facilitates the oxidation from
2Mn""2Mn" to Mn"3Mn" at an electrochemical potential of
1.1 V (1a) and 0.94 V (1b) vs SHE, generating the [Mn,O,4]"*
core.3? The respective products 1a* and 1b* have been iso-
lated and characterized as described below. The redox poten-
tial of the cubane core can be tuned by varying the functional
groups on the phosphinate ligands and by protonation. For
example, addition of 12 p-methoxy groups (1b) lowers the
potential of the 2Mn"2Mn" — Mn"3Mn" transition by 0.15
V relative to the phenyl derivative (1a).2°

Cubanes Ta—c react with strong acids and O, to form the
oxidized cubane [Mn4O4l¢]t, 1a*, 1b*, and 1cT,
respectively.2633 This reaction occurs by protonation of an
0xo, resulting in the release of a water molecule generating
the incomplete cubane, [Mn,O5L¢]*, which subsequently reacts
with O, in air to form 1% in essentially stoichiometric yield.
This important reaction demonstrates a pathway for intercon-
version of water and O, via the u3-0xo site. It is unique to the
Mn—oxo cubanes.

X-ray crystal structures and EPR spectroscopy reveal that
the [Mn404]”" core is made up of TMn"3Mn", which is the
highest oxidation state observed in the cubane series.?%33 It
is interesting to note that this oxidation state is the observed
precursor to catalytic O, production from water by cubanes
(see below). This oxidation state is equivalent to that claimed
for the S, state of the PSIIFWOC based on XANES,'%233* some
EPR data,'%2® and Mn-ENDOR?® or to the S, (O,-evolving)
state in other interpretations.®2°

Between the Mn,O,4 cubane and Mn,O, butterfly series of
core types, five redox states have been observed that con-
tain Mn", Mn", and Mn" oxidation states. By contrast, all
dimanganese complexes, which cycle through five redox
states, must form at least four Mn oxidation states (Mn-cen-
tered). Therefore, the redox leveling requirements demanded
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FIGURE 3. PCET reactions of the cubane model complexes
Mn4O4L6, 1a and 1a*™ (L7 = (C6H5)2P027).37'38

of a dimanganese catalyst to cycle through four or more redox
states using a fixed potential oxidant are considerably more
difficult to achieve.

Proton-Coupled Electron Transfer (PCET)

An essential feature of the PSII-WOC that allows it to oxidize
water at a low overpotential is its ability to utilize proton-cou-
pled electron transfer reactions (PCET) to lower the energetic
cost of independent proton and electron ionization
reactions.?”2> As an example, if water oxidation were to for-
mally involve a one e~ oxidation step it would cost a prohib-
itively high energy (IP = 1220 kJ mol~" in the gas phase). This
barrier may be circumvented by combining electron and pro-
ton transfer steps by PCET, to achieve the H—OH bond disso-
ciation energy (BDE = 500 kJ mol~" in the gas phase) for a
net H atom loss. The BDE is further diminished by binding the
e /H* and the OH" intermediates to suitable sites within the
catalyst.®

The cubanes illustrate the importance of PCET in their
redox reactions with H atom donors. For example, 1a* reacts
sequentially with amines like phenothiazine (pzH), consum-
ing a total of four H™ and five e~.37-*8 The products, observed
by electrospray mass spectrometry and Fourier-transform
infrared (FTIR) spectroscopy, are two water molecules derived
from the corner oxos and the deoxygenated cluster, Mn,OLs,
called the “pinned butterfly” 2a (Figure 3).37-38 The pinned but-
terfly species has Mn oxidation states of 2Mn"2Mn'", deter-
mined by EPR spectroscopy. Its solution structure is based on
evidence obtained via multiple spectroscopic techniques (EPR,
NMR, ESI-MS, FTIR). Four sequentially formed hydrogenated
intermediates were observed,® and one of these, 1a-H, was
isolated and characterized.?” Isolation of the next hydroge-
nated intermediate, Ta-2H, was prevented by release of a
water molecule, but the corresponding methanolysis product
of 1b-2H, [Mn;0,(u-OMe),(MeOPh),P0O,)s(HOMe)], has been
isolated and characterized.?®
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The energetic requirement for PCET for each reduction step
is demonstrated by the reaction of pzH** (the radical cation)
with cubium 1a* by H atom transfer to produce the pz* cat-
ion and 1a-H".3” By contrast, the pz* radical does not reduce
1a™ by electron transfer because it is energetically unfavor-
able without the added driving force of protonation at an oxo
(Figure 3).3” This observation has direct relevance to the PSII-
WOC where the energetic constraints of electron-only oxida-
tion by a chlorophyll radical with fixed potential (P680) are
alleviated by the coupling of proton release with electron
extraction during S-state transitions.3>3°

The O—H bond dissociation enthalpy (BDE) of the u3-OH in
Ta-H was estimated using a standard thermodynamic cycle
and calibration against six known BDEs for its reaction part-
ners.*° The resulting O—H BDE of 1a-H (Figure 3) was greater
than all of the standards (>394 kJ mol~").2¢37 Comparing this
to the much weaker mean u,-OH BDE of multiple complexes
containing the [Mn,O(OH)]** core (320 kJ/mol) reveals that the
O—H bond in the [Mn,O3(OH)]®* core of 1a-H is substantially
stronger (>20%). This difference is attributable to the longer
(weaker) Mn—0 bonds of the cubane core. The strong O—H
bond in Ta-H explains the potent oxidizing capacity of Ta—c,
which abstracts H atoms from unactivated alkanes, as well as
the oxidation of thioesters, alkenes, alcohols, and
aldehydes.'83°

Using a method developed by Parker and co-workers*' and
applied to Mn complexes by Mayer and co-workers,** we
determined the free energy for the dissociation of hydride (H™)
from 1a-H (3) to be greater than 530 kJ/mol.?” This observa-
tion demonstrates that the [Mn404]”* core of 1a™ is a fero-
cious oxidant capable of concerted 2e~/TH* PCET chemistry.
It is of direct relevance to the energetically favored two-elec-
tron pathway for PSII-WOC mediated water oxidation pre-
dicted by Kristalik.>®

O—0 Bond Formation and O, Release

Although the exact mechanism of dioxygen formation and
release by PSI-WOC is still uncertain, some constraints clearly
exist.3®*3 There is no direct evidence for a terminal oxo
(Mn=0) or bound peroxide intermediate in any S-state.2 O,
release is spontaneous upon forming the O—0O bond in S, and
is preceded by proton release.” Ca®* participates in forming
the O—0 bond and O release in the rate-limiting step of the
last (S3 — Sg) transition.83® This reaction is irreversible. A fea-
ture of the enzyme that appears to be essential for O—O bond
formation is the flexible coordination number and nondirec-
tional bonding required at the calcium effector site. The
dynamic nature of the calcium site is also evident by its role
in ionization of water molecules that form the oxo bridges to

Bioinspired Mn,O,—Cubane Water Oxidation Catalysts Dismukes et al.

Mn ions during de novo biogenesis and repair of the fully
assembled CaMn4Oy core, a process known as photoactiva-
tion.** Alternative interpretations of the role of calcium
emphasize its properties as a weak Lewis acid. One proposal
suggests it could serve to ionize a bound water molecule to
form a nucleophilic hydroxide.*>

As in the PSII-WOC, the formation of dioxygen in the
cubane system is limited by an activation barrier.? Lacking the
flexibility of a Ca ion that has no directional bonding prefer-
ence and thus enables formation of a bridging peroxo, Ca(u-
O,)Mn, the Mn centers in the cubane are restricted by their
orthogonal d-orbital bonding and thus form relatively rigid
(directional) ligand bonds.2® These restrict the flexibility of the
core and impose a barrier to O, release. However, in the gas
phase the large Kinetic barrier can be lowered by removal of
one of the capping phosphinate ligands, thereby providing suf-
ficient flexibility in the core to allow O—O bond formation and
release.*®

The gas-phase photochemistry of 1a—c and (1la—c¢)"
proves unequivocally the preference for selective O, release
from the cubane cores and its absence for complexes contain-
ing the [Mn,0,]>™4* cores.??2%4¢ Matrix-free laser desorption-
ionization time-of-flight mass spectrometry (LDI-MS-TOF) was
used to detect products formed by laser excitation at 337 nm
(excites a Mn—0 charge transfer band). The resulting posi-
tive ion spectrum of 1a consists of only two products at all
laser powers investigated: the parent cation 1a*, and the pho-
toproduct, [Mn4O,Ls]*, corresponding to the loss of one phos-
phinate ligand and two core O atoms. Synthesis of the '80-
isotopomer, Mn,('80)4L6, '80-1a, confirmed these assign-
ments. Negative ion LDI-MS-TOF revealed a single photoprod-
uct corresponding to the phosphinate anion L~. Taken
together, the data offer clear evidence for selective photodis-
sociation to form the intact “butterfly complex” 2a,
[Mn4O,Ls]*".*°

The yield of the butterfly complex 2a increased in direct
proportion to the laser power, while the ratio of peak intensi-
ties for the butterfly/cubane increased by 8-fold and
approached a relative quantum vyield of 50% at the highest
light intensity available without achieving saturation.?®#® From
this, it can be deduced that there is an activation barrier for
photoconversion of cubane to butterfly plus oxygen, which
can be overcome only upon removal of a phosphinate.

Photoexcitation produced a single species in the 14—200
amu range having a mass of 32 amu for 1a or 36 amu
for'80-1a.*® Thus, O, is generated from the corner oxygen
atoms of 1a yielding the butterfly 2a by intramolecular bond
formation, preceded by the release of a phosphinate anion.
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By contrast, photoexcitation of 1a using 532 nm light, cor-
responding to a d—d ligand field absorption band of the
cubane, produced no photochemistry at all; only the parent
ion was detected, even though an 8-fold higher intensity was
available.*® Therefore, the photoreaction observed with UV
light clearly is photolytic rather than thermal in nature and
proceeds only upon weakening the phosphinate binding. Sim-
ilar results were obtained for the oxidized cubanes 1a* and
1b+.20’26

The observation that both 1b and 1b* produce higher
yields of the butterfly photoproduct than do 1a and 1a®,
respectively, means that the presence of the 12 electron-do-
nating methoxy groups on the phenyl rings increases the
probability of photodissociation compared with diphenylphos-
phinate ligands.?® Thus, electronic induction through the
phenyl ring of the ligand is an effective strategy for tuning
photochemical reactivity of cubanes. This has been explained
on the basis of crystallography'?3° and DFT calculations of
the electron donor ability of the p-methoxy groups in 1b.%°

Supporting Environment

The PSII-WOC is encapsulated within a protein structure that
holds the metal ions in place and provides for the needed
conformational flexibility, chemical inertness to unwanted oxi-
dation, and proton dispersion, while also allowing efficient
electrical contact between the cluster and the P680 photocon-
version complex. The emulation of these features is likely to
be critical to the development of abiological water-oxidizing
catalysts.

Two examples of this include the homogeneous catalyst
[Mn"y(mcbpen),(H,0) 2]** (mcbpen = N-methyl-N"-carboxym-
ethyl-bis(2-pyridylmethyl)ethane-1,2-diamine), which employs
two tetradentate mcbpen ligands to retard the loss of the Mn
centers to solution, facilitating O, evolution for ca. 13 turn-
overs, using tert-butylhydrogen peroxide,>> and immobiliza-
tion of [(tpy)(H,O)Mn(x-0),Mn(H,0)(tpy)]** (tpy = terpyridine)
within the pores of a clay mineral, facilitating multiple turn-
overs using 1e~ oxidants like Ce(IV),*” with the clay environ-
ment thought to facilitate dimer interactions and retard dimer
dissociation into monomers.

An alternative approach for catalyst stability and proton
conduction is to use a proton-conducting polymer matrix, such
as Nafion. Nafion is a fluorinated hydrophobic polymer with
ionizable hydrophilic head groups (sulfonic acid). Within
Nafion membranes, sulfonic acid or sulfonate groups (for Na*
form) generate hydrophilic channels that are ~20 nm wide.
These channels are permeable to protons and other cations
but not anions.*® The properties of Nafion have been
exploited in many applications, including proton exchange
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FIGURE 4. Photocurrent detected from (black trace) 1b-Nafion/
glassy-C electrode (3 mm diameter) at a potential of 1.00 V vs Ag/
AgCl and (gray trace) undoped-Nafion/glassy-C electrode. Electrolyte
= aqueous 0.1 M Na,SO,. lllumination by a white light source starts
at 10 min and ends at10.5 h.>3

membranes in various fuel cells and electrolyzers for H,
generation*>° and Ru water oxidation catalysts.”"

A Water-Electrolysis Cell: Redox Coupling
to Electrodes

The juxtaposition of hydrophilic and inert hydrophobic
domains in Nafion supports the hydrophobic cubane mole-
cules and protects their reactive intermediates, while simulta-
neously allowing access to water molecules in restricted
channels and diffusion of bulk water. Conductive surfaces
were coated with Nafion and doped with cubium (1b*).>2
Immersion of doped membranes in water both provides the
reactant and also traps the hydrophobic cubane in the Nafion.
Uptake of the intact 1b* into Nafion was proven by UV—vis
and EPR spectroscopy”>2 while voltammetric detection of the
redox transition 1b <= 1b* within the cubium/Nafion/glassy
carbon electrode indicated that electrochemical contact existed
between the catalyst and the electrode.>® Thus, the 1b*/
Ndfion/electrode system could be driven electrochemically,
removing the need for a chemical oxidant.

When illuminated with light (275—750 nm) and biased at
a potential of 1 V vs Ag/AgCl, the 1b*/Nafion/electrode gen-
erates a stable photocurrent (Figure 4).°2 Critical tests con-
firmed water oxidation catalysis by the cubane molecule and
that the photocurrent originated only from water (the photo-
current disappeared in acetonitrile).>*>3 The photocurrent was
consistently observed with a wide range of electrolytes and for
cubane-doped Nafion membranes deposited on a range of
conductive surfaces.>>

The photocurrent increases linearly with increasing solu-
tion pH from 2 to 12, as expected for the water oxidation
reaction (eq 1). Under illumination at 1 V, cubane-doped
Nafion electrodes were shown to release (1) O, gas detected
by Clarke electrode and membrane inlet mass spectrometry
using '80-enriched water and (2) protons in the aqueous
phase at 17 times the rate from undoped Nafion/electrodes.
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FIGURE 5. Schematic showing the conceptual similarity of the
photoanode 1b*—Nafion/Ru(4)—TiO,, with the PSII-WOC.

The photocurrent from a 1b*/Nafion/electrode was
observed after 65 h of testing.>® The total quantity of electro-
active cubane in the Nafion coating was determined by bulk
electrolysis and used to calculate that each cubane molecule
is capable of >1000 turnovers without the need for a sacrifi-
cial oxidant. This provides a lower limit to the mean light-
dependent turnover frequency over this 65 h period to be 15
0O, h™' cubane™". This is a lower limit since it is light limited
(1 sun), and only a fraction of the reduced catalyst molecules
in the 5 um thick Nafion membrane could diffuse to the elec-
trode for reoxidation during the time interval between pho-
ton absorption. This intrinsic rate is 10*—10° times slower
than light-saturated native PSII-WOC rates in whole cells of
microalgae. The mechanism of catalytic turnover has been
investigated by EPR, NMR, IR, and UV—vis spectroscopies, and
possible reactive intermediates or side products were tenta-
tively identify.>3

A Water Photooxidation Cell: Redox
Coupling to Light-Driven Electron Transfer

Most recently we have presented evidence showing that the
cubium 1b* doped Nafion system functions as a water oxi-
dation catalyst by coupling to a photoactive dye-sensitized
titania film using light as the sole energy source.>*>> A device
based on the dye-sensitized solar cell (DSSC) developed by
Graetzel and co-workers? was prepared by attaching a ruthe-
nium(ll) dye, [Ru"(bipy) »(bipy(COO) 5) | (4), onto a titania-
coated FTO conductive glass anode. This half-cell was
overcoated with a Nafion membrane into which 1b* was
introduced by ion-exchange. Figure 5 provides a schematic of
this half-cell and compares it to the PSII-WOC. Upon illumina-
tion with white light while immersed in aqueous media and
attached to a Pt counter electrode, the photoanode released
0, gas and protons to solution, simultaneous with photocut-
rent generation. The complete photoanode represents, in prin-
ciple, a functional analog of the PSII-WOC that contains the
same types of elements, albeit configured in a different and
less efficient way (Figure 5). The performance of this device is
under investigation and shall be reported elsewhere.
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Conclusions

Through consideration of the key features of catalysis of pho-
tosynthetic water oxidation, we have developed a light-acti-
vated Mn,O4-cubane cluster that catalyzes this reaction in
vitro. We have coupled this to an electrochemical potential
derived from both electrical and photolytic sources to achieve
sustained catalytic water oxidation free of the ambiguity
caused by use of chemical oxidants. Although significantly dif-
ferent from the natural system in several respects, the key to
its success undoubtedly lies in its bioinspired attributes, includ-
ing (1) cooperation among four electronically coupled Mn ions
to activate two substrate water molecules at the corners of a
“cubical core”, (2) the cubane topology as the most favorable
one for lowering the barrier to O—0 bond formation and O,
release, and (3) the indispensible requirement for aqueous
channels and proton removal from the active site for cata-
Iytic turnover.

The Mn,O4-cubane catalysts recapitulate Nature’s princi-
ples of photosynthetic water oxidation using only visible light
as the energy source. These results validate the bioinspired
molecular cluster method for catalysis of water splitting and
offer a promising future for solar-powered renewable hydro-
gen production.
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