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The fAiholy grail o of renewabl e, sustainabl e
natural process capable of storing sun energy into da¢fmnds: Photosynthesis. The

oxidation of water to molecular, @s the thermodynamic bottleneck to this process. As

such, viable catalysts for water oxidation are warranted. These materials ideally 1) are
constructed of abundant elements (e.g., firsttrawsition metals) and thus affordable, 2)

operate efficiently and effectively with little applied bias (overpotential), and 3) maintain

high activity for useful lifetimes.

I n Chapter 14 0sfiNeetterreobcu b@anMo cat al ythis i s i n
structure which must translate into artificial catalysts are discuss€db@nd formation,
sacrificing oxidizing strength for long lifetimes, and effective storage of oxidizing

equivalents via proteooupled electron transfer (expanded in Chapyer 5

In Chapters B, this thesis addresses the reactivity of cobalt based catalysts. Crystalline
and amorphous cobalt oxides are walbwn oxygen evolving catalysts, but up to three

di fferent mechani sms are proposbkbdnéeo occur



topology is stressed as biomimetic, these mechanisms commonly only feature a single
metal active siteseemingly negating the cubane topology as necessary for catalysis. The
results in these chaptersa studies on discrete g0,, Co;03 and CQO, clusters

demonstrate that the cubane topology optimally stabilizes tfieoRidation state via
delocalization across all metal centers. This stored oxidizing equivalent reacts with

terminally bound OHsites and facilitates oxidation fully to,O

In Chapter 4, this thesis addresses the reactivity of mangdreesssl catalysts.
Paradoxical observations are known: Natur e
predominantly translated into poor artificial Mn catalysts. While partially explained by

the ~30 pogble structures of Myoxides (many of which are minerals), promising results

have correlated activity with stabilization of Rnas opposed to M The studies

shown here rationalize these paradoxes by comparing structural polytyped'pf Mn

clearly demastrating that cornesharing, labile M centers capable of facile water

binding correlate with catalytic activity as found in both layered and tunnel Mn oxides.
Conversely, Mn of any oxidation state in strongly coupled structures are effective at

storing charge but not transferring it to water.
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Chapter 1 How to Make a Better Oxygen Evolving Catalyst by

Applying Natureds Design Principles



1.1 Abstract

The Photosystem Il water oxidizing complex (PBIDC) i s natureds bl uejy
photochemical center that powers the most widespread form of photosynthesis on Earth.
Herewe summaee the operating performance of RBIOCs that have led to the

evolutionary success of their host organisms under diverse environmental conditions of
solar flux, pH, temperature and humidity/e reconcile recent atomic structural models

from Xray diffradion data with extensive prior spectroscopic and chemical data to arrive

at a seHconsistent picture of the intermediate oxidation states (S states). We compare this
knowledge with that from studies of abiotic water oxidation catalysts to arrive at gie mo
feasible mechanisms for biological water oxidatibhis understanding in turn reveals

where the next development steps are needed for improving catalysts and membranes for

artificial photosynthetic processes.



1.2 Introduction

This chaptershows tle most relevant information needed to understand the chemical
basis of biological water oxidation and its implications for catalysing water oxidation in
general. More specialized reviews of oxygenic photosynthesis are avafldhle
particular, this istructured to address the following subjects: 1) how PSII reaction
centers are designed as a traffebetween photochemical charge separavs.
photoprotection by charge recombination (efficiency), 2) how-l8INCs activate water
for concerted fouelectron oxidation and @ bond formation, and 3) transports products
away from the active site to enable catalytic turnover under variabtdllix (dynamic

performance).



1.3 Discussion

Why target PSHWOCs?0xygenic photosynthetic organisms comprise the largest and
most diverse group of photoautotrophs on Earth, encompassing simple unicellular
prokaryotes and eukaryotes extending to cexphulticellular higher plants. Evidence
indicates they evolvedrca 2.7 billion years ago from an anoyxgenic phototroph via
modifications to a type 2 (irequinone) reaction center that acquired the unique ability to
use water as electron donor (Phottewn II- water oxidation complex or PSII

WOC).This innovation enabled these pioneer organisms to occupy every ecological
niches on Earth where water and light exist. The PSII reaction center protein core is
remarkably conserved across all species of axiggehotoautotrophs examined to date.
No firm evidence for transitional PSIWOCs yet exists that can or could have used other

substrates for oxygen productfon

The compositional and structural conservation of both the WOC catalytic core and PSII
reaction center core proteins across diverse oxygenic phototrophs is stunningly
unexpected. This invariance coats with the wide structural and compositional

diversity among other ancient metalozymes such as hydrogenases, nitrogenases,
oxygenases, etc. It suggests a single preferred chemical pathway for water oxidation
exists or survived in every ecologicathe permissive of photoautotrophic life on Eérth
The consequences of this Darwinian process in combinatorial synthesis has important

lessons for both natural and artificial photosynthesis.

The WOC incorporates an inorgangtalyst containing four electronically coupled Mn
ions that accumulate four holes provided by four photochemical charge separation steps

in the reaction center before @3 releaset®. Following these steps,@ released in a



concerted process with no free partially oxidized intermediateBhe net reaction, eq.
la + 1b, produce a proton gradient and reduced plastoquinobfP@&linitial energy
carriers prior to downstream conversion to adenylate and pyridine nucleotide redox

products.
2H,0 + 4t8(1.23V-0.059*pH)K O+ 48 + 4H lumen la.
2PQ + 4+ 4H'syoma K 2PQH 1b.

The maximum energy conversion yield of P$ilyivo, including both redox and pmf is
0.81to 1.02 V per dor each red photon (680 nm) absorbed, or 44 to 56%. The averag
light-satured power output of various PSlig,gP= Energy x Flux = (0-8V nF) x (25

88 s') = 19 MW mol*. The peak power of selected PSlls could be 10X greater if the

oxidation rate of the PQ pool were not rate limiting

PSII reaction center photochemistAt the core of PSIl is the D1 subitirwhich

provides most of the ligating amino acid residues to the WOC, as well as binding pockets
for Psgo, pheophytin (Pheo), and the secondary PQ acceptdr F@urel.l summarizes

the energy of electrons and holes as a function of time in PSII. 4Xo#ed to its lowest
singlet state, &, transfers an electron first to Pheophytin (Pheo) then to plastoquinone
Qa, all on a timescale of picoseconds. The resultifag Berves as a strong oxidant, and

the origin of the electron which reducegdguides the overall efficiency of water

oxidation. For OER catalysis to go forward, reduction g Pnust occur by Dayrosine

161 (Yz), which occurs in triphasic kinetic stépbetween 260 ns and 3@5 s,

depending upon the redox state of the WOC (S state). The resuitngdé 5660 mV

thermodynamic driving force for reducings. However if Rgo™ or Y7 are reduced by



Pheo or @, the hole is lost toacombination. Hence, Nature requires charge separation
to last for anywhere between 30 pg-() to 2 ms (Qrelease) in order for holes to be
harvested on the same timescales as catalytic kinetics. During this time, there is
overwhelming thermodynamic glierence for reduction by these latter species (>1.2 V
from Qa). Nature slows recombination by imposing significant kinetic barriers in the
form of longer distances, poorer orbital overlap and large reorganizatioeies The
upper limit for forward electron transfer kinetics for various PSllarighe range 100

400 s' and is typically limited by the reoxidation rate of PQ#ith one exception. The
carbonate requiring cyanobacteridathrospira maximas the fastest PSNVOC in

vivo. It possess both an alternative oxidase to remove electmnghe PQ pools and

uses carbonate as proton acceptor to accelerate water oxXidation
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PSII diversity and regulatianin order to thrive in diverse environmental conditions using

a single type of reaction center and inorganic catalyst, oxygenic phototrophs evolved
strategies to deal with wide environmental variations in light flux, pH, sinéngth,

temperature, etc. lhough the number and amino acid sequences of the extrinsic subunits

of diverse PSIWOCs vary substantially, the five protein subunits comprising the

reaction center core (D1, D2, CP43,CP47 659 Ub) are remarkably
(reviewed in ref). The only significant variation observed to datedme proteins is in

the D1 subunit of prokaryotes. At least four classes of D1 isoforms have been identified

in cyanobacteria, compared to only one in eurkaryotes. The differential expression of

these protein isoforms is controlled by transcriptional g of multiplepsbAgene

copies in response to environmental signals.

Light utilization efficiency is a tradeff between conversion and photoprotection
Differences in the amino acid sequences of the D1 isoforms control the efficiency of PSlI
specifically at very high and very low light intensities or under-axygen conditions.

Two natural isoforms differing by 25 amino acids (7% AA) are expressed at low light
(D1:LL) and high lightD1:HL), respectively (Figur&.2). These offer either better

primary photochemical quantum yield (hence better photoprotection) or better subsequent
conversion efficiency into products {PQHand @pH) . The natur al D
extend one or the other fitness criterion, as they act in opposition and thus cradée a tr
off in performanc®. The isoforms result in growth rate performance benefits at high and
low light intensities, respectively. This tuning feature has been further extended
experimentally by constructing 7 conservative point mutations of the two natural D1

isoforms that partially convert D1:HL to D1:Ef All strains reveal an inverse



correlation between performance metrics beneficial at LL vs HL intensities when plotted

as a function of the PSII Quantum Yield (QY) (Figar2). The latter reflects

photochemical quenching of ession by charge separation in the reaction center and is
measured most conveniently by Chl variable fluorescence quenchiffg (FQY). As

the total charge separation QY is genetically varied in these D1 isoforms, there is a trade

off between excited statguenching by productive forward electron/hole transfer into the
plastoquinongool/WOC, respectively, and quenching by charge recombination that

provides protection against photoinactivation at high light intensity. This-tfide
highlightsacNatyurteo6 Sitauenpe 0 t he reaction cent
photons. The physicochemical mechanism used to achieve this tuning is based on

adjusting the energy levels of the reduced intermedfafese@Pheo and @/Qa.
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PSI | 0s Uheatalgzbdydssociation of thel®bond of water requires an energy

input of 119 kcal/mol; the amount energy needed to break theséd®onds is lowered

both by activating water (via binding to metals) and releasing energy via the formation of
two O-O bonds. The water oxidizing complex (WOC, Figli®) to date represents
natur eds opt i atalysiegdhisseactioa.Oergleased with kinetics on the
order of 22 ms, indicative of a maximum turnover frequency (TOF) o£5000 QJ/s.

This rate is remarkably fast when considering a modest 300 mV overpotentjalrad Y

artificial catalyst is kown to match 500/s TOF at 300 mV overpotential.

Atomic structures of PSNWOCs obtained by EXAFS spectroscopy and later by high
resolution crystallography of a cyanobacterial R8DC have provided detailed
structural information. The displayed structueéers to the most recent model from Xray
diffraction using free electron laser to reduce radiation damage. This reveals gdzaMn
ihet er oc ub a-bridged to anfeutth Mn ®° 8 ©uw first discussion regarding

this cluster concerns its capacity to bind water.
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Delivery of sibstrate water molecule3erminal or bridging or bothMillier and Wydrzynski
demonstrated that isotopically labeled water can bind into two ks of the WOC at
various rates as a function of S state. Inspection of the WOC structure regeals th
candidate sites include fil®idging oxos vs. fouterminalwaters, of which only two are

on a redoxactive Mn. Significant discussion exists regarding which of these candidates
are Q substrates. A conclusion by Hillier and Wydrzynski is that theswastrates

consist of an MrO-Ca species and an MBH, specie$*’. This has been supplemented

by 'O ENDOR experiment& For the former species, our attention turns4®f,

which has unusual (nontetrahedral) geometry. The bond lengths to this bridge-g&&. 2.2

U) are significant!| yOborws(@®r 1t Wan &hi |l eheéhe
of the latter group retain a more usual distorted tetrahedral geoétiy,best

geometrically characterized as an octahedral with two open coordination sites. As a
consequence, the unhybridized character of the molecular orbitals on O5 differs vastly
from O1, 02 and O3, which have’sfharacter. All the oxos in the heterbeme are

noted f or a -wnding characeertta tlee metalst allowing for weaker and
more flexible bonds. This is emphasized with the presence of calcium, which has
nondirectional bonding to O1, O2 and O5. These features all point to a higttipal

deficient (nearly neutral) O5 atom with atomic s + p valence orbitals occupied with both
bonding and antibonding electrons from the Mn and Ca atoms resulting in long bonds and
an unusual incomplete octahedral geometry. Our drang otherS' 2* support the

proposal that O5 is an oxygen substrate.

Artificial mimics have shown a variety of results at introducing water molecules into

bridging oxo sites between Mn ders. For instance, the MD4(O,PPh)s cubane
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evolves two bridging oxos as,®ither by heating or upon UV excitation in the gas
phasé” these oxos can also be dehydrated as water molecules from sacrificial
reductant§” %°, thus providing a pathway for converting betwee®#D,. In another
system, Agapie and coworkers demonstrated the incorporation of water intb a Mn
tetramer, and oxygen atonatisfer out of the resulting MaMn"', cubané®. These

systems are likely dependent on Mn oxidation state. Brudvig and coworkers have
measured rate constd s ' férExthange into bridging sites of-aln'" tetramers

several orders of magnitude lower than those obtaine@ 1@ when mixedvalent

Mn""" dimers were uséd Potentially, this provides information regarding the oxidation
states achi ev e dvhithynushagdoramodate £xclangb & @%with water

up until it becaoswe® Aarrestedod in the S

Oxidation states of Mn in Natural Photosynthe$iso possible sets of oxidation states

can be ascr i be d;either habmeaanoxigatios staté@iGiar V>,

These possibilities are termed the Low Oxidation State (LOS) and High Oxidation State
(HOS) paradigms, respectively. Extensive EPR, EXAFS, and XANES studies have been
performed to determine which appliés; which we refer the reader to other

literaturé 2*2%3!. Here,we will highlight the context now needed for either argument

foll owing publ i cat iistuctweffreetohradiatibn ddrbagdXFEle s o | v

structured®.

Density functional theory models of the RBIIOC must have low energies and good
agreements with experimental bond distances and EPR signals. New models have been
created to assign either paradigmhe XFEL structure, which we note closely matches

EXAFS data previously procured by the groups of Pand Yand®. The XFEL
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structure thus mresents the most precise depiction of the S1 state of the WOC to date

from X-ray techniques. Models fitting the structure to the HOS have been published by

the groups of PantaZfsand Batist®’, but both groups suggest that the XFEL structure

must contain someyPopulation, hypothesized to originate from sample preparation. In
contrast, Pacand coworkers have argued that the XFEL structure is pusigh fits a

LOS tautomer model to withi®fIt@emans8tbbel r oot
seen whether the collective EXAFS and XFEL data all include a signifigant S

popuhtion.

New data have also appeared from EPR techniques, following the discovenyiof a
ENDOR signal at 2.5 K which can assign multiple"Mn the S state ofspinacia
oleracia®’. This measurement indicates the LOS as correct, asinet reproduced if.
elongatud*, We refer the reader to a recent revievhoiv toassign Mn hyperfine signals

by Britt and coworker®.

We also refer the reader photoassembly studi€svhich do not rely on spectroscopic
comparison to model compounds in assigning oxidation state. Rather, these studies count
the number of light flashes between addition of Mand Q evolution, and argue for the

LOS paradjm.

Fortunately, sveral structural features exist independent of oxidation state assignment.
We will discuss two: 1), the need for corstraring Mri* (on the dangler Mn), and 2) the
accumulation of 3Mf in the S state. We will first discuss the acciesiity of high Mn

oxidation states, and in particular, oxidation states which run low risks of recombination.
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WOC Thermodynamics Compared to-bhides.In Figure 4, we overlay the known

oxidizing potentials for B, Y, and t he WOCOMnPSurbaix at es ont c
diagram. Over the range of interest ( 5@ B . 75, 00O pH O014), Mn a
oxidation states in solution (2+ and 7+), while solids range fromafl to all-Mn**.

Predominantly, processes for the WOC sit in the Mregion of the diagrararound the

pKa of CQ/HCGOs'. As there is no evidence for peroxo intermediates during PSII water

splitting, it is unsurprising that these processes sit below the thermodynamic threshold for

peroxide oxidation/reduction.
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The S states on the Pourbaix diagram align well with the region whéfechrid be
expected to attain higher oxidation states. However, we note that the Pourbaix diagram
does not reflect the presence of calcium, which plays several important rihleS/MOC.
One major function that it serves is preventing formation of@4vhomocubane

subcluster during photoassembly. By doing this.*@duces the extent of electronic
delocalization between the Mn ions, thereby raising the cluster oxidation pbtduve

that of the homocubane topology. This has been best demonstrated by Agapie and
coworkers, who isolated the first known Cad®a heterocubane, and showed that 3Mn
could be accessed at potentials >1V more moderate than t@&, Nerivative in the

same ligand set (Tabte1)*.
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Oxidation States E° vs. NHE (Ref*)
Ca(Mn");04/Ca(Mn™),(Mn")O, -0.30 V
(Mn™)3(Mn"™)04/(Mn™)(Mn"),0, +0.93 V
((Mn™),(Mn"™),0/(Mn")(Mn"");0, -0.06 V

Tabl eCall.cli.um al |'dwsd bao tmhe anMm Bi. @Heiroml | e mel

to be achieved at vonwearnaplootgenti als than th
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Cal c i weatian & the duster is also of note, as it lies directly betweesnd the Mn
subcluster. This juxtaposition and coordination via two water molecules to the phenolate
O atom of Yz provide a positive potential energy pathway that is important to creagng
long range electronic coupling that ensures directional electron transfer between Mn and
Yz (Figurel5). Calcium is only capable of being substituted by Strontium without

complete loss of functionality.

One reason why this may be the case invollesomparablepko s of Ca and Sr .
Agapie and coworkers have also shown a direct correlation between the oxidation
potential of Mntetramers’ and cubané8 as a function of the pKa of ligated redox

inactive cations. This concept translates well into functional materials. Nam and
coworkers have shown the reactivity ang/gen release of iron compounds is entirely
modulated by redox inactive catidisCatalytic systems (NFe’°, Co*}, and Mri? films)
deposited on Au electrodes have higher activity than identical films on nhonnoble metal
supports, likely because gold tailors the oxidizing potentials accessible by these catalysts.
Thus, among many reasons, thexi calcium tailors the reactivity and electric potential

of the WOC.
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Figur.e Dle.p5 ction of the emveirtomenmsobGasoruubtaecd

WOCs .
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In absence of these redox inert cations, the pBt@chiometry inferred from the
Pourbaix diagram in practice is realized through multiple polymorphs (geometries).
Polymorphs of stoichiometry Mnfare widely regated as stable, and as consequence,
they are largely inactive as catalysts for water oxidation. This has been shown
experimentally. Our lab tested eight crystalline polymorphs of manganese oxide for
catalytic activity, including MgOs, MnzOy, LiMn,O4, and fve polymorphs of Mn@( U,
b, U > Iteas fomy that the only active catalysts were®rand MnOs, with low
act i vi tMpO,fActiaitywas-independent of surface area, particle morphology,
and particle size, but was dependent on structure, since, for example, remox®g Mn
Al mpur i tiMeaG; tesulted io comgete inactivation of the sam@er study
complements a more apparent literature trend where manganese oxides of overall lower
oxidation states (predominantly M are better artificial catalystd.® Many group3>®*

®" have additionally reported activity from MBsand MnOs.

Why Mri*? One exception is glaring: LiM®, with 50% Mrt" is a poor catalyst in both
electrochemical and phmthemical assays®® This suggests that some fistructures

are better suited at catalyzing water oxidation than others. In support of this assignment,
we consider the birnessite family of water oxidation catalysts. Crystallographically
defined birnessites havirigng range order exist in two structural archetypes: hexagonal
(HexBir) and triclinic (TriBir). Both materials consist of sheets of eslggring MnQ
octahedra separated by interstitial hydrated cations (FigéyeTriBir contains MA"*
octahedra withinite MnQ sheets, while the reduced charge is compensated by interlayer
spectator cations (here; X In contrast, HexBir does not stabilize #mithin sheets;

instead these sites are vacancies witt"Nbtated above or below the vacancy in the
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interlayer(or surface) bondeda cornersharing bridges. Hexagonal birnessites are, in
general, poorly crystalline and difficult to characterize due to the potentiatlguibd

disordered vacancies.

Nonetheless, poorly crystalline birnessites correlate with higcgttalytic activity in
multiple studie$® "in contrast to triclinidirnessites which are reported to exhibit low
(or zero) activity for water oxidatiot:*>"*This suggests a more viable role for corner
sharing MA* than edgesharing Mri" in designing artificial MAcatalysts. Indeed, Dau
and coworkers have directly correlated water oxidation activityegtesence of corner

sharing Mn octahedra in amorphous electrodeposited manganese’dxides.

As can be seen in the WOC (Figur8B), the role of cornesharing Mn is water binding
and interaction (via tautomerization) with the cubdr@sed Mn. Indeed, tranly Mn-
bound terminal water ligands are located on the dangler, eshaeed species, while
eight amino acid |Iigands collectively
strategy to prevent hydrolysis into poorly activefaoxides. Further, it is noteworthy

thatsupporters obothHOS and LOS paradigms have assigned the dangler #smvn

the fAclosed cubaneo, sp*n=5/2 tautomer

Water binding by cornesharing Mn has e observed experimentally.usiies of a
crystalline hexagonal birnessite #:Mn* . o7AMn** g gssl 01190.A 0206 ( H
represents lattice vacancies) by Lanson and coworkers assigned 0.24 (40%) of the
formula water units as bound to interlayer (corsieared) MA*, despite being present as

only 9% of the total Mr®

resi

of
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Low light intensity: preventing recombinatiofhe kinetic performance of the WOC
catalytic cyclas not optimized for operation at full solar flux, but rather to achieve long
lifetimes of the successive intermediates to suppress charge recombin&ien (S
lifetimes). This latter property is indispensable for operation at low solar flux and
explainswhy manganese is universally the only redox metal found in alhNRSICs.
Charge recombination involves Mn(ll1)}Qwhich is slow owing to a large reorganization

barrier for this oxidation state.

By contrast, other metals not found in WOCs such as Caféi)form clusters and

oxides based on [GO,]** that are fast at water oxidation when operated at high rates of
electron/hole removal. In particular, the'a®, cubane is the major structural feature in
the unit cell of the known spinel OER catalyst0g’’ and several studies have offered

it as a model and/or structure of catalytic amorphous cobalt @X¥d®©ur grouf® and
otherd* have found that cubic LiCoQcontaining a CgO, unit cell) is an active water
oxidation catalyst, while layered LiCeQcontaining a LiCgO, unit cell) is not.

Collectively these highly active catalysts appear to converge sigmily on this

structur&® and studies on molecular systems easily rationalize why.

The discrete cubanes £ (OAC)(py)s (LA) and [CaO4(OAC)(bpyk]* (1B*"), have

been recently studied by many grotfé¢®8 (Figure 6). Both can be reversibly

oxidized to their Co(I\Acontaining analogs at modest potalstin water (1.25 V vs.

NHE, >pH 4) and acetonitrile (<1.4 V vs. NHE)Via Hammetittype interaction, the

|l i gand environment tailors the oxidation p
over a range of ca. 200 mV, which correlatedwiectron withdrawing (e.g., CN) or

donating (e.g., OMe) substituents on the pyridine lifa®d But i n contrast,
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cubaneso in the s ag@HOARPYR]Hand et s : di mers |
[Cox(OH),(OAC)s(bpy)]*, as well as trimers [GO(OH)(OAC)s(py)s)*" and
[CosO(OH)(OAC),(bpy)]?* are not oxidized to Co(IV) up to 800 mV more positive

Hence while Co(IV) is accessible as a function of net chafglei§ neutral whilelB** is

dicationic) and ligand environment, & structure plays a major coituator.

The lone electron pairs of each oxo bridge clearly contribute to stabilizing the Co(1V)
oxidation state. This is evidenced by the increase in potential needed to obtain Co(IV)
when these electrons form bonds to other cations. For instance, th¢/Co(lll)

potential increases in Nernstian behavior as a function of pH below the pKa (~3) of the
oxo bridges (réf and Figurel.7). The octame€0s04(O-,CPh)»(solv)- in which every

i-O bridge of a cubane is addf+showsnal 'y coor
oxidationof any cobalup to 1.7 VV vs. SCE (~1.95 V vs. NHE)Thus, it is clear that

cobalt in some structures can more easily access the 4+ oxidation state than ikV@hers.
emphasize this may be a formal oxidation state assignment in these materials. Britt and
coworkers have used EPR spectroscopy to describ©jEAc)s(py)s]” (LAY as

having Co(lV) delocalized across the entire cubane core, with all metals and oxasbridg
contributing to stabilizing the Co(IV) oxidation stt& This remains an important
distinctionbecause it is generally accepted that a single Co(IV) site is capable of
catalysing OER: this conclusion is the result of reports of activity of cobalt morfdmers
% in situ spectroscopic studi@sand Tafel slope analysésLess considered, though, is

how these catalysts adesignedo access the Co(lV) oxidation state.

The molecular cubanes affattie unique opportunity to study charge recombination

kinetics from a stable Cocluster. While these kinetics may vary depending on the
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acceptor1B** has a second order rate constant of 300,00G for electron self

exchang®". This rate constant for recombination is several orders of magnitude higher

than PSII (Tabld.2 ) . Hence, cobaltbds effectiveness ¢
systemss in one respect because formal Co(1V) is a powerful oxidant; moreso than Mn.

On the other hand, there is little evidence of peroxo or superoxo intermediates during
catalysis by natureds het er awidthegenerations ugge s
of strong oxidants like Cband free reactive oxygen species. In this line of thought it is

evident that nature excels at catalysis by requiring very low overpotential.
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High light intensity: removal of products via Prot@oupled Electron Transfetnder

high light conditions, where charge recombination does not compete, Nature must turn
attention to timely remwval of products from the reaction center. Most notably, the
accumulation of product protons causes a lowering of local pH, and an increase in the
required energy to split water. As one exampl&/¥; oxidation occur®nly when H
evolution is permittedthis reaction is blocked or reversed if protons derived from water
oxidation accumulate Similar concepts extend to design of solar fuels architectures, as
shown by Lewis and coworkers, who demonstrated that water splitting electrodes under
steady state operation are exposed to highly acidic oiregkednditions from product

accumulation, even if the bulk electrolyte is buffered to neutrd’pH

As seen in Figure 5, proton transfer fromiplays an often overlooked yet critical

function. This proton movement from Histo Y-° traps the electron and yields neutral

Y ,-OH. This keeps the site of oxidation within the Mn40O5 subcluster, rather thayp on Y

where it is susceptible to recombination from the WOC pagd Q% The electron

transfer network from the WOC to tyrosine thus runs first throug®4" and

subsequently the movement of.his is indicative of an electrical potential gradient

that facilitates forward electron transfer. Conversely, when the piotwt needed for

this function, strong bonding to Hig prevents its release into the WOC core. The

Yz(H+)His;gofh mo | ecul ar di a d ediodesdesamed forenpst o prevend a pf
reverse electron flow and keep the accumulated holes in th@sMubcluster where ©

evolution can be catalyzed.
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1.4 Conclusion

The reason for the activity of the aforementioned catalysts, and of the natural system, has
been a source of extensive conjecture and discussion. Understanding the mechanism of
artificial catalyss can lead to better understanding of the natural system, and vice versa,
which leads to the development of better artificial photosynthetic systems. By no means
are all the known artificial water oxidation catalysts composed in the same way, but it
seemghat the presence of general structural principles among active materials are often
more than coincidental. These include weakly bonded oxos and lofMritlistances as

result of JahfTeller distortions, gorbital occupancy, and the cubane motif amofigstt

row transition metals. The most obvious and least contested attribute of water oxidation
catalysts is the ability to store oxidizing equivalents readily by distributing them over
multiple centers. Many of the first row transition metals have acoessiitiple oxidation

states but the redox potentials can vary substantially, thus bringing one metal to a highly
oxidized form can be unstable and restrictive toward catalysis. PSIl undergoes four
sequential oxidations utilizing the same oxidant, P680nimgaa narrow potential

window is necessary to oxidize all four manganese centers. Mechanistic pathways for
dioxygen formation must also be considered, as redox active metal oxides are not always
sufficient for catalysis. The capability for rearrangingaking and forming bonds must

also be a prerequisite for catalysis.

Overall, consideration of the relatively new higdsolution atomic structure of the WOC,
combined with emerging reports of the WOCSHS

catalyss and chemistry of structural mimics collectively continue to expand our
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understanding of water oxidation catalysis by manganese. These findings both signify

and encourage growth in this area for the future of this catalysis community.
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Chapter 2 What determines catalyst functionality in molecular
water oxidation? Dependence on ligands and metal nuclearity in

cobalt clusters.
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2.1 Abstract

The metaloxo M\Os,Aicubaned t opol o ganceitoghe beld ofsvaterc i a |
oxidation as it represents the merging of bioinspired structural principles derived from
natural photosynthesis with successful artificial catalysts known to date. Herein, we
directly compare the rates of water oxidationé®@dution catalyzed by six cobatixo

clusters including the GO, cubanes, C@4(OAC)s(py)sand [CQO4(OAC)x(bpy)]*",

using the common Ru(bpy}/S;0s> photooxidant assay. At pH 8, the firstder rate
constants for these cubanes differ by two fold, 04800.015 S respectively, reflecting

the number of labile carboxylate sites that allow substrate water binding in a pre
equilibrium step before £release. Kinetic results reveal a deprotonation step occurs on
this pathway and that two electrons are oged before @evolution occurs. The GO,

cubane core is shown to be the smallest catalytic unit for the intramolecular water
oxidation pathway, as nei t;@HsOAcbpy)d’mpl et e
and [CoO(OHL(OAC)s(pY)s)®>", nor fécal di rpdH)sONC)Tomy)]" and
[Cox(OH)x(OAC):(py)s]” were found capable of evolving.Qlespite having the same

ligand sets as their cubane counterparts. Electrochemical studies reveal that oxidation of
both cubanes to formally G@&III,IV) (0.7 V vs Ag/AgCl) occurs readily, while neither
dimers nor trimers are oxidized below 1.5V, pointing to appreciably greater charge
delocalization in the [Cf,4]°* core.The origin of catalytic activity by G&®, cubanes
illustrates three key features for waterdation: 1) four oneelectron redox metals, 2)

efficient charge delocalization of the first oxidation step across th@,Ctuster,
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allowing for stabilization of higher oxidizing equivalents, and 3) terminal coordination

site for substrate aquo/oxo forrat.

2.2 Introduction

Water oxidation catalysts based on first row transition ions are widely sought as
replacements for costly noble metal catalysts. Numerous examples of molecular catalysts
have been studied which operate over a wide range of clusternitiedeégand

functionalities, kinetic activities, and energy efficienf{é¥. Systematic studies within
families of related catalysts have uncovered mechanistic complexdidsabe hampered
understanding the factors that influence the rate,qgfr@duction and the catalyst

lifetime.

As a reference point, oxygenic photosynthesis is capable of photooxidizing water far
faster than any artificial catalyst based on first rowditeon metals. A recent analysis of
the 1.9 | resolved crystal structure of
conserved water oxidation catalyst is a Ca®ycluster best described as a Calln

Ahet erocubaMre of dva'™.ds resotdndlecular tetrametallic clusters are
increasingly reported as water oxidation catalidt#\mong these, the G0, cubane
structure has been found highly active among retale molecular catalystd ') It

also serves as a simplified model for several heterogeneous metal oxide catalysts that
contain cubical CsD, and MnO. subunits, respectiveély’; notably the spinels GO,*”

a n dMnd,"®, cubic LicoQ" and studies which conjecture that cubic structures may

form in the amorphous GBi catalyst® 22
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A particularly clear example of the benefit of the cubical topology for catalysis is seen
among the two polymorphs of LiCe@hich differ by 100 fold in catalytic activity.

Layered LiCoQ is made up of alternating layesgcobalt oxide comprised of

Ai ncompl et £,replicasaanddithiunCoxide layers. This material is
catalytically inactiv€®. By contrast, active cubic LiCa@s comprised of Cf), cubes
stitched together by lithium ions at the corner oxos. This research inspired us to analyse
clusters resembling fractions of the Og cubane to determine the required Co nuclearity

and other properties needed for catalysis.

In this work we examine the influence of cluster nuclearity and ligand type on the
kinetics of water oxidation among the six cobalt clusters depicted in S¢hénTdese
compounds represent the gradual building of th®Mubical core of interestithin the
same ligand set@cetate and either pyridine or bipyridine). These clusters include two
cubanes: C@4(OAC)4(py)s (1A) and [CaO4(bpyu(OAC)k]* (1B) , t weu bfamaelof
dimers [Co(OH)x(OAC)s(py)s]* (2A) and [Ca(OH)(OAC)s(bpy)]” (2B), and two

Ai ncompl et e ¢ uM@HLOAC)KPY)]F (BR)arsl [ Co
[CosO(OH)(OAC),(bpy)]?* (3B). Table2.1 lists the CeCo, CeO and estimated ©

bond distances for each thiese materials based on previous single crystalyX
diffraction studie€®2°. All bond lengths are remarkably conserved throughout these
clusters, indicating no major structural cgas apart from nuclearity per cluster. We
report that there is a clear correlation between cluster nuclearity, ligand lability and
catalytic activity among these materials. Specifically, both cuhbAesd1B are active
catalysts for oxygen evolution,ftéiring in specific rates according to the number of

labile carboxylate ligands. By contrast, the lower nuclearity clusters are inactive catalysts.
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Trimer 3A and dimer2A possessing pyridine ligands undergo ligand dissociation that
triggers rearrangemerd tobaltoxo oligomers that are active catalysts. These results
have significant implications towards understanding the molecular basis by which other

reported cobalt complexes may oxidizater.
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Cluster O-0 distance Range of CeO Range of CeCo Distances
distances, A
1A 2.56 1.8601.872 2.6962.824
1B n/a 1.8631.895 2.6632.850
2A 2.50 1.8851.893 2.811
2B 2.56 1.8831.901 2.793
3A 2.49 1.8621.906 2.78062.791
3B 2.65 1.8861.919 2.7172.874
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2.3 Experimental

Methods and Instruments. All solvents and reagents were reagent grade,hpgex
commercially and used without further purification. W& spectra were recorded on a

HP 8452A Diode Array spectrophotometer. B8% data were recorded on a Finnigan
LCQ-DUO Mass Spectrometer. NMR data were recorded with a 400 MHz Varian
VNMR; specta in DO where indicated are referenced to an internal TMS standard.
Cyclic voltammetry was collected on a CH Instruments Electrochemical Workstation
using a Pt disc working electrode, Pt mesh counter electrode, Ag/AgCI reference, and a

100 mV/s scan rate.

Co404(py)4a(OAC)s, 1A. Synthesis and characterizatiolmave been previously

describef®24,

C0404(bpy)4(OAC)x(ClIO4),, 1B. Synthesis was adapted fromef?® by reacting
[Cox(OH),(OAC)s(bpy)]ClO,4 (0.16 g) with LO, (0.046 g) in DMSO (15 mL) for 3 days

at 70°C. After filtering, CHG (50 mL) was added to the filtrate and a brown solid was
collected afer >24 h of refrigeration. As prepared, we regularly observed sideproduct
LiOAc and residual DMSO byH NMR. A pure product is obtained, with slight loss of
yield, by rigorous washing with water. EBIS: 521 ((B*"), 463, 436, 367, 273H-NMR
(DMSO): 8.8(d, 8H), 8.4 (d, 8H), 8.2 (t, 8H), 7.2 (t, 8H), 0.8 (s, 6H).-Wlé: 420 (br),

see ref’). Ey»(CHsCN)= 0.69 V vs. FiFc, see rét®.

[Coo(OH),(OAC)3(py)4]PFs, 2A and[Cos0(OH),(OAC)s(py)s](PFs)2,  3A. Synthesis
was taken fronref®® by adding 35% peracetic acid (7.4ml) dropwiseCQo(OAC)

(6.09), pyridine (4.2ml), and glacial acetic acid (10mIH,O (90ml). The mixture was



47

then heated to reflux for ten minutedter which the heat was removed, and.RR

(2.69) in HO (20ml) was added. The solution was then cooled to room temperature and
chilled in an ice bath. A solid was collected by filtration and washed wfh Kddition

of methylene chloride (50ml) diss@s 2A and leaves behind soli8A. Layering the
dichloromethane layer with pentane (100 mL) overnight ca@ge$o crash out. Our

characterization matches the original data provided i'ref

2A:'"H-NMR(CD,CN) U= 8.3 (d, 8H), 8.05 (t, 4H),

2.05 (s, 6H). ESMS: 645 RA"), 566 RA*-py), 505 RA*-py-OAC), 426, 388, 348.

3A:'H-NMR (CDsCN) &= 8.85 (d, 2H) 8.4 (d, 4H),
7.5 (t, 4H), 7.1 (t, 4H) 5.5 (s, 2H), 2.55 (s, 3H), 2(&56H). As discussed in réf’, ESH

MS for this cluster does not give interpretable signals.

Co,(OH)2(OAC)s(bpy)x(CIO4),  2B. Synthesis was adapted fronef*® by adding

H,O, (2.6mL, 35%)dropwise to Co(OAg) (2.5g) and bipyridine (1.5g) in 20mL
H,0/60mL methanol. The mixture was then heated to 50°C for 30 minutes after which
THF (80ml) and LiCIQ(1.06g in 5ml HO) were addd. The solution was heated at 50°C
for 48 hours, cooled and finally filtered. The resulting selas then washed with warm
THF/H,O (4:1) and dried at 100°C for 1 hour. B8S: 641 @B"), 581 @B-OAc), 521
(2B-20Ac).'H-NMR (DMSO):ti =9 . 7 ( d, 4H), BLS (1, 4H3, 8.8 (t, 4HJ, 7.5 (s,
2H), 1.5 (s, 6H), 1.4 (s, 3H).

Cos0(OH)3(0OAC)(bpy)s(Cl0J), 3B. Synthesis was adapted fraef>® by addingH,0,

(6 mL, 35%) dropwise to a mixture of Co(OA¢}1L.3g), bipyridine (0.5g) in 100 mL of

6:1 EtOH/HO. LIiCIO4 (1.2g) was then addedAfter 4 hours of stirring at room
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temperature, a solidvas collected by filtration. The product was then washed with
ethanol andwater and drig at 100°C for 2 hours. ESNS: 928 @BBCIO;"), 868
(3BCIO,"-OAcC), 415 BB?"), several peaks @B were visibleH-NMR (CDsCN): 1.4 (s,

3H), 1.3 (s, 3H).
Clark Electrode Procedure

A Clark type oxygen electrode (Hansatek Ltd) was used to obtain oxygen evolution data,
and calibrated daily using deoxygenated and oxygen saturated atmospheric solutions. The
temperatue is controlled at 20°C for all experiments. The assay is loaded into a 2 mL
temperature controlled Tefldmed reaction chamber aiitbminated with four LED

lamps.For tests ofLA and1B, photooxidation experiments consist of 1 mM Ru(kfY)

and 5 mM NpS;0gin 0.05 M sodium borate buffer adjusted to pH 8 with 2 M HNO

For our tests 02A, 2B, 3A,and3B, we utilized the conditions as described in
referenc€® . The presence of a lagtime beforeeDolution is highly indicative of
decomposition under these conditions, most notably the choice of pH 7.

Crystal structure G® distances and-Qo-O andes for2A and3A were taken from
referenc& ; 2B and3B from referenc&®. Structures are assumed to be planar. The
diagram below extends to the trimers by using th®|as one oxo, and one of the @H
as the othefThe law of cosines enables calculation of th® @istance based on the

equationZ’=x*+y*i2xy c.os ( &)

COX (i?z\Co
N4

O
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2.4Results

There are several reports of homogeneous water oxidatibA,hysing the widely
adopted photoassay depicted in Scheré® *®. In light of these report4,B became an
interesting candidate to study because th€g'core structure is conserved, but the
nature of the coordinating ligands is different. The clusters alter difchargelA is
neutral as isolated, whilEB is dicationic. To our knowledgé&B has not been studied for

water oxidation catalysis.

We prelfBas eal perchlorate salt [@&lcCompogi tioot
structure and purHNMR,waESl egtcabici ¥ylméd abmmnet
UWVi s ( RL-ddu)r.esbsgawe t heyerveod wlttiiomdl fddnadc e s wh
l1Bare used as catalysts2WitpHt&he @h®F odslsary
1 mM?'Ru5 mM persul fawayg mardi tdo rstesydplay yedaeQ@Ctl raa
The amoaudrett eccft eQ exceededi Baheabkygenceont an
measured, indicating that i1its generation i
decomposition. This conclusi opprioducautritchreri r

the control | acki2bg either cubane (Figure
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H,O and DMSO solvent signals

10 9 8 7 6 5 a 3 2 1 0

Fi g2t 8H-NMR char act e 5O zOaACib @)y X dl fE

compl ete spectrum (above), anc
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i Il uminati ofn. extnrteepacledpidesdr @ d m)B(s@nfabnrg e ) al |l
guantificatiLowenfr  Paplgti &imepHHf8 buffers. Co

OM catal yst %1 5mpfROS(BbSpbyu)f f8er, pH
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When consi dering cobaatletr boaxsiedda th oconmo gceanteaol uyss t
required to ensure that the nascent mol ec

cobalt oxide nanoparticlesvatl@Plorshaol e so

been shown to be stable in tiHdephotoazs pay
t haBwolud be stable as well . 'HNMRpbBave ntehi s,
(Fi @ab @t t om t r a’deend MNauGhbcpyO)mi ddl e trace), &

photoassay afteevadlOutmiomutfersomnofO.®Q@ Mt dopor a't
trace).hdthealflacpedks present after £hatalys
odB and not free ldAicettahe,sacowmnded odfatd otag | yta
than a decompdMSeadal specioas.i rBEBInt soel ptevanadé
mi nutes of cayWhegsi bo(&igubaffer 'S remowve
conditions i nlAiodBdkemolnstmaitieeMRaalay yiss$ s
t hismacstolvuet i on neveeh&dnt hdtAn ccrpb aanreee(®d bser v
after as |little as 5 minutes of ilAwmi nat.i
1B s greatly suppressed in borate. This rec
carbonat e) for cubane catal ytic agaiinsitty
photodecomposition. Mechanistically, t his
may proceeddewiesndantbapat hway, invol ving e

intermedi ate or hydroxide. transfer from bo
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and NaOAc. Bl ue: cont ejOf O, o HHplh w@ iomBisrgy i r

bor at d0nianfutteers of <catalysis.
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To test this 1 demenwkename ecsft i gaatt aeldy ttihce rdeet e
Remar kabl vy, addi tion oif n vbeoresked €1 o(np Hb e8t)we e m
concentratewval vatnidonO 28t e WhHFI gurtehi s trend
counterintuitiv-eéyeeweadntoitoen st hnaus tb ubfef eprr es e n't
catal yst i nteractions, and that borate i ¢
Ru( )Py a -ofridresrt kinetics (further, the rate
compare to ogwobbmsoawmendesO suggesting an
ti mescal el*8lsewer tbhkdrowpr oof of this buffer i
provided?25 n whighr @hewsbohate is replaced

phosphate (a fastedfl3fleaothpamet ieffoRufbpgpd i

observed. Our resoussraegoeée wnthlRhnaopsevvec
yield as borate i d' elphuasc,e dwhwiilten bpuhfofseprh ait
evolution and cubane stability against pho

order dependence on buffer codgenteattooni

the-teelmi nati ng nature of the photoassay.
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I n |l i ght of recent reports regarding t he
homogeneous cobalt water oxidation catalys
reaction conditi®h® Rer desamplbe,d threetlifet
can be extended to complete consumption o
acetowaterd | sol Véha dnirxecutrley compoeerveol tulié oki
frdmManidBve ultimately chose notr attoe gpyu rbseucea ut
the potential for l1B8me aeclegcotnriam idxi dalt.i0Od®n Vo
to thatFioffd) e héwmocvel d receive a thermodynan
other hand, the reductl bmdp &1 Bmotuipd less ri exp awa
at pH > 4 are iddnt:*tYas, (Vh2beVagseoBHEphc
|l ast to complete pevwallyf stod veoanhsumptuisemd, iw
accurate comparison without significant th
chose not to measwrre ctaniteal oyt 9 eet wmd lefamtdixa ld at
1Bria electrochemical met hods, as we are ¢
resulting data to solely the intagftilchaiste
formed on thasswywrtacboofelgectrodes as a r

cubanes at high potentials on !§1a8wiysicnagr b

cauti on i f considering studying homogeneao
el ectrochemical met hods. Whil e we normally
catalysts (see below), tnhi sk i mweftfi erAarseasiull & &

previoustd! Tepertiest due to poor photsmdsushdyl
component s i n cond®erstpri dtee dt hkei ccahrabnogneat ien |

bet welamdBt he,O&Loor e remains a catalytically
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dependent mechabMsndB rFeuegpitheest c o

the context of the following kinetic an

can be <28damBevionl yeifs@r et he | ag phddfe at e

er the same time scal e. For bot h mater i

nut es, as
rmi nating

nsider t h

teadwhdebr emmse is observed,; t h
dye system utilized. To begin

e | ag pha8§ fionrsedtot,h dnuartienrgi aw hsi

|l umi nat,dd bwtolvedO The | ag time 1is dete

near extr

ticeabl e

8 ss ewiotnhd

chani sm t

ansfer ho

apolated fit with the baseline.
di f fer enlchea nBBlthwee d m gt td measg dteicme
incrédhstongcéRu(ZOpiydconEi guent
hat attributes the |l ag to the t

|l es into the cubane catal yst.
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From the sl ope of the initibaltheniemaint ipal ti
evol ut/iso)n i(sO obtfaitnreals e Ar ptl s (@©Omol / s) vs.
( Omol ) gi ves abodcthubaangehst 2 (I0Hingea pfeor i ndi catir
observed cabadgsi d AambhtioBf hABbve <catal yst cCo
depict ed21ipn tpFeaglurtei on rate was observed to
cubane. Il n thisd#felgi@mnal ytshte] [rRat(ibopyi)s | es
interpretraprbeenganomwedef psaddoi bnsest Hen
region PhOeFRilgewrtes a correlation of rate wi

kinetic representBtion for our data is eqgn

Yo NODO OBEE DQQ D E60

= QOO0 Oa di o (1)

The sl ope of 2hGslihes 1 eakEpgeawoda ef icrosntst a
each cubane. We ob1ainnd vOa |lOulds8 nooflu NnOF.00s3 0o ff onme
( mol c atlaHoyvsetv e*r-j 8 jt chrec eypt s Ciar0e Q EdsAlz.e0r 000 7(

Omoli/msp)l ying the pordemcpabliway.zeAotdhescrib
order contribution is a tst athiestoivcearlalyl sriagtn
First, err ori natnearlcyespitss ogiD OtelBed DYy 00DHW EConf i C
0.00020D.®012; these rangeselian@ptcawet @i moa
error. Second, a | owr/2dl @g velsotstofaighe damnas
0.599AMod 0.18B8 Tfthdars fractional order also ir

pat hways.
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Third, we obtain t he turnover fregq
ecule (TOF), by normalizing the r aléds to t
bottom). Accurate fiint st hoef rtehseu Idtaitnag (pslodtisd a

a significant effect of the nonzero interc

TOF~= Rdthe/g 0. 03QA+ 0.001@2)/ [

TOFs= RdtBe/s[ 0. 018B+ 0. 0003/ |

| f the nonzer oomirtterdg e ptth et efrimt iasfr de ol &lay e
constant (dot2tleéd bloitrmegn) HKisguproeor . -OMed ecron c |
pat hway exists in this system whriocdhucits onc
( Fi @6,recontr olestcrrd dee)d. nfesxtd this pathway i
of a multistep mechanism derived from the

photoassay medi um.

As shown iin3,eqamtiower e relation between
prominentllow a&atal yst concentrations. Thi s
catal yst mol ecul es compete with each othe
prodwcel ©® | ight of a previous report whi
contribdtebAoweomxsuspected this ,eviodant omo
The sulfate Fadishel esciHedmeBuEemmphled by p:
(Scheme. THeSO3@duction potentli*t®lsiigniZ.id aw
stronger $£hamRuBHARPRY) V vs. SHEXe A aheotfh

reducti on Jproetaednitliyalo,x i’HOAz esn et ety &Y i Tovo
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experiments JLviewr i figc eshsaaroyySt o mnO First, ad:¢
(>500 eqs ChPuw( bspoyl )& Kiacinlse doft o ,prasdsumenahygr ©

Clark el ectrode.

Second, a series of phot oas;svays aidmedhipech o
il lumination and compared to a comrRtldol Wi |
addiafi oMmagCdvCe a reproducible trace indistin
NaCjJ Oin contrast, NaCl drasticaeéVv gl udteicorne.a
Chl oride oxidation i s J erlmo3déy nvaymitcoalH ayv & o
anmateri al in the photoassay other than th
part of the readtandBmechxindismed bloy ht he su

|l east one of the four oxidation steps.
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The kinetic results further I mply a mecha
zer-ot dther C Qquasntdaga@r € ®ot h nonzer o, however

bet ween the two values wusing their $95% co
exaa@at Ithwool d decrease i n tohadeobgartwdd®@& gnsd wdd

1A.

This data stronglliymiitmpng est ee®MAd c tau mrelaitaey 8
because the number of theseTlkiontrrdagmblde D Nnwis:
numerous | iterature reports of | albBhhe acet
been demonst r @%hd <hyarst heteinc aplrlew i odgdny ut il

function&d?l 2ed i gihltiscd r ontl A2 PRnE 28%H e toma tb,o

upon single electron oxidati on, t hgds hol e i
cor e, residually to the pyridinedtha,pyal slo
confirming varying electronic interactions
'HNMR data indicate no observable exchange

of catalyst turnover. To oudylkngowdepgexcthar

either cubane.

Because a base is required for catalysis,
or hydroxide to a catrrbaoxsyfleart estseapg)e i(s . par
mechani sm. When chatpl edotepedieceproxifditze t
t hat t-thri asn sd »x o step may occur before or
observations thus account for the presenc
which most cat al ysterntoaienc uil retse rpmeodci eaetde s\) i ac

which a small amount of catalyst mol ecul es
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One observation which may wunify these vie
radicals (produced fromftahe qadncli)ngarsr eva ¢

the addi tli“olnahi © xwidlantbe el aborated in dis

To test whether bi nucl ear Ahalf cubaneo an
botkWandBoul d Bmaatysasschor water oxidation, \
di mer6 O )OC Py IHFEA, an(dOL)CARCDHpRY)GI 208, and

two tri:ine@BPOAERY [HEBA, and OFKQDAL D gly()G@E O
BB. Synthesis mpascabwnrdast etd®m’lame lail 8 e rcd tu

wer e char HeNMR iaznettiS EbSyl

Figure2.12 compares representative évolution profiles for these clusters as measured
by Clark electrode (conditions: OM bicarbonate buffer at pH 7, 0.5 mM Ru(bgy) 20

mM S,05% in 90/10 HO/MeCN) compared to a blank photoassay (no cobalt). The results
are ligand dependent. Both pyridine speci24, (3A) exhibit & uptake followed by
recovery and finally catalytic £ewolution after a delay. Both other sampl&B(3B) and

the control are not only catalytically inactive, but also indicate the presence of a reaction
that consumes £below the baseline. Given the almost identical structur@é\and2B,

we sought to recale this dataNext we present several lines of evidence showing that
the pyridyl complexe2A and 3A actually decompose to a different product which does
catalyse water oxidation. By contrast, the more stable coordination of bipyridine to both

2B and3B prevents photodecomposition and neither complex is active catalytically.
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observati @man3hrb a k e pforpd n®xsecsl uti on under
ng the long | a;pwvlmdsid i bef orn pgrr afoitdlddrsatsa fc
indi cates anot h2 A nRda ctthieo nl (asg) toicnteusr s(.t
mi picmmme®t rati on) were in excess of 3
t e, which compar €A CoOctalteal lgpa g i Hipmhée $ C &
"ti®dhe observed lag times thus 2Auggest

are the s ogpevcoel utfi oonb.ser ved O

her evidence 2fAam8 Avwacso mpbtsaitmeoc Y mon

oassay SHNMRt iiom s 9ON/CEBN D( Fi2d Bt e Before
mi nation all peaks can Hle Howeégeard 4fot
tes of il lumination, ada@iAta3cdamrad Peark si I

pyridine sandl haecet anteewv rpeegaikosn do not corr

aling the presence of new mol ecul ar sp
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El ectrochemical oxi dation all owed definit
decomposition prodaAt3(As )i nr aaghreere nehnatn winttha ct
phosagsstudies. Cycl2Aan3dMInt dHmrhe tMr, y pHCV). 50 fb
buffe®d/  O0 MECN) on glassy carbon shows no

relative to a blank CV of pure electroly

compoulndoBatvolts vs. Ag/ AgCl, (simifI'a® to
coupl e), and performed cyclicwivtiohtammet i g
separ at e e€llhecst reondseur es t hat any chaB8édes in

anidAvere not simply due to the formation of
CV trazMsakem after 0O (red), 3 (blue), 6
electrolysis show the gradual appearance o0
an active homogeneous 021 %s usAp exnidmidl asrp eaxch &
observed f 03 A(go0lqdthieonsAtotfempts to isol ate
catalytically active -Bipsecafest werel aantsruclcyes
tt me showed di2®amiprabsanbaenoé features, but
new f e%NMRe so f the resulting solution ind
mol ecul ar SEER ewhi(d&Eh gweee not character.i
incat & Adm8Aare inactive as catalysts and i

rearrange into active species.
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77

By contraseyotestenofr ©Ome QiBesdB py R4 R g |

show | ow | evydlr ompttehkee pdhfot@assay solution
i Il umi natugpn.ak®hiiss G mal | (< 5 %) compared
produced by an equi valam2tA BEm@bne Wef teistthedr
in some detail and fowmtda kteh accoux d5 W% a@ft tt

photoassay ma2ldanafh B8( Fi gur es
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The stark differences betwe2A and3A, which decompose to form active materials,
versus2B and3B which shows no @evolution, prompted us to investigate the role of

the bipyridine ligand in suppressing catalyticg®olution. Bpy has been previously

noted to poison amorphous Co®hich may formin situ, and can serve as a ligand to
determine the origin of catalytic activity.Titration of bipyridine into the photoassay
medium containing the pyridyl compl@A (Figure2.19) significantly increases the lag
time preceding net £evolution from 30 seconds (0 equivalents bpy), to 90 seconds
(.0625 equivalents, yellow), to 110 seconds (0.125 equivalents, red). When excess bpy
(>5 equivalents) is added no neit &Yolution is observed up to 5 minutes of illumination,
and the Qprofiles largely resemble those 2B and3B (Figure2.20). On the othehand,
titration of free bpy int@B or 3B showed no further changes (Fig@:21), indicating

that free bpy alone is not responsible foruptake. Thus, we propose that the weak O
consumption exhibited b3B/3B,and2A/3A in the presence of bpy, is castent with
irreversible oxidation of bpy chelated to cobalt, possibly by attack of an oxo/hydroxo
ligand on the bpy. Further, bpy chelation to these precursor complexes slows or prevents

them from forming the active Cq@ecomposition product.
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2.5Discussion

We have shown that in neutral and near neutral pH conditions, two fully assembled
cubane motifs1A and1B, are intrinsically active catalysts for water oxidation, and that
their relative rates scale precisely with the numbéalzife carboxylate sites. By contrast,
molecular cobatbxo clusters of lower nuclearithalf cubane dimers and incomplete
cubane trimersare catalytically inactive, even though both dimers and trimers have
bridging oxos and labile carboxylate sites veheerminal water molecules may exchange.
Comparing the activity of the compounds tested in this study to the structural parameters
listed in Table2.1 reveals that the@, CoO, and CeCo bond distances are largely
conserved across all clusters testduusl no major changes in bond distances are
responsible for the sudden appearance,gir@duction as Co nuclearity increases to four
in both these series. We conclude that a-Blactron oxidation pathway is not accessible
in these dimers and trimers,cathat the CgO, cubane topology provides the necessary

pathway for activation and-O bond formation.

Our report of inactivity from organoobalt clusters with nuclearity less than 4 stands in
contrast to reports of catalytic activity from several org@ogO, dimers*? and Co
monomer$® 4931%% The proposed mechanisms for these materials from their original

literature are presented in Schethg.
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Sche2ieer oposed mechani sms of wat P ™aritldatic
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To our knowledge, a nucleophilic attack mechanism of water or hydroxide is proposed

for all the catalytic monoméfd*31  Since these studies are p
depict hydroxide as the attacking substrate (ScHzieop) for simplicity. The

oxidation state of the catalyst that is immediate precursor@bOnd formation is

uncertain, and different claims haveebhemade. For example, Berlinguette et al. and

Sartorel et al. postulate €eOH and C8'=0, respectively, in their systeltrs’” 3! these

areboth formally 1eabove a C8-OH moiety. On the other hand, Nocera et. al. and

Groves et. al. propose 2&bove C3™-OH in their systems; their catalysts are abbreviated

& LCo**-OH, where the second hole is ligacentereff®*?. The reasons for these

differences are not known, but may reflect their different coordination environments. It
becomes apparent upon increasing cobalt nuclearity that multiple metals may contribute

to the QO bond formation step, as opposed to tailoring the electronic environment

around a single, active metal center. This is evidenced in the proposed mechanism for the
known dimer catalysts (Scheme2middle). [Co(L)b(1-bpp)(1+1,2-0,)%* (L=

terpyridine or Is-N(methytimidazoyl)pyridine, bpp=bispyridylpyrazolate) each contain

a bound peroxo, G6-0-O-Co*", when isolateld’. We label this structuréin Scheme

2.2. During catalytic turnover, the proposed reduced intermedligteonsists of two

terminal C3*-OH groups. The first two oxidations generate twé’@@® i n whi ch ¢t h
unpaired electron occupiesandnindi ng 2p° or bital on oxyger
configuration is formally equivalent to €&0O, in which an electron is promoted from a
filled 3d" orbital on Co to fill the °~ Dbon
double bond. An unpaired eleatrexists in the (3d§§5 orbitals on Co, formally denoted

Co*". For simplicity, we retain the oxo radical notation here). Unlike the nucleophilic
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attack mechanism, the peroxo bond is formed via coupling of the tile@® gr oup s .
This mechanism has beenspalated to occur for the @0, cubane with an energy

barrier of 2.3 kcal/mol based on DFT calculatith§Scheme2.2, bottom). We note that

this crosscoupling mechanism indirectly implies that a singlé'@@6 ( equi vocal | y
Co"*=0) is insufficient to oxidize war via a nucleophilic attack mechanism. This is
substantiated by several &@OR alkylperoxide systems, in which the’6® &

generated by homolytic bond cleavage is a weaker oxidant of hydrocarbons than the

counterpd@t oOR

Applying these parameters to our system, we note that all intramolec@aradd

distances are conservatively estimated to be ca,2a5ull angstrom longer than peroxo
bonds (Table.1). For this reason, intramolecular coupling betwiegaging O-O is
unfavorable iranyof our compounds (active and inactive). An alternate possibility for
intramoleculaterminal O-O coupling can berwisioned (as in Schen&2, bottom).
However, this requireull dissociation of a (bidentate) acetate, and must occur over Co
Co distances in the range of ca.-2.8 A (Table 1). A recent study reports only a small
contraction (0.03 A) of some @oo digances fromlA to 1A*, indicating this CeCo

distance remains relatively long upon hole injedtthnCombined with the lack of free
acetate detection in solution, tiedmes of evidence suggest that the catalytic mechanism
for 1A and1Bis not crosscoupling of two C6-06 moi et i es. From t hi s
intramolecular GO bond distance is the primary structural feature needed for water

oxidation by cobaltlimers

We propose that efficient hol e delocali za

equi valents on cobalt, is theO,debanengThrse
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emphasilzfiesh fa@eetonitrile, wher e amme neilceacltlryo n
from the core at ca. 0.7 V4i8BLI1 AQYWAQgGCIl n c
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Figuez2 CV of pymaiteirnel s i n 0. 1M tetr
perchl or &Ltlau/sMeCN.cohAle.nt5AMI ohGGEAML . M.

Wor king electrode: platinum; counter el ect |























































































































































































































































































































































































