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Abstract

Water oxidation can be considered as the
where water is split into constituent molecular hydrogen and oxygen. Hydrogen is a very
efficient energy source that is both clean and sustainable. The byproduct of hydrogen combustion
is water, which in turn can be reused as the source for hydrogen generation. Nataral
splitting is observed during photosynthesis in the oxygesiving complex of photosystem I,
which consists of a CaM@. cubane core. Herein, we repartsilico approaches to understand
bottom up catalytic design of model transition metal oxidepmlexes for water splittingVe
have employed density functional theory to investigate model liff@edarchitectures of cobalt
and manganese oxide dimévir(2(e-O H ) -O)H20)3(OH)s, Mn2( ®H)(H20)4(OH)s, Mn2( €
OH)2(H20)2(OH)2(O(CH)0)2, Coz( ®H)(H20)4(OH)s) and cubane (G®(H20)s(OH)a,
Mn4O4(H20)x(OH)y x = 4-8, y = 8-4) complexes.

The thermodynamically lowest energy pathway on d¢bbalt dimer catalyst proceeds
through a nucleophilic attack of a solvent water molecule @@(V)-O radical moietywhereas
the pathway on theubane catalyst involves a geminal coupling@fo(V)-O radical oxagroup
with bridging oxo sitesThelowest energy pathway for the fully saturated- & 820 (Mny(s-

O H) -Q)¢H20)3(0OH)s) and Mn2OsA 20 (Mn2( €OH)(H20)4(OH)s) complexesoccur through

a nucleophilic attack of a solvent water molecule to Mn(IvV¥&x@ Mn(V)O oxo moietes
respectively Out of all the oxidation state configurations studied for the manganésane, we
observed that MV IV IV 1V), Mn 4(lll IV IV IV), and Mng4(lll 1l IV V) configurations are
thermodynamically viable for water oxidation. All three of these reaction pathways proceed via
nucleophilic attack ofsolvent water molecule to the mganese oxo species. The highest

thermodynamic energy step in manganese dimer and cubane complexes corresponds to the



formation of the manganese oxo species, which is a significant feature that reoccurred in all these
reaction pathways. We have also emptbyaultireference and multiconfigurationalculations

to investigate theMnz( €©H)(H20)2(OH)2(O(CH)XO). system. The presence of Mn(I\JO
radical moieties has been observed in this catalytic pathWagse simplest models of cobalt

and manganese with watéerived ligands are essential to understand microscopic properties

that can be used as descriptors in designing future catalysts.
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Chapterl-l nt roducti on

Fossil fuels ee the main source of energy in the present day and they are used in every
aspect of our daily life including generation of electricity, industrial processes, transportation,
cooking, etc. These natural resources are depleting exponentially due to exasssiBurning
of fossil fuels is also harmful to nature as the byproducts like carbon monoxide, carbon dioxide,
sulfur dioxides, nitrous oxides, etc. can act as greenhouse gases, which in turn cause global
warming. Burning of fossil fuels also causes ottievironmental problems like ozone depletion,
acid rain, air pollution, climate change, oil spills, etc. Thus, it is essential to research alternative
ways to generate energy that are renewable, sustainable and cleaner. Over the past few decades,
investicpt i on i nto finding the best alternative en

Out of many proposed alternative energy sources, hydrogen is the most researched as it
has the highest mass specific energy content (nearly 3 times that of gdsalide)ompared to
the present carbon based fossil fuels it is environmentally friendly edéwe combustion
products are free from carbon monoxide and carbon diokiggrogen can be stored directly in
molecular form or byudrther reversible conversiontesuitable carrier molecules. The stored
molecular energy cathen be used for combusti@r more efficiently in hydrogen fuel cells.

Efficient hydrogen generation and safe, accessible hydrogen storage are among the main
problems associated with a hydrogen fuel source. Between these two problems, finding clean and
efficient ways for hydrogen geration is a top priority. When there are complicated problems to
solve, human beings often look at and learn from the nature.

Natureds solutions to complicated probl en
selective, and efficient. Nature uses sunl@hthe energy source to solve its energy requirement

through photosynthesis. Photosynthesis converts carbon dioxide and water to carbohydrates



using sunlight. This process takes place on functional and structural units of protein complexes
called photosysims, which are found in thylakoid membranes of green plants, algae, and
cyanobacteria. In the oxygeavolving complex (OEC) of photosystem Il (PSll), water is
oxidized into molecular oxygen, protons, and electrons. The active complex of OEC consists of a

CaMnyO4 cubane (cubic shaped) corBigurel.l).

Figure 1.1 Active complex othe OEC of PSII, a CaMiD4cubane complex with a dangling
manganese atam

The artificial wate splitting concept originated based on this natural water splitting
blueprint. This blueprint has led researchers to investigate commercially viable biomimetic water
splitting catalysts that can eventually split water and generate hydrogen. Artifiogal spétting
to generate hydrogen and reduction of carbon dioxide to form methanol are two widely discussed
fuel-forming reactions. Converting energy to chemical energy viaftusling reactions are

useful ways of storing energy. Since methanol also ocontzarbon, which generates carbon



dioxide after combustion, artificial water splitting to produce hydrogen is a very important albeit
challenging process.

To deploy hydrogen generatiomn thelarge scale, electrolysis is the best candidate
processlt is clean and efficient if the electricity necessary for the electrolysis is generated from
solar, wind, waves, or other renewable sources. Photoelectrolysis is a good candidate process but
industrial implementation is challenging, as we need to enhance wagpture the sunlight.
Current low temperature water electrolysis processes are onlyy&06 energy efficientThe
cost analysis from United Stat€Souncil for Automotive Researtibepartment of Energy
(USCAR/DOE) suggestthat overall system efficienchas to be higher than ®4 in order to
meet the DOE cost goalsThe mainsource of energy inefficiency in this water electrolysis cell
is the oxygen generating electrode whanexcess electrode patial (ovepotential) of >450
mV is required foruseful rates of water oxidation. For this regstirere have been many
research effortever the past few years in orderdevelop efficient electrocatalyst€urrently,
industrial water oxidation is carried out with electrolysis using precious metals like Pt as
electrodes. Other metal oxides like®Rand Ir'* 8 oxides are reported as efficient electrocatalysts
but commercial applications of these catalysts are limited due to their higher costs. Thus, earth
abundant inexpesive transition metals are desirable as electrocatalysts.

For optimum efficiency.electrocatalysts should be active, dural@ed minimize the
requiredovermpotential. A commercialcatalyst should contaia minimum ofor no rare or noble
metals. Finally electrocatalyst should possess a high surface to bulk ratio to minimize the
current densities and the amount of metal deployednust exhibit sufficient electroc

conductivity to minimize omic losses.



In this thesis, we investigate two of the most owonly used transition metal oxides:
cobalt and manganese oxide&pecific systems studied include dimer complexes with two
manganese or cobalt atomdri( €H)2(H20)4(OH)s,° Mn2(e-O H ) -QO)§H20)3(0OH)s,° Mnz( €
OH)2(H20)2(OH)2(O(CH)X%0)2,1°  Cop( ®OH)2(H20)4(OH))'* and cubane  complexes
(C0s04(H20)8(OH)4,1t MN404(H20)(OH)y x = 4-8, y = 8-4) to explore the electronic structure,
properties, and mechanism of water oxidation. A brief literature review of bdihltcand

manganese oxides are discussed below.
1.1 Manganese Oxides

Manganese o0Xxi de -0x®mpahydiaxeesgroupsiate mamoag the most
theoretically and experimentally investigated transition metal oxide catalysts. This is primarily
due to the presee of manganese oxides in the OEC as well as the abundands {Mn1@'
most abudant element in the earth crust) and efficiency of these systems. Mn also has a low
toxicity compared to Co and Ni. Understanding the electronic structure, properties, and
mechanism of the water oxidation process in the active core of the OEC and related systems is an
essential part of designing and developing a commercially viable water splitting catalyst as this
artificial water splitting is a clean and sustainable waprmduce hydrogen. Consequently, a
very large number of experimental and theoretical studies have been devathiet@ thidor
the OEC, models othe OEC, other biomimetic complexes, etc. Howevether than some of the
ruthenium catalysts the catalystsveloped so far are a couple of orders of magnitude slower
than the natural systefriThe activityof the manganese cubane complex and how it achieves
such efficiency and stability is still not fully understood. The presence of this remarkable cubane
core geometry is found in other water splitting catalysts as wellNiec er a 6 s?amdat al y s

other cobalt catalysts reported lgAlpin etal.,** McCool etal.,'* andEvangelistiet al.*®) Most



of the manganese catalysts reported are stabilized with organic ligands, and there are only few
experimental or theoreticadtudies reported with liganidee or with watederived ligand
architectures of manganese complexes.
1.1.1Manganese Oxide Dimer ©@mplexes

Manganese dimer complexes wjihoxo and p-hydroxo ligands have been investigated
as water oxidation catalysts since tH#8Qs. Herein, we repod few selected turning points
associated with these manganese dimer catafystee of thesenanganese complexes for water
oxidation have beereviewed thoroughly by Mullin& Liu,® Yagi,!” Mukhopadhyay® and Wu
et all®

Ashmawy and coworket$reported water oxidation by a manganese dimer complex in
1985. They synthesized a[{Mn(salpd)(H:0)}2][ClO4]> [salpd = propané&3-
diylbis(salicylideneiminate)] @nplex that evolves oxygen when irradiated in the presence of a
p-benzoquinoneThe oxygen evolution is dependent on the concentration of these Mn(lll)
complexes and the pH of the reaction and is independent of the solvent. In 1994, Wagkinson
al.?! reported a manganese dimer complex that also splits water upon irradiation with visible
light in the presence gf-benzoquinone. This complex was considered to be not as active as the
complex reported by Asnawyet al. Limburg et al?? reported a functional model ofaoxo
bridged manganese dimer ¢gbltepy)Mn(OxMn(terpy)OH](NO3)3) complex. This complex
catalyzes the conversion of sodium hypochlorite to molecular oxyg@risotopic experiments
revealed that the source of the oxygen atoms in the generated molecular oxygen is water.
Collomb and coworkefd also reported this complex independently at the same bim@ne of
the early studies, a four electron water oxidation reaction catalyst

(IMn2(mcbpen)(H20)2](Cl04)2) (mcbpen =  N-methykN é&arboxymethylN , ié(2-



pyridylmethyl)ethanel,2-diamine)synthesized byoulseret al?* has beemeported to generate
oxygenin the presence of a teoutylhydrogenperoxide as an oxidaRbrmation of a Mn(V)=0
species during @ bridging was first reported byadutaet al?® with a paphyrin type Mn(lll)
dimer. The Mn(V)=0O species can also be described as a M@l\Wadical group.The
terminology of this oxo group has been a topic of debate even t&°F4t8.

Zhao and cworkerg® reported a early detailed theoretical study of the electronic
structure, charge distributipand spin coupling of manganeseopo compounds surrounded by
triazacyclonoane and acetdigands Their calculated charge distribution showed strong metal
ligand covalency. Bloomberg and coworkérgeported a theoretical study of different
manganese monomer and dimer com@ée These authors employed hybrid density functional
theory calculations and investigated the hydrogen abstraction process from these water
coordinated manganese complexes via a tyrosyl radicalcddrelination of a water molecule to
the manganese ionfisund to lower the energy required for hydrogen abstraction of either one or
two hydrogen ams from the water molecule.

Thestructural and electronic properties of reduction and oxidation @@ bond inMn
dimer (Mr(p-O)2(u-O2)(NH3)6?") complex was eported by McGradyet al.®! The authors
reported t hat-O c¢ahle brokenbby trashsfeo df twdelectrons of opposite spin
between the metal and ligand whereas the formation oftte O b ond r eqgtwbr es tr
electrons of the $ae spin. The p-oxo bridged manganese  dimer
([H20(terpy)Mn(O¥Mn(terpy)OH](NO3)s) complex was studied by Lundberg and coworKers
to investigate the requirements for@bond formation. It was reported that the Mn(IV) oxyl
radical state is a requiremte(rather than the Mn(V)O state) for this complesxwell as some

models of OEC.



Zhou and coworke?$ employed density functional theory calculations on a biomimetic
manganese dimer complex, JB(terpy)Mn'( €).Mn"(terpy)OH]>* (terpy = 2,262"-
terpyridine) as a structural model for the OEC. These authors investigated asymmetry features in
the geometric and electronic structures of this complex and their influence on the chemical
functions of the twamanganese center in the presence of water solvent. They reported that the
water environment has an almost symmetric influence on Mn(lll) and Mn(lV) centers. The
chemical behavior of this complex is largely determined by its geometric and electronic features.
The authors noted that the Mn(lV) center is slightly more electrophilic than the Mn(lll) center,
which imposes a larger steric repulsion for cooation of a molecule or ligand.

A few authors have also studied manganese oxide compounds without organds i
Lang and coworke?d reported an experimental and theoretical investigation of the water
splitting mechanism on free manganese oxide clusteg©Mmand MnOs". They used gas phase
ion trap measurements in combination with B@ppenheimer spin density functional molecular
dynamics calculations. This will be further disegsunder the manganese cubaoenplex
sectionl.1.2in the introductionin 2014, Lee and Aikefbreported a theoretical investigation of
water oxidation on fully saturated Mo and MnTi2xOs (X = 0-2) complexes using the
BP86/ATZVP level of theory in their calculations.

There are only very few studies oranganese complexes reported using levels of theory
higher than DFT. Several ab initio calculations with complete active space self consistent field
theory (CASSCF) were reported din(salen) compleas. These complexes are popular systems
due to theihigh-yield catalytic activity towards enantioselective epoxidation of unfunctionalized
olefins. The stability of the singlettriplet, and quintet statesf these complexes has been a

guestion of interesiThe electronic structure of these complexes were resedrextensively by



Searset al®® and Ivanicet al®*® usinga model oxoMn(salen)vanic et al® first studied the
system with 12 electrons in 11 active space orbitals (CASSCF(12/a19), Sears and
coworker$® used CASSCF(8/7) to study this systefinese authors chose tlenaller active
space after examining the unrestricted tidsrFock (UHF) natural orbital occupation numbers.
The closed she8ingletstate was found to be the ground statetripéet states are around 3 kcal
mol? higher inenergywhereas a quintet state lies at a little more than 40 kcat.fibkre is a
relative energy difference dd.5 kcal mot for the singlet and triplet states with the different
active spaces employed. This difference is more significant for the quintet statedifiéreace
of 1.4 kcal mot?. It is noteworthy that the UHF solutiotis the calculations were highly spin
contaminated. 112014 Wouters and coworkengsed thedensity matrix renormalization group
(DMRG) method with 28 electrons in 22 orbitédsinvestigate this systei This method can be
used to include a considerably large number of orbitals intadtiee space. In comparison with
previous resultsthey found thathe triplet is 5 kcal mol more stable than the singlet state
whereaghe quintet les 1214 kcal mof* higher than the singlet state.
1.1.2ManganeseOxide Cubane Complexes

As described in thdéveginning of the introduction section, a considerable amount of
theoretical work in the last two decades has been undertaken to investigate and understand the
OEC of photosystem Il. Significant knowledge has been gained, which has aided in designing
many dher biomimetic water splitting catalysts. Reporting a summary of the large quantity of
experimental and theoretical studies of OEC is not possible in this thesis, although the theoretical
studies have been briefly summarized in in our repeview?® Instead, we will concentrate on

the studies that examined a related:s®cubane core.



Hybrid DFT calculations using UB3LYP and BRNdHLYP functionals were employed
by Yamaguchi and coworkéfsto investigate mixed valance CaMn(#¥n(IV)2040H(H20)4
(X = OH or O) and CaMn(lIbMn(IV)204(OH)2(H20)s clusters. The degree of symmetry
breaking ofthe Mn-O-Mn (18@ bond between the damgh manganese atom andNh bond in
cubane)s found to be not significant under their level of theory; however, it is seen to be larger
with hybrid DFT methods. These authors also reported a computational studyxéd valance
Mn(lll) 2xMn(IV) xO4 cluster to investigate the Jafeller (JT) effects of Mn(lll) ioné® The
optimized geometries of the cubane demonstrated an acute triangle for Mm(X) (X = I,

IV) indicating JT effects. It was found that JT effects are not significant for MaNIM)II)

cores showing an obtuse triangle geometry. JT effects are further diminished for thesMn(IV)
core, which forms an equilateral triangle. It was found that Ca doping sspprthe JT effects
even for the Mn(lIIMn(X) (X =1lI, IV) case.

Li and Siegbahtt recently demonstrated the significanef using simplified models to
investigate the OEC. The model was simplified by replacing some ligands bydeaterd
ligands. These authors investigated mainly th® Gond formation step. A remarkable similarity
was seen in the energetics of this maosigh some of the larger cluster models previously used
for PSII. Krewald and coworkefsinvestigated the magnetic and spectroscopic ptieseof the
core structure of the OEC of PSIl and two other synthetic cubane clusters. It was previously
established that all synthetic and model Mn§l8§Qy cubane complex systems have a ksgin
state of S= 9/2 for the ground state. These authorsteical study was in agreement with this
previously established spin state. An energetic comparison of protonated models showed that a
tris-e-oxo bridge protonated version (containing threbydroxo bridges) connecting only Mn

ions in the cubane rathdran Ca has the lowest proton affinity.



There are only few studies reported with ligdree or with wateiderived architectures
of pure manganese cubane complexes. Recently in 2013, dtamg?® described the water
splitting process on singly charged Mhx" and MnO;" species. Gas phase ion trap
measurements were used together with Boppenheimer spin density functional molecular
dynamic calculations. The twdimensional ringike grourd state structure of the M4
complex changed to a cuboidal octahydroxo complex when it was hydrated. Tis' Mdystem
was further investigated with 50 and H'®0O in a gas phase ion trap experiment where the
exchange of the oxygen atoms of the clusiigh water oxygen atoms was observed. The authors
suggested a reaction mechanism that dissociates water via hydroxylation of thedges.
Lang et al.** also demonstrated the interaction of water with thex®4h complex using IR
spectroscopy in conjunction with spin density fumehl calculations. It was found that
hydr oxyl-exbbridges iscah essential part of the dissociation of theldond of water.
This hydroxyl ati on -oxoohndgesnateengdroxylaied. Additianbl lwater h e
molecules then bound moleadly with a favored preference for the hydrogeimdgebound
H3O:2 units involving hydroxylated bridges. It was found that an open cuboidal structure emerges
whenn O 3 f404(HQWhnand forn > 6 the MnO4* cluster transforms into a closed
cuboidal stucture.

1.2 Cobalt Oxide Complexes

Compared to manganese oxide complexes, cobalt oxides are underexplored as water
splitting catalysts. Early studies of cobalt oxides date back t4968s but their development
slowed when it was found that the catalyst pitated from the solution as cobalt oxides or
hydroxides** Recently, cobalt oxidgainedwide popularityfor its remarkable catalytic activity

towards water splitting after its reinvention by Nocera and cowotketsth this reinvention,
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cobalt oxides have been brought to the attention of both theoreticians and experimentalists; thus,
over the last few years we have seen yneobalt and related complexes emerging as water
oxidation catalysts. ThRoceracobalt oxidecatalyst is a black thin film deposited on an indium
tin oxide surfacé? It is a heterogeneous catalyst that is very stable, easy to synthesize from
readily available precursors, sélkaling through aeries of linked equilibria, and shows high
activity under neutral pHThere are no crystal structure details solvedthes is a highly
amorphous catyst. Recent extended -¥ay absrption spectroscopyEXAFS) studied> 4°
reported that this catalyst has similar structural features to a manganese cubane dortipgex.
next sections, we briefly discuss some experimental and theoretical studies of cobalt dimer and
cubane complexes that act as water splittingystta
1.2.1Cobalt Oxide Dimer Complexes

There are only a few reports related to cobalt oxide dimers investigated as water splitting
catalysts. @balt dimer complexes ligated with bispyridylpyrazolagandsthat canserve as
molecular electrocatalysts for veatoxidation under acidic conditiongere reported byrigsby
and coworkerd” These were Co(lll)Co(lll) bridging peroxo complexes with a structural
similarity to previously reported ruthenium water oxidation catalysts2014, Smith and
coworkeré® investigated dimer, trimerand tetramer cobalt oxide catalysts witkiot sets of
ligands for water oxidation activityn contrast to previous reports Rygsbyet al., bothdimer
and trimer clustersvere found to becatalytically inactive This shows that catalytic activity and
the mechanism may depend on the ligand enment for cobalt oxide complexes with smaller

nuclearity.

11



1.2.2Cobalt Oxide Cubane Complexes

The Nocera cobalt oxide catalyst is thought to contamOs units in the form of
Co(ll1)Os octahedraOver the last few years, uttiple edge shanig and corner sharirgjructural
models havebeen proposedbased on experimental and theoretical evidéncé® 49 0
Theoretical investigations of the mechanism for water oxidation on cobalt oxide and related
catalysts have been @ped in the last few years BWanget al,*® Mattioli et al,>° Li et al,**
and Kwapieret al>?

Wang et al.*® employed quantum mechanics and hybrid quantum mechanics/molecular
mechanics (QM/MM) methods on a model cubanenglex with waterderived ligands and
reported that @D bond formation takes place by direct coupling between the Co(IV)O oxo
groups. Later, Li and Siegbatimeported a study of several cobalt oxide complexes including a
model complex similar tchiat of Wanget al.*® but withe-OH groups (the model of Waragal.*®
has @O ligands, note-OH groups). These authors also discussed a comparison between
manganese complexes and cobalt complexes for water splitting. It was reported that a state with
an oxygen radical coupled to a Co(lV) state, i.e. a formal Co(V) state, is required for tgactivi
They also noted that the probable mechanism is a atigek on the oxygen radical.

Mattioli and coworker® investigated two different cobalt oxide systems: s&bdra
C070O24H24 and Ca@O23H28 complexes Ab initio molecular dynamics simulations were carried
out with static geometry optimizations both based on Hubbard U corrected DFT (DFT+U). They
reported that a Co(lV) oxyl radical species is the driving ingredierth# catalytic mechanism.

The thermodynamically favorable pathway is a geminal coupling with oxygen atoms coordinated
by the same Co. A nucleophilic attack by a solvent water molecule is found not to be favorable

due to high activation barriers. Kwapienal.>? reported a benchmark study with model cobalt
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oxide complexes. They employed coupled (CC) cluster calculations to benchmark the accuracy
of commonly used exchange and correlation functionals. It was found that hybrid B3LYP and
PBEO lead to fair agreement with the CC energies while there were important discrepancies with
standard gradiertorrected functionals. It was also reported that BB Tmproves the calculated
electronic structure and properties but no value of the U parameters reproduced the CC results.

A cobalt cubane complex with@aO4 unit, i.e.[C0404(CsHsN)a(CH3COy)4]*, with the
ability to catalyze the water oxidation reactiovas proposed recently bylcAlpin et al®®
McCool and coworkefé also reported a neutraversion of this catalyst[C04Oa(CsHsN)4
(CH3CQOy)4], which catalyzes water oxidation activity efficiently with the presence of standard
photochemical or electrochemical oxidation sourcéBe first Co(ll)-based cubane water
oxidation catalystwith a CosOs core was reported byEvangelisti and coworkerf§ This
[Co'a(hmpl( ®OAC)( £O0Ac)(H20)], (OAc = acetate, hmp= 2-(hydroxymethyl)pyridine)
catalyst is a distorted cubane catalyst that increases its catalytic activity upon photoirradiation
with increasing pH tlough aqua ligand deprotonation.

Our theoretical work on both dimer and cubane glexes indicated the formation of a
Co(V)O oxo species that acts as a reaction mediating spédids. also demonstrated that
nucleophilic attack of a solvent water molecule to the Co(V)O species is the lowest energy
pathway in the cobaldimer complex. A geminal coupling of this Co(V)O with a bridging oxo
group is found to be the lowest pathway in the cubane combldrwever, there are other
competitive pathways for the oxygen evolution reaction (OER) on these oaimdt catalysts.

We have demonstrated that a combination of these reaction pathways can collectively contribute

to the oxygen evolution process on these complexes. This will be discussed futhapiar 6
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After our extensive investigation of the cabdimer and cubane complexes, dtial.>3
reported a experimental study using molecular complexes includiogubane ([Ca(3-O)a(l-
OAc)pys]), Cotrimer ([Cos( £O)(u-OAc)epys]PFs), and Cedimer ([Co( €H)(u-
OAC)(OAckpys]PFs) ( py = pyridine, OAc = acetate). These authors investigated
electrochemical, photochemical, and photoelectrochemical water oxidation methodologies in
phosphate electrolyte. It was foutitht the cubane showed no activity in electrochemical and
photochemical water oxidation reaction (WOR) but was active in the photoelectrochemical
WOR. The cobalt dimer also showed no activity in the electrochemical WOR but behaved as a
precursor to catatically active species in both photochemical and photoelectrochemical
reactions. The cobalt trimer behaved as a precursor to catalytically active species in all three
WOR methods.

Nguyen and coworketsinvestigatedhe [Co(Il1)s] cubane[Co404(CsHsN)4 (CHsCOy)4]
complex. Oxygen isotopic labeling demonstrated that the cubane core remains intact during the
OER and terminal ligands were responsible for the generation,ofkese authors suggested
formation of Co(V)O like species during the catalytic cyeled emphasized that catalytic
frameworks should be designed to stabilize these higher oxidation states.

The cobalt cubium compleXC0404(CsHsN)4(CHsCO,)4]" was investigated recently in
2015 by Smitretal.>® It was reported that this complex converts to the neutral species during the
oxygen evolution. The authoeso showed that the cubium reacts with hydroxide but not with

water molecules to produce oxygen.
1.3 Objective and Overview of the Thesis

The behavior and the reactivity of the Cal@aactive manganese cubane complex in the

OEC of photosystem Il are uniqualgmarkable. Its unprecedented efficiency and stability, that
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is so far unmatchable by any synthetic mimetic complexes, is still not fully understood. The
presence of this remarkable cubane core structure is found in other water splitting catalysts like
colalt oxides. The purpose of this thesis is to employ theoretical tools to model manganese and
cobalt oxide complexes consisting of two and four manganese and cobalt atoms surrounded by
waterderived ligands to investigate the water oxidation reaction psotle believe detailed
understanding of these simplest model complexes may provide essential details for future bottom
up commercial catalytic design. Also, it should be noted that both these manganese and cobalt
dimer and cubane complexes could be usechiagnal units of bulk surfaces. So, fundamental
behavior and properties of bulk oxide surfaces can also be understood by these studies.

The objectives of the studies of manganese divires( €H)>(H20)4(OH)s and Mna(e-
O H) -O)H20)3(0OH)s complexes and maagese cubankinsOs(H20)x(OH)y x = 4-8,y = 8-4
complexesin Chapters 3 and 4re toinvestigate the electronic and geometric structure and
properties with a goal towards understanding the reaction mechanism of water oxidation on
manganese complexes. Thesenplexes are primarily designed by incorporating wdezived
ligands to account for their respective oxidation states. A fully saturated puf@ Momplex
(six water molecules adsorbed), with an average oxidation state of Mn(lV), as well as fully
satuated MnOs complex (seven water molecules adsorbed) with an average oxidation state of
Mn(lll) are used to investigate the water splitting prode$ben, we usehis knowledge to
further investigate manganese cubane complexes with oxidation state configuratigimg
from all Mn(1V) to all Mn(lll) to investigate the water splitting mechanisms.

We also employed both multiconfigurational and multireference mettoods/estigate
the electronic structure and energetics of a model manganese dimer comvplgxe

OH)2(H20)2(OH)2(O(CH)X0)., that may undergo a direct coupling of two adjacent manganese
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0X0 groups to generate an@ bond(Chapter 5.1° Our primary focus for using these higher
levels of theories is to identify underlying electronic statesdbatribute to the water oxidation
catalytic cycle. This can also help to identify orbital configurations that contribute to different
states of this direatoupling pathway.

The main goal of our cobalt oxide study@hapter 6is to model the water oxidain
process and to identify which process/processes are contributing to the oxygen evolution
reactiont! We have investigated &0y( €OH)x(H20)4(OH)s) cobalt dimer complex and a
Ca04(H20)8(OH)4 cobalt cubane complex with resting state oxidation states of Co(lll). We
extensively investigated the electronic structure and properties of the intermediate states
involved in the lowest engy pathways to predict common characteristic features in cobalt oxide
water splitting catalysts.

In general, understanding the electronic properties, structure, and the mechanism of water
oxidation on these simple model catalytic systems is essentiaith@rfulevelop and enhance
water splitting catalysts based on transition metal oxides. Herein, with all these studies we have
reported significant microscopic properties that can be used as essential descriptors for designing
efficient electrocatalysts. lis also important to note that comprehensive knowledge of the
reaction mechanism for water oxidation on manganese and cobalt oxide species can help us to
find commonalities and differences between these systems, and thus enhance and develop a next
generan of future catalysts. Combining advantageous features and eliminating
disadvantageous factors in a new design principle can produce optimum, efficient, and stable

water oxidation catalysts.
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Chapter2-Theor yommut &t i on al met hodo

2.1 Fundamentals of quantum mechanics

The theories of classical mechanics are inadequate to describe microscopic systems such
as electrons, protons, atoms and molecules. In small partsdeslike properties predominate
and quantum mechanics can be used to acctamnthe properties and behaviaf this
remarkable world. In quantum mechanics there is a mathematical operatoreéch
experimentally measurable physical quantity. The eigenvalues of these operators describe the
corresponding physically obsrable property. The eigimctions of a quantum mechanical
operator depend on the coordinates upon which the operatotragisantum mechanicddse
eigenfunctions arehe wavef uncti ons ( Q) . i tescribé byathese o f a
wavefunctionsit is a function of the coordinaté¢s) and of time(t). The probability density of
finding a particle at coordinade at timet is represented by:

"ol qyoms W@ (2.1

The equation that describes the energy levels of a quantum system is knoen as
Schrédinger equation. This equation is an eigenvalue equation for the Hamiltonian of@rator (
which is theenergy operatont has two variants; if the Hamiltonian operator contains time as a

variable we usehetime-dependent Schrédinger equation:

. . oh 2.2
oo w o a-a (22)
T o
where’Q W p, uis defined a&¥¢* and’Ois given as:
- 2.3)
O ol L w o ﬂ
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The Hamiltonian operator betweéno electrons “Cand "Qcontains thee partsthe first
term defineghe kinetic energy of thelectrons the second term represents the potential energy
and the third term givethe Coulombinteractions between the particles. The mass and the charge
of the electronsare given agt andr, respectivelyl is the total number oélectronsin the
system. The distance betwe@nd Celectronds given ad . The Laplacian operat@t ) is the
second derivative of the position of the particle indhdenensions.

In scenarios where the Hamiltonian operator does not contain terms that are explicitly
time dependentve use the timéndependent Schrodinger equation:

Quo Quo (2.4)
Here the wawefunction only depends on the position of the particle. These systems are in
stationary states where tindoesnot affect the probability densityWe cannot get an exact
solution to theSchrddinger equatiofor most systemdHowever, we use multiple appimation
methodsto solve the Schrddinger equatitat can predict the behavior and propertiefarge
systems with reasonable accuracy
2.2 Approximation methods

Approximation methods are used when the exact solution to the Schrodinger equation
cannot be fond. There is no analytical solution to this equafimnsystems with three or more
particles,so we use mathematical methods to provide us with approximate ssltgicuch
eigenvalue equations. There are two methods widely used in computational chethestr
variational method and the perturbation theory.
2.2.1The variational method

This theory is a way of assessing and improving guesses about thBunciioms in

complicated systems. The first step is to guess the form of a trial fuf@@nd then optimize
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it. In a system whose Hamiltonian operaidis time independenthe lowest eigenvalue of this
Hamiltonian iSO, and if %0is any normalized, welbehave trial function then the variational
theorem states that

nfonQt O (2.5)

If the trial function is identical to the true ground statediion then theequal sign holdsin
order to get the lowest value for the "'Or Q fintegral,we can vary any parametirat defins
the trial wavefunction however it should have the proper spin and space symrastithe
Hermitian eigenfunctions.
2.2.2Perturbation theory

When the mathematical solution is known for a given system, we/dnHamiltonians
for related systems bgddngan addi ti onal term r eprirgosteent i ng
Hamiltonian. If thedifferencesare not significantperturbation theory allows calculat of the
shifts and splitting of energy levels aotangesin the wavefunctiorms A correcti ons
system If "O is the Hamiltonian for the unperturbed system &ds the Hamiltonian for the
perturbed systenthen the difference betwedhe two Hamiltonians describthe external field
or the perturbatioriD can be written as:

"0 0 0 (2.6)

In order to apply perturbation thegtire unperturbed states should be known because the energy
and wavefunction corrections are expressed in terms of inteye@ishe unperturbed energies.
2.2.3The Born-Oppenheimer gproximation

The approximation of separating electronic motion from nuclear motion is called the
Born-Oppenheimer approximation. In essencéhe Born-Oppenheimer approximation

corresponds to assuming that the nuclei are infinitely hedkimn the electronsthus the
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coupling between the nueeand the electronic motion is neglected. This allows electronic
wavefunctions to be solved foigasen set of stationary nuclei.

Considera system that consisbf cyandwnucleiwith M representig thetotal number of
nuclei The mass of the nucleus is givencas and the charge is given gs.i is the distance
between the electréfand nucleusandi  corresponds to the distance betwérmd®dnuclei.

In order to poperly describe the motions and energy of these particlesee@ to consider the
full Hamiltonian We can write the full Hamiltoniafor a nonrelativistic moleculeas

2.7)

p n n A
i i i

The first and the second tesrin the equation denote the kinetic eme of the electros and

nuclei respectively. Th€olumbicattraction force between the electrons and nuclei is given in

the third term and the fourth and fifth tersncorrespond to the repulsion forces between the

electrons and nuclei respectively.

Solving the full Hamiltonian is a challenge for molecules as it contimas that are
difficult to compute Acceptable approximatiorike the Born-Oppenheimer approximaticere
necessary to solve the equation efficiently. We can write the modified Hamilemian

0 0 (2.8)
where’'O  defines the electronic Hamiltonian
i r'] r'] (2.9)
| T
Comparing the masses of the nuclei with the electron mass, nuclei are much heavier and move
more slowly, and thus can be considered as stationary with respectiiottbe of the electrons.

This makes the second term related to the kinetic energy of the nuclei zero and since the nuclei
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are not changing coordinates the fifth term is a constasti is fixed, he w term
representingepulsion betweenutlei becomes constant

| A 1 (2.10)
W I—

Sincew is a constanfor anygivenset of nuclear coordinatei$ canthusbe omitted from the
Schrodinge equationwhich gives:
0 W 0o (2.11)
Here the ternO  corresponds tthe purely electronic energ¥hus we can calculatie total
electronic eargy U with nuclearnuclear repulsion
Y O @ (212
We can solve the nuclear motion from the same principle we used above. As we describe
above the electrons moveeally fast compeed to nuclear motion. So if the nucteove slightly
the electrons adjust immediatelywhich changes the wavefunction of the system Sq the
electronic energy changes as a function of the parameters defining the nuclear configuration. The
nuclear Hamiltaian can be written as
. (213
O —  —n Y
Here, the first term represents the kinetic energy of the nuclei and the second term is the potential
energy for the nuclear motiowWe can write the Schrddinger equation for the nuclear motion
0 u 0 (2.14)
The nuclear energy® , is a combination of theapproximatesum of electronic, ibrational,
rotational and translational energiés.a more elaborate fashion the Schrédinger equation that

describs the interparticle potential energies of the nuclei and electrons of the atoms or molecule
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can bedivided into two parts In one partwe find the solution to the electron®chrddinger
equation for the wavefunctions and energies of electrons and both of these depentuctedne
geometry. Inthe other partve solve the vibraticad, rotatioral and translatioal Schrodinger
equation for thanotion of nuclei orthe electronic energy surface. Thegparations actually an
important basis of spectroscopyand molecular modeling and optimization in computational
chemistry, where we first calculate the electronic energy lemedsgrid with diffeent nuclear

coordinates and solve the motion of the nuclei using this grid of data.

2.3 Computational methods

2.3.1Density functional methods
2.3.1.1Density functional theory (DFT)

Present day computational chemistry, sdatdte chemistry and nuclear physics wyde
applies computational methods such density functional theor{DFT). Density functional
theory provides a computationally efficient, povdrtool for calculating the quantum state of
atoms, molecules and solidghe DFT methodis based orthe ground state electron densithie
ground state energy and other properties are calculataduastion of electron density rather
than the wavefuniin. The wavefunction adn 0 electron system depends ot spatial and)
spin coordinates and consisif more information than needed to calculate energy and other
propertiesthus making it very difficult to compute. To understand the fundanseottalensity
functional theorywe need to understand the landknpaper by Hohenberg and Kohn.
2.3.1.2The HohenbergKohn theorem

If we consider the purely eleommic wavefunction (Equation 2.¢n terms of atomic units

we can write it as
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o ‘ 0 (2.15)
C

As explained above the secaiedm in this equation describtee interaction energy between the
nuclei and the electroi@This directly depends on the coordinates of the elecemd on the
nuclear coordinatesThe Hohenbergkohn theorem states that ground state electron density
describing a system witth electrons determines the potential in the Hamiltoniar?. Since

we are considering fixed nuclghe nuclear coordinates are notighles for this electronic
Hamiltonian. Thus th&@ i only depends on the coordinates of the electrdfes.can express
i as:

r']_ (2.16)

i

Hohenberg an&ohn proved that foa system witha nondegeneratground statgthe external
potentiald i is determined by the groursiate electron probability density i . Hence the
"Odefines the ground state energy and the wavefunction afysihen;the ground state density
" 1 determines the ground state behavior of the systdra. proof of the theorem can be

explainedas follows?*

The” 1 determines the number of electrons

il o (217

Assuming that there are twdifferent external potential®o i and vad , the electronic
Hamiltonians correspnding to these potentiadse Oand Ceelet w andwjeand’O andO abe the
normalized wavRinctions and energies respectively.order to solvefor two ground state

(represented b® ,uj and’O sawkthathave the sameneelectrondensity
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‘ (2.18)
ws Qi 8 Qi " 1 W Qi1 8 Qi

If we think ofwgas trial variational wavefunction for Hamiltoni& we know that

0  wowsi w'oeeyQi "w»o0i va 0 @19
Oxe " » Ui vad Qi
We can writea similar equatiortakingw as atrial function for théGs¢damiltonian
Oxe O " » LA Vi Qi (2.20)

One finds thatadding equation®2.19and2.20givesO O& 'O O aThisis clearly not
valid; thus,it is not possible to have twdifferent potentials for the same ground state density.
Sa theground state electron density determines the electronic Hamiltoniathegbund state
wavefunction andthusthe ground state energgnd other properties.

The ground state electronic enei@ycan be written as fainctional offunction” i :

o O (2.22)
where’ demonstrates the dependence of the ground state eéBemyy the external potential
01 . The electronic Hamiltonian is the sum of average kinetic enegtggtronnuclear
attractions and electramuclear repulsion energieé/e can prove that” »0vi Qi ® ,
where w represertt the electronnuclear interadbns n terms of the ground state electron
density but the kinetic energy éthe electrorelectron interactiomnergiesare notknown from
the Hohenberdlohn theorent.
2.3.1.3The Kohn-Shammethod

Modern progres®f density tinctional theory started with the introduction of orbitals
suggested by Kohn and ShaBventhoughthe Hohenbergkohn theory states that it is possible

to calculate all the gund state properties frothe ground state electron density without writing
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the wavefunction, it does not provide a means of calculating the total ground state energy from
the electron densitfi.e. the kinetic energy and the electrelectron repulsionreergy termg
Kohn-Sham theoyreintroduces the orbitalsthusincreasinghe computatiowomplexityfrom o
to o0 variables and@ausingthe electronic correlatioto appear as a separate term.

If we consider a hypothetical system wittorrinteracting electrons withexternal
potentialb i where the ground state electron probability densityi  of this hypothetical
system is equal to the exact ground state electron density of, we can write the electronic

Hamiltonianas

0 (2.22
o 10 —n L I Q
C
where "Q -1 U i representghe Kohn-Sham Hamiltonian for electroi2 We can
write the Hamiltonian of this hypothetical system relatechtacual systenas
0 Y i o (2.23

Here,"Vis the kinetic energy terny, i is the external energy operagtandw is the electronic
electronicrepulsionoperator.The external potential i is equal toww for _ p (real system
with interacting electronsandfor _ 1t (nonrinteracting electrons)the exact solution to the
Schrédinger equation is given as a Slater determinant composed of molecular ayljtals,
The kineticenegy of this hypotletical system can be written: as
" P A o (2.24)
Y” cR 0 wrO YY"
The first term repreents the&inetic energy of the ground state of thaninteractingsystem and
the second term is the kinetic energy difference between the real and {imenacting system.

For the electrorelectron repulsion energwe can write:
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: [ I S o, 2.2
o (229

all ko)

Here,the first part represents the classical expression of the electrostatic interelectronic repulsion
energy. The second term represents the difference of the repulsion energy between the real
system and the imaginary system.

Although the Kohn-Sham theorydefinesthe kinetic energy and the electrelectron
repulsion energiest assumes a hypothetical norteracting electron system. This is similar to
the HartreeFock (HF) method andin most cases this provides ~99% of therectr solution
mainly because the difference of the kinetic energy and the repulsion energy between the actual
and reference system is very small. However, in reality there are eletdaron interactions,
which cannotbe neglected.* ©

The terns Yo ” andY'Y” arecombinedinto anew term calledhe exchange and
correlation functionalO :

(OJ yy” Yoo " (2.26)

Now, the total ground state energy of tha-interactingsystem can be written in terms of

T .
o 0" "ol i Y B . (2:27)

P
C
o "
where thefirst term is thenucleareledron attraction energy terd andthe second term is the
kinetic energyof the electrons The electrorelectron repulsion energy term ” is
represented by the third term arlke exchange and correlation energy tein ” 5

represented by the fourth term.
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2.3.1.4Exchangecorrelation functionals
In orderto accurately predict the properties one need to have a good approximation to the
exchange andorrelationfunctional term. To date there is no one functional that cacridesall
the system properties but we hamanydifferent exchange and correlational functiatabt can
be used based on the properties we are investigatinggdrieral types o&pproximationsare
summarized iMable2landhi s i s knowtaddats t he Jacoboés
When you step uphe ladder accuracy is expected to improve. The first step in this
ladder is called the localensity approximation (LDA)which is based on the local electron
density” . The second step is the generalized gradipptoximation(GGA) that depends on the
local density’ and the gradient of the density. The third step includes the first two steps and
the second derivative of the gradiant andbr the kinetic energy densitly and the fourth step

is the hybrid functionals that includes the fitstee steps and exact HF exchange.

Table21Jacobds | adder of functionals
Functional Variables Examples
LDA ” VWN?8
GGA mon” PBE? BP861% 11pWwW91-2
Meta-GGA oo oort TPSS?®
Hybrid ",n",n " ortand HF B3LYP: 14

Local density approximation (LDA)

Il n the first step of the Jacobdés UDAdder W
assumeshat the electron density is single valued at every positionsargsonablyreated as a
uniform electron gas (jellium)he LDA for the exchange and correlation energy functional is

given as
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o T, (2.29)

whereN is the exchange and correlation energy per electron in a uniform ga% with
electron densityWhen the spin density due to thespin electrons; i , andthe spin density
due to thé spin electrons; 1 , are not equalwe replace the LDA functionals with local spin

density approximation (LSDA). Generally, this is given as the sum of individual densities raised

to the 4/3 power.
Genealized gradien approximation (GGA)

In order to avoid the limitation of the hypothetical uniform electron gas megetan
allow the exchange and correlation energies to depend not only efetten density but also
on derivativesof the densitylf we considerthe gradiens of the| andf spin densitiego be

n” i andn” 1 ,we can write the exchange and correlation energy irstefm
o VR LR TR T Qi (2:29)

where "Qis some function of the spin densities and their gradiéntthe GGA method the

exchange part and the correlation paré usually divided into two sections and modeled

separatelyCommonl y wused exchange functionatédsas i ncl

u

B88°Perdew and Wangds 1986 and 1991 =exchange

PWx911 12etc. The B88 functional is given as

N N YN (2.30)
o W (2.32)
YN (. —
P ¢ wié
. A78
(L) —_—
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Here,! is determined by fitting data of the rare gas atoms using the dimensionless variable
Commonly usectorrelation functional includethe LeeYangParr (LYP) functional? Perdew
1986 correlationfunctional (P86);! etc. Another commonly used GGA functiondPerdew
Burke-Ernzerhof (PBEY contairs both the exchange and the correlation enedyyGGA
functional is often named by combinitige exchange and correlatimctionals BP86, BLYP,
etc.In our calculations we employed the exchange correlatioctioral of BP86.
Meta-GGA functionals

The next development to the GGA functionals can be achieved if the second derivative of
the electron densityn ") andbr kinetic energy density functional$ are incorporatedSuch

functionalshave the form

o "R kR R R R AR QI (233
Thekinetic energy density functionat (is given by
" g N (2.33)

where— is the KohnaSham orbitals for thie spin electrons.
Hybrid functionals
Hybrid functionas consist of a combination of different exchange and correlation
functionals The commonly used B3LYfinctionalis defined by
O p w O @O @O p ® O (2.39)

®O
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2.3.20ther correlation methods
2.3.2.1Configuration Interactions (CI) method
Cl is a method to treat eleotr correlation at a higlevel for the ground state as well as

excited statesThe Cl wavefunction is given by

(2.35

W @ %o
where the%o. are the configuration state functions (CSEdectronic configurationsan have
spatial and spin adaptateterminantawavefunctions; such functions are called configuration
state functions)and & are the expansioncoefficients which areto be determined in the
variational calculationA set of orthonormal molecular othlsis obtained from &elf-consistent
field (SCH calculation.The linear combinations of atomic orbitatmolecular orbitals (LCA®
MO) coefficients arenot considered as variational parametdusing the Cl procedurelhese
molecular orbitals NIOs) are then used to construc€SFs. These CSFs are generated from
single, double, triplegetc. excitations relative to the reference CSHfiese configuration
functionsin a Clare restricted to include different level of excitations and denoted(siadgby
excited), D(doubly excited), Ttriply excited), etc.

The electronic HamiltoniafO in a ClI calculation is solved in terms of erend twe
electron integrals over the molecular orbitals usingStagerdeterminantsA CI wavdunction
can be interpretkas a linear combination of Slater determinatitsve include all the possible
CSFs with proper symmetryhe solution to the CI givethe exact energy of the wavefunction
and it is called fullCI. In reality this can be achieved for small molecules wather small basis

sets but beyond that it is highiyppracticaldue to the computational cd'st®
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2.3.2.2Multiconfiguration self -consistent feld method (MCSCF)

The MCSCF method can be considere@asa Cl method where we write the molecular
wavefunctionas a linear combination of CSBndthe variational principle is used to optimize
not only the coefficierstin front of the determinants buwiso the MO coefficientsused for
constructing the deterinants.

This parallel optimization of the LCAMO and CI coefficients within an MCSCF

calculation is &omplex proces®An MCSCF wavefunction can be written in the CI form as

(2.36)
W 0 %o
where%o are individual slater determinants or CSFs.
From the Cl expressignve can write the energy:as
(2.37)

0 6’60

where’O denotes the matrix element of the electronic Hamiltonian between dedetsfif
and%o.
0 F6S0P6O (2.39)
These matrix elements call be written in terms of onand two electron integrals
according to the Slater rdeThe energy can be expressed from the form of unitarypgrou

generators
O ® O © (239
wherew is a creation operator for an electron in orbitakith | spin,® is an annihilation

operator for an electron in orbitglwith | spin, etc. TheslectronicHamiltoniancan be written

in terms of these operators
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(2.40)

(O] N O ngioo 1 O

Adding the matrix elemeriD :

KO) rQ

g s A (2.42)

The terms in front othe one and tweelectron integrals fothis matrix elemenf ands
arethe couplingcoefficientsrespectively

r Fo O %O (2.42)

3 MO O 1 O %O (243
The coupling coefficients have the following prapes due to the anticommutation relations of

creation and annihilation operators:

I P’ (2.44)
3 3 3 3 (2.45)

We can write thtMCSCF energyermas:
(2.46)

o 88 [ a 2
C

3 neyg i

MCSCF wavefunctionare much harder to convergempared t&CF where most dhe
time it converges to a minimum without problems. This is basically bethaes@nimization of
energy with severahortlinear parametersuffers from poor convergence aodn oftenlocate

local minimaratherthan the glbal minima. MCSCF wavefunctionakculationsare usually
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carried out by expanding the energy to second order variational parameters and using Newton
Raphson Methods for acquiring convergence to a minim#it.

Because of thiseasonthe number bCSFsis usually kept to a moderate number chosen
to describe important correlations. One of thell-known approachess the complete active
space seitonsistent field (CASSCF) method. Configurations are selected by splittang
molecular orbitalgnto active and inactive spaces. The active $viPe taken from arestricted
HartreeFock (RHF) calculation and include some of the highest occupied and lowest
unoccupiedMOs. The inactive space is usually unoccupied or dowltupiedwith O or 2
electons. Full Cl is performed witin the active space with all proper symmetry adapted
configurations in the MCSCF optimization. The decision of how many orbitals should
included into the active space has to be cdesed with the problem in hand.
2.3.2.3Multireference configuration interaction (MRCI)

This method combinee MCSCF and thstandardCl methodslin a general Cinethod,
we consider CSFs generated by exciting electrons from a single determinant. lwatigla
HF type wavefunction is chosen as the refeeemtoweverin some cases that is not enough to
account for the chemical phenomenon obsergedonfiguration interaction methodsvolving
single and doublexcitations (CISD functionsare used as the reference. The final MRCI
wavefunction includes sontgple and quadruple excitations.
2.3.2.4Multireference Mgller-Plesset perturbationtheory (MRMP 2)

We can start the zeroth order wavefunction from MCSCF wavefunction and apply the
Mgller-Plesset(MP) perturbation theory to produoeultireferenceperturbation thery (MR-PT),
whereasn a general MP calculation we apply perturbation theorwydimgle Slaterdeterminant.

The MRMP2methodenables the calculation of lowying potential energy surfaséor each state
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in the systemin this methodhe reference functiois created by diagonalizing the Hamiltonian
in the reference space first and thggrturbng it. This MRMP2 approach can recover dynamic
correlation energyfor the MCSCF wavefunction Compared to the MRCI result8MRMP2
results are significantly fasteubmay not be aaccurate as MRCI.

2.4 Basis sets

In a simple definition a basis set is a set of mathematical functions from which the
wavefunction is constructed. This is a type of approximation that is used in all ab initio
calculations. In a full HF wavefction the optimal description of the wavefunction can be
achieved by a complete basis set. A complete basis set means combination of an infinite number
of functions, which is impossible to calculate.

There areseveraltypes of basis functions thatan beused in electronic structure
calculationsincluding Slatertype orbitals (STO) and Gaussian type orbitals (GTRy STOs
we can write:

iRp 1R ooy P 1 Q (2.47)
wherewy; are sphedal harmonic functions and thie is the normalization constant. Gaussian
type orbitalscan bewritten insphericalcoordinatesas

hEp Lh-P ooy —b i Q (249
or in Cartesian coordates as:
R oot 0o @ d Q (249

The sum oftx it it determines the type of orbitakhen the sum is zenthe GTO has

spherical symmetrgnd itis calledastype GTO. If the sum is onéhen it is a pype GTO. The

i part of the GTO function makes it problematic compared to the STO functions:tyjm
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functions close to the nucleube GTO has a zero slope whereasieali function ithas a cusp
as in STO functions.

The tail part of the GTO is also poorly represented reality AOs have a thal
exponential decay with respectrtbut with GTGs this isi , suggesting a rapid fadiff far from
nucleuscompared tahe STO functionslt should also be noted thatlinear combination of
multiple GTOs can bereatedor a close approximation ta STO. Suchabasis functiorbuilt up
with a linear combination of Gaussians is referred a® a contracted Gaussianfunction
(assuming thatcortractioncoefficients are not optimizedgnd the individual functions are called
primitive Gaussians.

Improvement of the basietscan alsdbe achievel by doubling and tripling theumber
of functions usegdwhich produces double zeta and triple zeta bmsets respectivelyn mostof
the calculations used in this warwe employed triple zeta (TZ) basis functions. These functions
contain three timethe number obasis functions with respect to the nmail basis. Acommon
variation of thisbasis set typ@volvestripling only the vaénce orbitalswhichgeneragsa split
valance basis usually calldadple zetavalence(TZV). Additional improvement to the basis
functions can be achieved by introducing polarization and diffuse functéiis.polarization
functions additional accuracy can be achieved by adding extra fursctiaat areone quantum
number higher than thealenceorbitals. Forexample,in the first row elemenf{functions are
added for this extra flexibility and for hydrog@nfunctionsare generally added to increase the
accuracy of the properties predicted. This aattextrad p o | ar i zearitoi TAVOS TZ @rid )
thus the basis sets are denot@V/P or TZP.Diffuse functions are added some scenarioskke
in anions and higher exeitl electronic statesvheremolecular orbitals tend to bwaorespatially

spread thann usual MG. We can add the extra flexibility to these functions by allowing
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electron density to be spread owhich is termed as diffuse functiodiffuse functions hee a
small — exponent, meaning thahe electron is held far away from the nucleugje did not

employ diffuse functions in our calculatigress such scenarios are not present with the sgstem

we studied
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AmendraFernando, Tyler Haddocknd Christine M. Aikens

3.1 Abstract

Understanding the factors that affect efficiemfymanganese oxidexs water oxidation
catalysts is @ essentialstep towardsdeveloping commercially viable electrocatalysiis.is
important to understand the performance of the smallest versitimssef catalysts, which will in
return be advantageous with bottom up catalytic defigmsity functional theory calculations
have been employed to investigate water oxidation presessMnz( €3 H ) -O)H20)3(OH)s
(Mn204A 628), Mm( €©H)(H20)3(0H)s  (Mn20sA 628), and Mnr( €H)(H20)4(OH)4
(Mn203A 7.8 complexesThe effect of different oxidation states onganes is considered in
this study.Thermodynamicallythe lowest energy pathway fdret fully saturated MiO4%6H.0
complexoccursthrough anucleophilicattack ofa solvent water molecule to a Mn(IV¥2)O oxo
moiety. The lowest energy pathwayn the MrO3z%6H,0 complexproceeds with an attack of
Mn(VI)O group to the surface hydroxo group ore ttame manganese atom; this pathway is
related tothe third lowest energy pathway on thén.O4%6H,0 complex The wateroxidation
proceson thefully saturated MaOsA7H,O complexalsoinvolves anucleophilic attack from a
solvent water molecule to a Mn(V)@oiety. The formation ofthese manganese oxo growas
be used as a descriptiar selecting ananganesbéasedwater splitting catalystdue to the high

electrochemicapotentialsrequiredfor their generation.
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3.2 Introduction

Water oxidation catalysis usy earth abundantansitionmetal oxides has been a widely
researched topic over the past few decades. The water oxidation process is a cornerstone of a
future based on hydrogen. It is a clean and sustainable way to produce hydrogen, as the
byproducts ardree from toxic substances. The blueprint for this water splitting into hydrogen
and oxygen has its roots in nature. In green plants, solar energy is converted to chemical energy
via water splitting into molecular oxygen, protons, and electrons by thgenxgvolution
complex (OEC) of photosystem Il (PSIl). The reaction center of the OEC consists of a metal
oxide framework with a cubane core: Cal®a! Extensive theoretical and experimental
investigations have been reported in order to understand the reaction mechanism of water
oxidation process on this cubane cbtéThere have been marlyeoretical suggestions on the
reaction mechanism and role of the calcium in the active center, but many unknowns still exist.

Learning from these studies, there have been many reports of biomimetic catalytic
systemg82° Nevertheless, to date there is no commercially viable efficient catalyst available for
this process. Among the reped catalytic systems, transition metal oxide based photocatalysts
and electrocatalysts have gained wide popularity. Electrocatalytic water oxidation is particularly
interesting due to its potential for largeale distribution. Currently, industrial veatoxidation is
carried out with electrolysis using precious metals like Pt as electrodes. Other metal based oxides
like RU?? 25 27and 1P® 2° oxides are reported asfiefent electrocatalysts but commercial
applications of all these catalysts are limited due to their higher costs. Water oxidation catalysts
using the earth abundant and inexpensiveC624 Ni, 17 19 30Fe 19 22gnd Mnt® 23 25 3lgxides

have also been examined previously.
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Manganese o0Xxi de -0x®mpahydiexesgroupsiat@among the most
theoretically and experimentally investigated transition metal oxide cat&ly&¥ This is due
mainly to the presence of manganese oxides in the OEC as well as the abundance and efficiency
of these systems. Manganese possesses a large number of stable oxidation states and has orbital
near degeneracies and nondynamical correlation that result in a challenge for the theoretical
treatment of these systerdis.*® There are only a few theoretical studies related to water
oxidation on ligandree manganese oxides. Blombetgal*! reported an early theoretical study
of ligandfree manganese monomer and dimer compounds mimicking the hydrogen abstraction
process. They employedhe B3LYP/6311+G(d,p) level of theory and suggested that
coordination of a water molecule to the manganese ion lowers the energy required to abstract
hydrogen atoms from the water molecule. McGrady and cowdfkalso reported a density
functional study of redoxnduced formation and cleavage of theQObond in an inorganic
manganese dimer. It was found that in order to breakt8e Q1 bond, a transfer
of opposite spin between the metal and ligand is necessary whereas the formation-6f thé O
bond requires transfer of two electrons of the same %pifthe antiferromagnetic or
ferromagnetic coupling of the metal centers affect the stability of the intermediate species where
the redox process is metal based and thus affects the kinetier dar bond formation or
cleavage. Langet al*® investigated the water splitting mechanism on free manganese oxide
clusters MpO;" and MniO4". They used gas phase ion trap measurenierdsmbination with
Born-Oppenheimer spin density functional molecular dynamics calculations. These calculations
were done with norm conserving soft pseudopotentials using GGA for the exchange correlation
functional. Recently, Lee and Aikefiseported a theoretical investigation of water oxidation on

ligandfree fully saturated MiD4 and MniTi2xOs (X = 0-2) complexes. They employed the
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BP86/ATZVP level of theory in their calculations. In this worle vevisit the water oxidation
reaction processes on fully saturated pure®ircomplexes, with an average oxidation state of
Mn(IV), and adsorption of six waters. This knowledge is used to investigate water oxidation
reactions on six and seven water adsdrffully saturated) MiO3 complexes with an average
oxidation state of Mn(lll). These ligaffdee model compounds can be used to investigate and
gain a molecular level understanding of catalytic water oxidation processes and the effect of
oxidation statesThus, insights from this study may promote the future design of efficient, water
splitting catalysts.

3.3 Computational Methodology

All the geometry optimizations are performed with the Amsterdam Density Functional
(ADF) software packag® We employed the BP86*’ exchange and correlation functional with
an augmented polarized tripteta (ATZP) basis set to revisit the water oxidation process on
fully saturated MpOa4 previously reported by Lee and AiketfsThe Mn.O. water oxidation
process and MOz water adsorption and water oxidation processes have also been investigated
with BP86 and a tripleeta polarized (TZP) basis set. Because the ATZP basis set includes man
diffuse functions, linear dependence of the basis functions is a potential issue. We have
examined numerical cutoffs of 1x301x10* (default in ADF when used), and 5x3@or
removing orbitals from the valence space.
Processes investigated in the wagplitting process include four dehydrogenation steps,
addition of two water molecules, and removal of one oxygen moletake.water molecule
adsorption and dissociation energies on the@®4rc o mp | ex ar eEamanrdEppgpd as «
respectively and the total energy oOEwbDhet h t he

charge and the multiplicity of the structures are given in parenthesles figures The areas of
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the complex where hanges are occurring, such as chemically relevant stages between the
calculated intermediate states of each structure, are highlighted in green circles. When addressing
the aqua and hydroxo ligands attached to manganese atoms above, below, and in théhglane
central Mn( €©H)2 unit, the terms "surface", "bottom", and "geminal”, respectively are used in
the text with respect to the orientation of the structures given in each figure. All oxidation states
described in this study refer to formal oxidation states.

The referene system is chosen as’2 H.. This reference system has previously been
useful for investigating water splitting processes on cobalt dimer and cubane corffplExes.
use of the standard hydrogen electrode reactiori 2e A H») asa reference system is
problematic as it depends on the solvation of proton, which is challenging to accurately calculate
with theory. The choice of the A H: reference system also benefits from removing the
strong pH and solvent dependence known fer filrmer reactionNonetheless, choice of the
reference system is arbitrary for the electrochemical steps (i.e. dehydrogenation reactions) in the
process because it does not change the qualitative predictions; it affbgtiratjen abstractions
equally.

We have included the zero point energy (ZPE), enthalpy and entropy correction terms for
a temperature of 298.15 K. The total internal energy (U) of an intermediate structure is
calculated by adding the nuclear internal energy term to the electronic eridigy structure.
The nuclear internal energy of the structure is the sum of ZPE, 3 kT and a small correction term
that account for the vibration partition function. The 3 kT term describe the 3/2 kT for rotation
and 3/2 KT for the translation motion. Tk&bbs free energy is calculated with the standard
formula G=H-TS, where enthalpy H is calculated by=HJ + pV. The pV term is obtained from

the ideal gas equation pV/m RT. The energy differences are calculated according to
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i i i i
energy and reaction free energy. The tetmis the stoichiometric coefficienk; is the electronic
energy ands; is the Gibbs free energy value. The energy values given in the paper aredreporte
as reaction energies unless otherwise noted and both values are given in the tables.

In this study we target the thermochemistry of intermediate reactions. Kinetics also plays
an important role but is not considered because multiple transition statessaile for these
dynamic reactions and the transition states are very sensitive to the hydrogen atom orientation.

All possible isomers of the intermediate states have been considered wilietingr¢he lowest

energy step

3.4 Resultsand Discussion

3.4.1Water oxidation process with fully saturated MnpOa4

In the first stage of this work, we revisited the water oxidation process on the fully
saturated Mnz( € H) -Q)H:0)3(OH)s  (Mn204%6H.0) complex. We used the same
BP86/ATZP level of theory previously employed bge_and Aikené? but we took an extra step
to achieve tighter energy convergence. The geometric structures froddREfgure 3.1) were

optimized with three numerical cutoff values: 1¥1ax10*% and 5x1G.
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Figure 3.1 Water oxidation process on the fully saturatech®4A 6,8 complex fron Ref.44.

Relative energies are given in eV. Big white spheres, big red spheres, and small white spheres
represent the manganese, oxygen, and hydrogen atoms, respectively. This color code is kept
consistent througthe articlgReprinted with permission froth Phys. Chem. 2014 118,

82048221 Copyright 2014 American Chemical Society)

Table 3.1 Calculated reaction energies (eV) for the water oxidation process on the fully saturated
Mn2Os4 reaction pathway givein Figure3.1 Energiesarecalculated at the BP86/ATZP level of
theory with three different linear dependency cutoff values and at the BP86/TZP level of theory.

_ BP86/ATZP
Reaction A BP86/ATZP BP86/ATZP BP86/ATZP
BP86/TZP = from Ref.

Processes = (1x10°9) (1x10%) (5x10°) "
gqEH1 1.66 1.63 1.67 1.78 2.10
gEH2 1.89 1.92 1.90 1.92 0.28
oEH3 2.07 2.07 2.09 1.83 2.79
oEHa 0.96 0.94 0.26 0.49 0.96
gEo2 -0.63 -0.59 -0.05 -0.13 4.55
aqEw1 -0.55 -0.55 -0.48 -0.57 -1.26
qEw2 -0.44 -0.46 -0.43 -0.34 -4.47
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Except for the fourth dehydrogenation and the oxygen removal protesseaction
energies Table3.1) are essentially the same for all three linear dependency cutoff values. With
the cutoff value of 5x18, the fourth dehydrogenation is calculated to be around 0.7 eV lower
and oxygen removal is around 0.6 eV higher than with the other two entffjies. Because the
5x10° cutoff eliminates the fewest orbitals, this value is expected to provide the most accurate
results. Upon lowering the cutoff value, the bridg€atO- is found to detach from one
manganese atom in the fourth dehydrogenated ptadtructure77 in Figure 3.1 and Figure
3.2). All geometries are also optimized with the BP86/TZP level of theory; no linear dependency
cutoff is needed for this level of theory. Again, noticeable difiees in reaction energies are
observed for the fourth dehydrogenation and for the oxygen removal process. These reaction
energy values are moderately close to the BP86/ATZP values calculated with trecGidf®
value, with four of the seven reactioneegiesdiffering by less than 0.1 eV.

Notable geometric changes are seen for the intermediate states with b@dgetl and
-O-O- groups that correspond to the fourth dehydrogenation and the oxygen removal products
(structures7’6 and 77 in Figure 3.2) depending on the level of theory employed. These groups
bond to only one manganese atom and no longer appear as bridging groups with BP86/ATZP
with tightened numerical cutoff values. For the 1XXIitoff value, theother MO distance is
2.11 A and for the 1xtHand 5x1@ values the MrO distance lengthens to 2.31 A and 3.72 A,
respectively. The distance between the other Mn atom and the oxygen atom is further increased

with the BP8&TZP level of theory to 3.81 A.
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Figure 3.2 Structures/6 and77 of Figure3.1 optimizedwith BP86/ATZP with different
numerical cutoff values. The BP86/TZP values are also given for compariswhldgths are
given in A (black dotted line or white/red line).

The relative energy values obtained with a tighter energy convergence are significantly
different from those reported in Re#d. The highest energy endothermic oxygen release
(originally 4.55 eV) is now predicted to be exothermic with an energy0.85 eV and the
highest energy exothermic second water addition (origindl§7 eV) is now predicted to be
exothermic with an energy e0.43 eV with the BP86/ATZP level of theor{he relative energy
values and the geometries obtained with BP86/ATZP using the smallest linear dependence cutoff
value are generally similar to those calculated with the BP86/TZP level of theory. Because of
this good agreement and due to the computational efficiency of BP86/TZP, we use this level of
theory to investigate the additional reaction pathways described in this study. We also investigate
other reaction gthways (pathway and pathwayAl) with the PBE/TZRevel of theory and the
relatve energies are given in Table Al of the AppendixTAere are no noticeable energy
differences between these exchange and correlation functionals for the reaction pathways we
compared.

Starting with a slightly different, loar energy isomer (structufein Figure 3.3) as the
resting state of the catalyst, we reinvestigate the water oxidation reaction on the fully saturated

Mn2O4 comgex (pathwayl given inFigure3.4). Compaed to structur@ 3, structurel is -0.12
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eV lower in energy calculated with BP86/ATZP with a 5Xbaitoff value and it is alsé.12 eV

lower in energy with the BP86/TZP level of theory.
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Structure 73 optimized using Structure 1 optimized using
BP86/ATZP/5x10° BP86/ATZP/5x10%
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o Yot e et o7
o ¢ | Pl b ety
/V
Structure 73 optimized using Structure 1 optimized using
BP86/TZP BP86/TZP

Figure 3.3 Fully saturated MsO4complex optimized using different level of theories. The
structures on the right are almost mirror images of the structures on the left; arrows indicate
ligand orientations that differ from the left side images.

The lowest energy fly saturated MsOs%6H-0 complexl has different hydrogen atom
orientations compared to structu@ with both the BP86/ATZP/5x1D cutoff value and
BP86/TZP levels of theory. Structurd8 and 1 are almost mirror images except for a few
rotations of aquaral hydroxo groups which armarked with arrows ifrigure 3.3. In general,
the formal oxidation states of the two manganese atoms in th@48k,0 complex are I11%:
and IV¥%: for both structures.

The first step in the new reactiontpaay is a geminal dehydrogenation from a hydroxo
ligand in structuréd.. This step has a reaction energy of 1.77 eV. It is noteworthy that the removal
of hydrogen from the bridging hydroxo group on structlireesuls in structural distortions
where aquaigands attached to manganese detach and bond to the cluster via hydrogen bonding

to hydroxo ligands. In some cases, these distortions lower the energies of the structures quite
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remarkably Because these water molecules are not attached to the mangameseasta@o not

consider these structures furth&l.ligands interact with the manganese atoms in stru@ure
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Figure 3.4 The lowest energy reaction pathwhayalculated using the BP86/TZP levetioéory
for the fully saturated MsDsA 6,8 structurel.

The spin multiplicity changes from a septet in structute a sextet in structur2 The
resulting structur@ has a terminal oxo species. This Mn(IV¥2)O is an active species that can
undergo nucleghilic attack from nearby solvent water molecules. This process is endothermic
by 0.61 eV and generates struct@8mgith an octet spin state. The sextet spin state of the structure
3 (denoted3') has the same geometry but is thermodynamically higher myete generate (it
lies 0.72 eV higher in energy than the octet state). Stru@unas two water molecules with
elongated bonds with their lone pair electrons pointing towards the manganese atom. The lowest
energy second dehydrogenation process takee lfam one of the water molecules on the top

(surface) site with an elongated bond to manganese. This dehydrogenation from the system is
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endothermic by 0.66 eV and produces strucure consecutive third dehydrogenation occurs at

the HOO- group and regjres 1.00 eV of energy. This generates sextet strutwith an-O-O

group. Oxygen is then removed endothermically to generate striéctuth an octet spin state.

The oxygen removal process costs 0.74 eV of energy. Hydrogen is removed from a gguainal a

ligand on structuré to form structure/, requiring 0.85 eV of energy. A solvent water molecule

coordinates to the vacant site on strucfiiteft by oxygen removal, exothermicallyO(65 eV)

regenerating the resting state of the catalyst. The higlusstive energy step in this reaction

pathway is the first dehydrogenation step forming the Mn(IV¥2)O species. Alhtérenediate

steps except for the catalyst regeneration process (froonl) possess endothermic reaction

energies. The @ bond is seeto form at an early stage on one manganese atom. The calculated

free energy values fathwayl are given inTable 3.2. There were no significant differences

bet ween &E and &G ener gy dvealrueeass.e Howenvaegrn,i twed

values for the reactions ceypgpmrdeEglE t o t he a&E v
Due to some of the highly endothermic chemical reaction steps present in pathway

investigate additional reaction pathways on thex®A 6.8 complex. In a favorable reaction

pathway we would expect the chemical steps in the reactions to be nearly thermoneutral. In

addition, if the chemical steps are too exothermic then this extra energy must be balanced by

more highly endothermic dehyalyenations. The second lowest reaction path#véy the water

oxidation process given inFigure3.5.
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Table 3.2 Calculated reaction energies dnee energies for pathwely of Figure3.4.

Reaction Processes
_ &eE (eV) &G (eV)
(Pathway-1, Figure 3.4)
o 1) 1.77 1.65
P B2 0.61 0.69
P -2 1.33 1.37
o Es-3) 0.66 0.52
P Er-3) 1.38 1.23
gE @54 1.00 0.85
o Es5) 0.74 0.67
o Er-6) 0.85 0.72
o E7) -0.65 -0.55
H,0 * rs ,A -
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Figure 3.5 The second lowest energy reaction path®apn the fully saturated M@.A 6.6
structurel calculated usinghe BP86/TZP level of theory.
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After the first dehydrogenation, we again see it forms stru@usgth a terminal oxo

group. Consequently, the second dehydrogenation takes place at an aqua ligand adjacent to the

0xo group with an endothermic reactienery o f 1. 34 e V. Dehlyd@ogenatidn. 2 0

reactions on the surface hydroxo groups are around 0.2 eV higher in energy than the aqua ligand

dehydrogenation reaction. Dehydrogenation of the hydrogen on the bridging hydroxo group
again results in structuralistortions similar to dehydrogenation of the bridging hydroxo on
structurel. The generated structuewith quintet spin multiplicity has a Mn(VI)=0O oxo group.
The septet state of structuBégiven as3' in Figure3.5) is calalated to be 1.05 eV (130eV of
free energy differencdjigher in energy than the quintet state. This dehydrogenation occurs with
an intramolecular hydrogen atom transfer from the bottom aqua ligand to the bottom hydroxo
ligand. The higher oxidation staten t hi s manganese at ohydroxe ads
bond on structure8 and8'. We also calculated an alternative reaction involving oxo attack to
the surface hydroxo group on structieThis attack is 0.47 eV higher in energy than the
dehydrogenigon of the aqua ligand geminal to the oxo group. The attack to the surface hydroxo
group on structur® has an endothermic energy of 0.57 eV. A reaction pathway that follows
through this intermedie is given in the Appendix A (Figurelp

In the next stp, structure8 undergoes a nucleophilic attack from a solvent water
molecule to the oxo group to generate structufevhich is the same structure in pathwhy
This reaction is exothermic with an energy-0f. 07 eV (PG = 0. 01 eV).
group abstracts one hydrogen atom of the water molecule. The spin multiplicity would need to
change from quintet in stcture 8 to a septet state in structude A spin allowed quintet to
guintet transition is calculated to redcquire

is given as4' in Figure 3.4. After the formation of structer4, reaction pathwa® reconnects
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back to pathwayl, where it goes through intermediate st&te& and7 and regenerates structure
1. In this reaction pathwa®, both water addition reactions have exothermic reaction energies.
However, oxygen evolutioms endothermic by 0.74 eV in both pathways. In comparison to
pathwayl, pathway?2 is more likely to occur because its water addition steps are exothermic.
Also comparing pathwa$ and pathway, we can see that the formation of the radical moiety in
strucure 2 is a significant step in the reaction mechanism. Generation of the radical moiety
represents the highest endothermic energy of both of these reaction pathways, which ultimately
determines the oxidation potential and feasibility of the catalyst éowdter oxidation process.
3.4.2The saturation process of MaOs

The two manganese atoms in the lowest energy isomer gbdMatructure9, shown in
Figure 3.6) ar e | oi norodgroupy.This strocture has formal oxidation statefs
Mn(IV)-Mn(ll). Structure9j, which is a MaOz isomer with formal oxidation states of Mn(HI)
Mn (1L 1T1), C eoRrot geoupn. $Howeviery struectuBg is calculated to be eV (G =

0.92 eV) higher in energy than the lowest energy Mr{WIl) isomer9.

|
Q.. e
\,vk &,\%k

90,9 9'(0,9)
0.00 eV 0.93 eV

Figure 3.6 Isomers of MpOsusing the BP86/TZP level of theory.

We investigated water adsorption and dissociatiorcgegeson the MnOz cluster 9
(Figure3.7). The nonet spin multiplicity of this cluster is kept constant throughout the saturation

process. This cluster can adsorb up to seven water molecules to generate a fully saturated
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Mn2OsA 7,8 complex. The first water molecule adsorption on the®4rsystem is exothermic
with an energyof0. 86 eV (oG = 0.80 eV). This water mo
on the Mn(IlIl) atom in t he -qgxolmidges (strdcturéOh®ne mangar
hydrogen atom of wat-exo igr oallps ta rhgdode dridgesy a he
(structurell). The reaction energy of this dissociation@s. 6 7 e \-0.70 (. The total
process of adsorpti on an d)islaxahermic with aniemergyed f t h e

1. 53 e\ 1.60pG.

AE,, =-1.53 eV AE,, =-1.53 eV
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Figure 3.7 Water adsorption and dissociation processes on th©Momplex. Relative
energies are given in eV.

The second water molecule coordinates with a vacant site on the Mn(IV) atom. The oxo
group m this manganese readily abstracts hydrogen from the incoming water molecule while the
e-hydroxo group transfers to the other manganese atom and forms stri2tufde two
manganese atoms ar e n-@wgrbup and davetfarngaeokidaestatesbo y o n e
of Mn(lll). This W2 process is less exothermic than the W1 process, with an overall reaction
energyof-1. 21 eV (PG = 1.18 eV). The adsorlpti on c
ref or maydroxd bridge in structurd@3. The third water mlecule dissociates, forming

structureldwi t h f our hydr oxpdrox grouwpgp Struckurk4lhast an@oaxise
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along the manganese atori$ie fourth water addition W4 process is higher in energy than the
W3 process. This may be due to the losssyinmetry compared to structufel and the
incomplete octahedral environment that results instead of the square planar environhénts in
The addition of the fourth water molecule leads to a rotation of two of the planar hydroxo ligands
by 9@ in structurel5 to accommodate an equatorial coordination. Hydrogen atoms of the
bridging hydroxo groups in structui®, in which one hydrogen atom is above the plane and the
other is below the plane, orient in the same direction (above the plane) in stlcwité the
adsorption of the fifth water molecule (W5). Adsorption of a sixth water molecule forms
structurel?, which was a structure observed during the tlowdest energy pathway (pathway
Al in Figure Al of Appendix Afor water oxidation from M#O46H-O complex. This structure
still has formal oxidation numbers of Mn(HNIn(lll). A seventh and final water addition forms
the fully saturated MiD3 structurel8. Both of the manganese atoms in this structure have a
distorted octahedral geometrijhe fourth, ffth, sixth and seventh water addition reaction have
exothermic reaction energy values-06f51 eV,-0.60 eV,-0.32 eV and-0.54 eV respectively.
Their respective free energy values are exoergi®O4 eV,-0.51 eV,-0.25 eV and0.46 eV.
The formal oxiddon states change to Mn(IMiIn(ll). In this work, we employ structurds and
18 with six and seven water molecules adsorbed, respectively, to investigate the water oxidation
process.
3.4.3The water oxidation process with the six water saturated M#O3

There ae two possible reaction pathways for the oxygen evolution from strutiure
(Mn(111) -Mn(lI1)). The importance of investigating the water oxidation process from the not
quite fully saturatediny( €©H)(H20)3(OH)s (Mn20sA 6.6) complex is that the lowest emggr

water oxidation pathway for this complex is present in the third lowest water oxidation pathway
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S1 for the MaOA 6,8 complex (Figure A). In this case, the resting state of the catalyst is
structurel?. Starting with structurd?, two dehydrogenationand one water addition occur to
generate structurewith a fully saturated M#Os complex. From structurg, the two remaining
dehydrogenation reactions occur consecutively. After two chemical steps followed by the second
water addition, oxygen is removed regenerate the resting state of the catalyst (strutire
The water oxidation process wikin,OsA 6,8 initiates with dehydrogenation of a geminal aqua
ligand followed by a consecutive dehydrogenation of bridging hydroxo group. In comparison, we
have discussed above that the MRA 6,8 water oxidation process initiates with
dehydrogenation of a geminal hydroxo group followed by a consecutive dehydrogenation of a
geminal aqua ligand.

The second lowest energy pathway on the®A 6,8 complex is given iffigure A2 of
the Appendix A The reactions leading from structuk@ to structure2 are the same as in the
lowest energy pathway. We have observed various fates of the oxo group of stRudture
pathwayl it undergoes direct nucleophilic attack from tbalvent water molecule and in
pathway?2 it undergoes dehydrogenation of the aqua ligand geminal to the oxo group which then
experiences a nucleophilic attack from the solvent water molecule to this same oxo group in
structure8. The other probable fate dfie oxo group in structur8 is to attack the surface
hydroxo group which then proceeds to react via an intramolecular hydrogen atom transfer from
the hydrogen of the generatedOH group to the bridgeoxo group as seen in pathwAf. In
pathwayA2, we nvestigated the direct attack of the oxo group of struddute the bottom
hydroxo group which proceeds after an intramolecular hydrogen atom transfer from the bottom

agua ligand on manganese with the oxo group to the adjacent bottom hydroxo group. We
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included both of thse reaction pathways (pathwa§ and-A2) in the Appendix A (Figure Al
and A2).
3.4.4The water oxidation process with theully saturated Mn2Os

The water oxidabn reaction pathwa$ (Figure 3.8) from the fully satureed Mny( €
OH)2(H20)4(OH)4 structurel8 (Mn.0sA 7-.6) with seven waters adsorbed with formal oxidation
states of Mn(IVJMn(ll) has interesting chracteristics compared to the fulsaturatedvinoO4
compound. Similar to the lowest energy reaction pathway on theshitilyated MgO4 complex,

the fully saturated MaDs complex also involves a nucleophilic attathm a solvent water

molecule.
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Figure 3.8 The lowest energy water oxidation pathwgn the fully saturated M@sA 7.6
structurel8.

The first dehydrogenation from the resting state of the catalyst proceeds with a

dehydrogenation of a geminal aqua ligand of struci@ewhich is a process similar to that of
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pathway2 but from a different aqua ligand. This hasctea energy of 0.84 eV and leads to
structure19 with an octet multiplicity. The second dehydrogenation takes place on the aqua
ligand of the other manganese atom, which leads to septet strZ@urdhe second
dehydrogenation has a reaction energy o6 ®¥. Similar to pathwayl and pathway, we
observe that early dehydrogenations from any of the bridging hydroxo groups resulted in
structural distortions to structufe3. However, the initial steps are somewhat different for these
systemsThe water oxidtion process with MiDsA 6.6 initiates with a dehydrogenation from a
geminal aqua ligand followed by a second dehydrogenation from a bridging hydroxo group,
whereas the water oxidation process from the.®4A 6.8 complex initiates with a
dehydrogenationfca geminal hydroxo group followed by a nucleophilitaek of solvent water
molecule.

In pathway3, the Mn(V)O moiety is formed on structur2l after the third
dehydrogenation process. This dehydrogenation step is the highest energy step, requiring 1.66
eV, in pathway3. In the lowest energy reaction pathw&ythis oxo group undergoes a
nucleophilic attack from a solvent water molecule requiring 0.80 eV of reaction energy to form
structure22 with an octet spin state. The sextet state of stru@R(structure2?j in Figure3.8)
is lower in energy but has water molecules that are bonded to the cluster via hydrogen bonds
rather than through a donation of lone pair electrons to a manganese atom; this cluster will not be
consideredurther. In comparison, the attack of the oxo group to the geminal hydroxo group is
calculated to have a large chemical reaction step energy of 1.62 eV, whereas a fourth
dehydrogenation process requires 1.53 eV (the second lowest energy pétpreagedsia the

fourth dehydrogenation process which will be discussed below). During the nucleophilic attack,
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the oxo group forms a bond with the oxygen of the water molecule and one hydrogen atom of the
water molecule dissociates to bond with the geminal hydgoswop on structurl.

The next step would involve a dehydrogenation that occurs at a geminal aqua ligand on
the manganese atom with tH@-OH moiety, which occurs with a reaction energy of 0.63 eV to
form structure23. In the lowest energy nucleophilidtack pathwayl on the MrOJA 6.6
complex, we observe that the third dehydrogenation occurs a4 group, which creates a
-O-O group that can be removed as an oxygen molecule in the next step. In contrast, in-pathway
3 at this stage, four hydrogeroats have been removed from the system, yet it still possesses a
hydrogen atom on the€-O group. Dehydrogenation from th®@-OH group is 0.38 eV higher in
energy than the geminal dehydrogenation. However, in order to remove oxygen it is necessary to
form dructure 24 that has anO-O group. This chemical step may occur through a hydrogen
atom transfer between solvent water molecules or an intramolecular hydrogen atom transfer
reaction. This rearrangement is endothermic by 0.34 eV. From strutAuiexygen can be
evolved with a reaction energy of 0.66 eV to form nonet stru@éreThis complex easily
coordinates with a solvent water molecule to fill the vacant site left by the oxygen molecule. The
reaction for this coordination is exothermic with an enexp0.47 eV. If these processes occur
in a concerted manner, the overall reaction energy for water addition and oxygen removal is 0.19
eV. The generated structug is an isomer of the resting state of the catalyst. The catalyst can
be regenerated via antramolecular hydrogen atom transfer from an aqua ligand to a hydroxo
group on the bottom followed by rotation of several hydroxo and aqua ligands. This regeneration
process is also an exothermic process-@y2 eV. The highest energy step in this rescti
pathway is the third dehydrogenation process, which requires 1.66 eV. Note that this step also

corresponds to the formation of the oxo group. All the intermediate states except for the second
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water addition and the catalyst regeneration steps havehenchat reaction energies. Th@-O

bond is formed at a later stage of the reaction pathway on one manganese atom as we have seen
in the above reaction pathwaySalculated free energy values are typically lower in magnitude
thanh e r es p oaued Tade3.3kE e x c e pt bystepwhele ave sp& 0.04 eV
increase.

Table 3.3 Calculated reaction energies and freergres for pathwa of Figure3.8.

Reaction Processes

_ &E (eV) &G (eV)
(Pathway-3, Figure 3.8)
P E1919 0.4 0.70
P E20-19) 0.66 0.57
o Ez1-20) 1.66 1.54
P E2-21) 0.80 0.84
P E2-21) -0.32 -0.24
P E2322) 0.63 0.53
P Ea-23) 0.34 0.29
P E2s5-24) 0.66 0.59
P E26-25) -0.47 -0.40
P Eas-26) -0.12 -0.10

We also investigate a second lowest reaction patiinMay the water oxidation process.
The second lowest energy pathway starts at strut8med proceeds tstructuresl9, 20, and21
similar to pathway3. From structure2l, the next step that could occur is the fourth
dehydrogenation procesAlthough this step is higher in energy than the water addition step
from 21 to 22, it has the advantage that it is electrochemical step that can be attenuated by

application of an external potentidlhe fourth dehydrogenation takes place at the hydroxo group
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adjacent to the Mi® group. The two oxo groups in struct@2attack each other to make an O

O group on one anganese atom in structi#@with a reaction energy of 0.13 eV.
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Figure 3.9 The second lowest energy water oxidation pathway the fully saturated
Mn2OsA 7,8 structurel8,

The manganese atom with twoigated oxo groups in structug has a Mn(VI) formal
oxidation state. The lowest energy spin multiplicity changes from quintet in stri@tucea
septet in structur@8, which would be a spHorbidden processlhe septet state of structu2&
(structue 27' in Figure 3.9) is 1.00 eV higher in energy than the quintet state and the quintet
state of the structur@8 (structure28' in Figure 3.9) is 0.64 eV higher in energy dh the
respective septet state

In the next step, the first water addition results in the breaking of or® Mond. This

generates structur29, where QO is bound to one manganese atom with oneVioond. The
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vacant site left from this bond breaking is now occupied by the incomitgr Wgand. The
multiplicity does not change in going from struct@&to 29. This water addition reaction is
endothermic by 0.31 eV. The oxygen molecule is released from str@&wigh the adsorption

of the second water molecule, yielding nonet stmect30. The second water molecule
coordinates to the vacant site left by the oxygen. StruB@itken rearranges back to the resting
state of the catalyst with an energy-06f49 eV. Similar to structurg4 in the lowest energy
pathway, structur&0 also requires a hydrogen atom transfer reaction for regeneration of the
catalyst that would occur either intramolecularly or via solvent water molecules. All of the
intermediate states in the reaction pathway have endothermic reaction energies except for the
final catalyst regeneration steln pathway4, the highest positive energy step is the third
dehydrogenation step (1.66 eV) and the lowest positive energy step is the coupling of the two
oxo groups (0.13 eV). The-O bond is formed after all four dehydrog¢ion steps have
occurred. Similar to previous reaction pathways, tHe 3 seen to form on one manganese atom

i n »fmshienwith two Mn-O bonds. The water oxidation process on the®4A 7.6 complex
initiates with a slightly higher dehydrogenation eyeof 0.84 eV compared to 0.73 eV on the

Mn20sA 6.8 complex.The calculatedree energiesare given inTable 3.4. In general, the

magni tudes of the &G values f dghe ke wiahbleesi ons

exceptiono f (@ed
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Table 3.4 Calculated reaction energies and freergres for pathway of Figure3.9.

Reaction Processes

) &E (eV) &G (eV)
(Pathway-4, Figure 3.9)
P E919 0.84 0.70
P E20-19) 0.66 0.57
P E21-20) 1.66 1.54
o k2721 1.53 1.40
P E27-21) 2.53 2.38
P Es27) 0.13 0.10
o kg -27) 0.77 0.74
P Ez9-28) 0.31 0.30
P Ez0-29) 0.37 0.42
P F1s-30) -0.49 -0.47

3.5General Discussion

In general, MaOs and MnpOs clusters can adsorb up to six or seven water moletoles
form Mny( € H ) -O)H20)3(OH)s and Mn2( €OH)2(H20)4(OH)s complexesrespectively.The
water oxidation process on MuA 6.8 proceedsia a nucleophilic attack from a solvent water
molecule to the Mn(IV¥2)O group. The lowest energy pathway on th€dn6,8 complex is
embedded in the third lowest energy pathway from theQwth 6.8 complex, where it proceeds
through an attack of the actited Mn(VI)O geminal oxo gup to a surface hydroxo group.

The water oxidation process on the fully saturated®4A 7.8 complex initiates with
only 0.11 eV higher eacti on e ner gopmpéaredGo trat obwaterloxidation on
Mn2OsA 6,8. This lowest energy pathway involves nucleophilic attack of a solvent water

molecule to the Mn(V)O group. The highest positive energy steps with six and seven water
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moleculeson MneO3 complexes are 1.77 eV and 1.66 eV, respectively (free energy values are
1.65 eV and 1.54 eV respectively).

There were no similar patterns observed with the reaction initiation processes. In
pathwayl for the water oxidation process with MWA 6.6, the reaction initiates with the
dehydrogenation of a geminal hydroxo group followed by a nucleophilic attack of a solvent
water molecule to the Mn(IV¥%)O group, whereas for the®A 6,8 complex, the water
oxidation initiates with dehydrogenation of angeal aqua and proceeds via an attack of
Mn(VI)O group to the surface hydroxo group. In reaction path@dgr the MnrOsA 7.6
complex, the reaction initiates with a geminal aqua dehydrogenation followed by two
consecutive geminal dehydrogenations of anaaligand and a hydroxo group on the other
manganese atom. After the third dehydrogenation, the complex undergoes a nucleophilic attack
from a solvent water molecule to the Mn(V)O group.

In all the reaction pathways we studied, th€®©®ond is formed on onaanganese atom
withonlyasingeMrPO bond during nucl eophi bbomdisdotmtedhc k p a
in other pathways. Formation of the oxo group is an essential step in all reaction pathways where
it is activated once reaching at least a forragidation state of Mn(IV%2). Once they are
generated they tend to undergo nucleophilic attack from solvent water molecules or readily
couple with nearby hydroxo and oxo groups. We also found that formation of this oxo group is
the highest energy step in #ie pathways we studied here. This suggests the possible use of this
step as a descriptor for selecting a water splitting catalyst with manganese frameworks.

However, additional testing with other manganese systems is warranted.
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3.6 Conclusions

In this studywe revisited the water oxidation processthe fully saturatedvin,O.A 6,8
(Mnz( €®© H) -O)XH-0)3(OH)s) complex and investigated the saturation and water oxidation
processes on Ms. Using the six and seven water saturated®4A 6,8 (Mnz( €
OH)2(H20)3(0OH)4) and MOzA 7,8 (Mnz( €OH)(H20)4(OH)s) complexes, we investigated the
thermodynamics of the water oxidation process. The relative energy values and the geometries
obtained with BP86/ATZP using the smallest linear dependence cutoff value of 5xa0
gererally similar to those calculated with the BP86/TZP level of theory. Because of this good
agreement and due to its computational efficiency, we used the BP86/TZP level of theory to
investigate the reaction pathways described in this study. The lowegly grathway on the
Mn204A 6,8 complex occurs through a nucleophilic atté#om a solvent water molecule to a
Mn(1lVIi)O group. This reaction initiates with
hi ghest thermodynamic barrier for this pathwa
that of the MnOsA 6.8 complex. h comparison, the lowest energy pathway on the
Mn2OszA 7,8 complex proceeds with a nucleophilic attack of a solvent water molecule to a
Mn(V)O group whereas the lowest energy pathway starting o:Obn6.8 occurs via an attack
of Mn(VI)O to the surface hydxo group. The lowest energy water oxidation pathway on the
fully saturated MBOsA 7,68 compl ex initiates with a dehydrc
0.70 eV) reaction energy that is o0A%680.11 e
Based on the reaction pathways studied here, we observed that the first and second lowest energy
pathway consist of endothermic chemical steps of up to 0.80 eV in energy which render these
catalysts unlikely to act as regenerative catalysts in their simplest form. It is ribttldatalytic

cycles on the seven and six water saturated complexes exhildit sailar thermodynamic
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barriers for dehydrogenation (@E and @G val
respectively). The formation of an oxo group is an essential step in all these pathways as it
corresponds to the highest thermodynamic dtap;suggests that the energy of this step can be

used as a descriptor for the selection of catalysts and may provide a helpful tool for future

catalyst design.
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Chapter4-Theoreti cal | nvestigation of

by a Model Manganese Cubane

AmendraFernandand Christine M. Aikens
4.1 Abstract

Manganese is safted by nature for the water oxidation process. In this study, we use an
in silico approach to study a manganese cubane conides(H20)(OH), x = 4-8, y = 8-4
with waterderived ligands. We investigate oxidation state configurations ranging from all
Mn(lV) to all Mn(lll) states. Understanding these simplest architectures for water splitting is
essential for the bottom up design of commercially viable electrocatalystseBotlx 0 &nd ¢
hydroxo versions of t blydroxcaverasidngare geseraly édiigher ine x a mi |
energy in all the oxidation state configurations except for the(IMdll Il 11l) state (this
rearranges to a Ml Ill 11l IV) state). Out of all the oxidation state configurations we studied,
we observed that M@V IV IV IV) , Mng(lll IV IV V), and Mn4(lll 1 IV V) configurations are
thermodynamically viable for water oxidation. All three reaction pathways proceed via
nucleophilic attack from a solvent water molecule to the manganese oxo species. The highest
thermodynamic egrgy step corresponds to the formation of the manganese oxo species, which is
a significant microscopic property that reoccurred in all these reaction pathways. This can be a

significant descriptor in selecting efiént water splitting catalysts.
4.2 Introduc tion

After millions of years of evolution, nature has selected a mangdassel cubane
complex as the active center in the oxygen evolving complex (OEC) of photosystem Il (PSII).

This active complex catalyzes the water oxidation process, where it convates into
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molecular oxygen, protons and electrons. The catalytic core consists of a@adticture
with a CaMnO4 cuboidal core and a dangling Mn atérdnderstanding the electronic structure,
properties and mechanism of the water oxidation process on this active core is an essential part
of designing and developing a commercially viable water splitting catalyst as thiganifater
splitting is a clean and sustainable way to produce hydrogen. Consequently, a large number of
experimental and theoretical studies have been devotadhteve thisunderstandingvith the
OEC and models ofthe OEC?* as well asother biomimetic complexe$3? However the
catalysts developed so far other than some of the ruthenium catalysts are a couple of orders of
magnitude different &m the natural systefi.Ruthenium is a rare element and use of it on a
large scale is not favorkh In contrast, manganese is a common elemBm. activity of
manganesdased cubane complexes and how the OEC achieves such efficiency is still not fully
understood. The presence of this remarkable cubane core geometry is found in other water
splitting catalysts as well (i o ¢ e r a 6 $*andatheracdbgltcdtalysts reported lAgAlpin
et al,* McCool etal.,*® andEvargelisti etal.*").

Reporting a complete review of the large number of experimental aneticabstudies
of the OEC is not possible, so we instead report here a few of the studies that examined a related
Mn4O4 core (cubane complexes with calcium incorporated in the core are not discussed here),
which is the focus of this work. Ruettinget al.® reported the synthesis of the first M
cubane core in 1997. This synthesizedsOWiPC(Ph))s complex was a fusion of two dimer
Mn2O23* units. There have previously been several other manganese complexes synthesized with
distorted cubandike cores® 4% or with incomplete core structufés*? or as par of a larger
cluster?® The core of this MsO4(POx(Ph))s complex consists of [MiD4]®* and the highest

oxidation state observed in this family of complexes contains aQJiff core. There have been
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many reportof this MnO4(POx(Ph)p)s catalyst and its variants tested as electrocatalysts and
photocatalysts in the past fewars after the first proposal.

In 2011, Kanady and coworké?seported two cubie clusters where one complex has a
Mn4O4 cubane core unit and the other has a C&Mmnit. The MnO4 complex contains a tri
nucleating 1,3, 8riarylbenzene ligand architecture. This complex was later investigated with Ca
and Sc to understand mechanistiedies of reactivity and incorporation &f-oxido moieties™*

It was found that MN3CaQ: andMn'3Sd04 were unreactive toward trimethylphosphine (BMe
whereas MH,Mn"V,04 cubane reacts with PMaeadily to generate a new MgOs partial
cubane plus M#0O. These authors also used theoretical calculations ¢gtigate the reaction
pathways for oxygen atom transfer to phosphine from cubane clustetated work, Lee and
Aikens® reported a theoretical study of water splitting process on model compounds of these
synthetic clusters. The ligands were truncated with simpies do reduce the computational
time. It was found that the model complex with 4@a architecture is thermodynamically more
favorable for water splitting than a €4n4O. complex.Yamaguchi and coworkersreporteda
computational study of a mixed valance Mn@yin(IV)xOas cluster to investigate the Jahn
Teller (JT) effects of Mn(lll) ions. The optimized geometries of the cubane demonstrated an
acute triangle for Mn(IIpMn(X) (X = I, IV) indicating JT effects.tlwas found that JT effects

are not significant for Mn(NAMn(IIl) cores showing an obtuse triangle geometry. JT effects are
further diminished for the Mn(I\§)core, which forms an equilateral triangle. It was found that
Ca doping suppresses the JT effestsn for the Mn(I1IlMn(X) (X =111, IV) case.

There are only a few studies reported with ligémee or with watederived architectures
of pure manganese cubane complexes. Recently in 2013,dtah{® demonstrated the water

splitting process on singly charged d»a* and MnO4" species. These authors used gas phase
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ion trap measurements together with B@ppenheimer spin density functional molecular
dynamic calculations. They founthat a twedimensional ringike ground state structure of
Mn4Os" undergoes a dimensionality change to a tdiegensional cuboidal octahydroxo
complex when it was hydrated. These authors further investigated thi®sMsystem with
D2%0 and H'®0 in gas pase ion trap experimerftsTheir results indicated exchange of the
oxygen atoms of the cluster with water oxygen atoms. Their first principles spin density
functional calculations suggested a reaction mechanism that dissociates aéguroixylation

of the oxo bridges. Langtal.>® also demonstrated interaction of water with thex®ki complex

using IR spectroscopy in conjunction with spin density functional calculations. It was found that
hydr oxyl -axo brolges i®dn essential part of the dissociatiothefOH bond water.
This hydroxyl ati on -oxoohndgesnateengdroxylaied. Additianbl lwater h e
molecules then bound molecularly with a favored preference for the hydbogeebound

H3O:2 units involving hydroxylated bridges. It was fauthat an open cuboidal structure emerge
whenn O 3 f404(Hhnand forn > 6 the MnO4* cluster transforms into a closed
cuboidal structure.

The objective of this study is to investigate manganese cubane complexes
(Mn4O4(H20)(OH)y x = 4-8, y = 8-4) that primarily incorporate wateaterived ligands. We
investigated these systems with oxidation state configurations ranging from all Mn(IV) to all
Mn(IIl). Herein, we report a comprehensive study of electronic properties, structures, reaction
mechanisms dr water oxidation on these cubane complexes. We also report microscopic
properties that can be used as essential descriptors for designing efficient electrocatalysts.
Understanding these characteristic features for water oxidation on these simple rtedgsi ca

systems is essential to further develop and enhance water splitting catalysts based on transition
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metal oxides. It is also important to note that comprehensive knowledge of the reaction
mechanism for water oxidation on these manganese oxide spzmeselp us to find
commonalities and differences between these water oxidation catalytic systems, and thus

enhance and develop a next generation of future catalysts.
4.3 Computational Methodology

All the structural optimizations arearried out with the Amstdam Density Functional
(ADF) progran?! We have employed the BP86°3exchange and correlation functional with a
triple-zeta polarized (TZP) basis set for Mn, O, and H atoms. The reaction processes investigated
in the water splitting mechanism include four dehydrogenation steps, two water additions, and
removal of one oxygen molecule. In this theoretical investigation, our main goal is to study the
thermochemistry of the intermediate reactions. Although kinetics adgs jgin important role,
kinetics are not considered in this work because multiple transition states are possible for these
dynamic reactions and the transition states are very sensitive to the hydrogen atom orientation.
All possible isomers of the intermedie states have been calculated in orderédict the lowest
energy step

For each structure, théarge and the multiplicity ahownin parenthesei the figures
Green circles around atoms are used to highlight areas of the cluster where reaetions a
occurring between the calculated intermediate states of each strutluxidation states
discussed in this work are formal oxidation sta®& use the terms "surface", "bottom", and
"geminal” when discussing the aqua and hydroxo ligands bound ngamese atoms above,
below, and to the side of the plane of theoMi#H). units, respectively; these terms are used to

describe the structures with respect to thenvation given in each figure.
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The 2H' A H: reaction is chosen as the reference system to model the hydrogen
extraction process in the catalytic steps. Thference is used instead of the standard hydrogen
electrode reaction (2H+ 2e A Hy) because the energetics of the latter reaction depends
sensitively on the solvation of a proton, which is difficult to calculate accurately with theory. The
2HAA H> reference system also removes the strong pH and solvent dependence that exists when
protons are presentNonetheless, choice of the reference system is arbitrary for the
electrochemical steps (i.e. dehydrogenation reactions) in the catalytic cycle becaats¢nee
choice affects all hydrogen abstractions equally, so the qualitative predictions are not changed.
The 2H'A Ha reference system has previously been used for studying water splitting reactions

on manganese dimer complexes as well as cobalt dintecubaneomplexeg!: 28

produds reactants
Reaction energies are presented accordiigie @ 7E- Q 7nE, wheres is the

stoichiometric coefficient and is the electronic energy (plus nuclear rsmn energy)
calculated for each reactant or prodWe have also accounted for the zpaint energy (ZPE),
enthalpy and entropy corrections for a temperature of 298.15 K. The nuclear internal energy,
which is the sum of ZPE, 3 kT (3/2 KT for rotationda3/2 kT for translation), and a small
correction term due to the vibration partition function, is added with the electronic energy to
calculate the total internal energy U of the structure. The enthalpy H is calculated by H=U + pV
where pV is obtained &m the ideal gas equation, pV/n = RT. The Gibbs free energy is then

computed with the standard formula G =TS. The energy difference is then calculated

produds reactants
according toDG= @ nG - a nG, where; are the stoichiometric coéffents. Unless

otherwise noted, the values in the text are the reaction energies; both values are presented in the

tables.
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The experbsmkienforthé ovepsB water splitting reaction GZHA 2H> + Op)
at pH = 0 with reference to the normal hydrogen electrode is given as 4.92 eV. We have
cal cul msofedd6 ey @r the overall water splitting reaction for the BHFZ® level of
theory. The required potential for each dehydrogenation reaction would be 4.56 eV/4 = 1.14 eV
and the overpotential for each reaction can be calculated by subtracting this value from the

electrochemical steps. These overpotential valuescargiven in this paper.
4.4 Results and Discussion

In this work, we examine the water splitting process &inaOs cubane complex with
oxo, hydroxo, and aqua ligand8li{404(H20)x(OH)y x = 4-8, y = 8-4). Formal oxidation states
ranging from Ma(1V IV IV IV) to Mng(lIl IIF T are considered. The geometry of the resting
state of each catalyst possesses an octahedral environment around manganese atoms. Each
manganese atom is initially coordinated with thegeoxo groups. We have also investigated
protonatedrersions of the&sz-oxo groups (in which as-oxo group is replaced withg-hydroxo
group and a terminal aqua ligand becomes a terminal hydroxo ligand) for each oxidation state
configuration; one to four protonated-oxo groups are considered (newhydroxo groups are
marked with green circles). In addition to providing an understanding of water splitting on
manganese cubane complexes, these systems can also be considered to be small versions of the
bulk with increased surface to volume ratio, and thusy relucidate important aspects of
catalysis on manganese oxide surfaces. Understanding water splitting on the simplest cubane
complex will enable us to determine microscopic patterns that can be used as valuable tools for
catalyst design. Each oxidationnémuration and its respective lowesf-hydroxo versions are

described below.
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4.4.1Mn4(IV IV IV IV) configuration with €3-0xogroups

The lowest energy water oxidation reaction mechanism (pathjvay the manganese
cubane catalyst with all manganese atom$&ienNIn(1V) oxidation state is given iRigure4.1.
The reaction initiates with a dehydrogenation from a surface hydroxo species on sfruchise
first dehydrogenation requires 1.93 eV of enegfhB3 eV free energylable4.1) and produces
structure2 that contains a Mn(V)O specigslithough the Mn(V)O species may also be described
as a Mn(IV}O radical, in this paper we will present the oxidation states without considering the
alternative radical formHowever, it should be noted that the appropriate description of this

group is a topic of research interésp*°¢
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Notably, the formation of the oxo group is the highest energy intermediate step in this

reaction pathway. This is a reoccurring theme indtier reaction pathways examined in our
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current work and this property was also recently observed in a study of water splitting on
manganese dimef’ We have mvestigated the fate of this oxo species by considering several
alternative reaction pathways. For this cluster, nucleophilic attack from a solvent water molecule
to the oxo species does not generate a species Wil group. We have observed that water
remains in molecular form hydrogdéound to the cluster. The coupling reaction of the oxo
group with ags.0xo species is also not observed. Coupling of the oxo species to a geminal
hydroxo group generates structi8# (pathwayB1 is shown in Figure Bl in the Appendiy.B
This coupling is a chemical step and it is a highly endothermic reaction requiring@\1.64
energy. Generally, this much energy cannot be attained by a chemical step, and ideally we want
an efficient catalyst to have exothermic or at most thermoneutral chemical steps. Since the
overall water splitting energy is fixed regardless of catatisice, it should also be noted that
efficient catalysts should also not have highly exothermic chemical steps, because otherwise the
energy will need to be balanced by other steps such as-&téghy electrochemical step in the
reaction pathwayin pahwayB1, the first water addition and the oxygen removal sees are
endothermic reactions.

The most likely fate of structur2 is a consecutive second dehydrogenation requiring
1.73 eV of energy. An applied overpotential that is sufficient to overcdmee iritial
dehydrogenation energy of 1.93 eV would also enable this second dehydrogenation. The
dehydrogenation takes place on an aqua ligand attached to the manganese atom with the Mn(V)
oxidation state and leads to the formation of a Mn(VI)O oxo grougtroicture3. The oxidation
state of the other manganese atoms remains Mn(lV) throughout the catalytic cycle. S&ucture
now undergoes an exothermic nucleophilic attack from a solvent water molecule to produce

structured; the lowest energy state for stture4 hasmultiplicity 13. Thisattack dissociates one

81



of the OH bonds of the water molecule and the dissociated hydrogen is abstracted by the geminal
hydroxo group, which then becomes an aqua ligand. This step is exotherrdid®yeV. The
formation ofstructure4 with multiplicity 11 (given as}') is calculated to have a reaction energy

of -0.13 eV, so it is 0.27 eV higher in energy than formation of the structure with a multiplicity

of 13, but it is still exothermic. Due to the potentially sforbidden reaction, we also considered

the energy of formation of structur@ with multiplicity 13 3') from structure2. This is
calculated to be 1.09 eV higher in energy than the genematistnucture3 with multiplicity 11,

which is thus unlikely

Structure4 with an-OOH group undergoes a third dehydrogenation reaction requiring
0.98 eV of energy. (Dehydrogenation from structufe also yields structureb.) This
dehydrogenation occurs at the hydrogen of B®H group on structurd. Oxygen removal
from stucture5 is an endothermic process by 0.81 eV, which is a-bigdrgy chemical step.

The resulting structuré has a multiplicity of 141t exothermically coordinates with water to

form structure7 with Mns(lll IV IV V) oxidation states. This coordinatioprocess yields0.90

eV in energy. It is reasonable to assume that the oxygen removal process and the water addition
reaction occur simultaneously, and the overall reaction would have an exothermic reaction
energy of-0.09 eV. This reaction is also exorerfy-0.09 eV.

The catalyst can be regenerated from structwéh dehydrogenation of the coordinated
second water molecule. The dehydrogenation reactions require less energy as the pathway
progresses, and this fourth dehydrogenation requires onlyeV.84 energy. Notably, structuie
is the starting structure for the reaction pathway with the(MdV IV IV) configuration, so the
reaction pathway for the system with these starting Mn oxidation states is embedded inpathway

1, as discussed below. émestingly, a recent study byang et al.>’ demonstrated a water
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splitting mechanism on calcium birnessite where the manganese atoms surrounding the calcium
ion are in the Mg(lll IV IV 1V) oxidation stateonfiguration.

The calculated free energy values for pathiiagregiven in Table4.1. There were no
significant differences in energy with respect to the absolute reaction energy values. However, in
general for pathwag wenotc ed a decrease i n magni tuahes of
compared to the e&E values.

Table 4.1 Calculated reaction energies and freergies for pathway of

Figure4.1.
Reaction Processes
) &E (eV) &G (eV)
(Pathway-1, Figure 4.1)
o k1) 1.93 1.83
P2 1.73 1.57
P -2 2.82 2.65
P ks-3) -0.40 -0.28
o Ez-3) -0.13 -0.05
(00] ) 0.98 0.82
o ks5) 0.81 0.73
o Ez-6) -0.90 -0.82
p k7 0.84 0.72

Overall in pathwayl, the two water addition reactions are exothermieG40 eV and
0.90 eV. The oxygen removal process is endothermic by 0.81 eV. The highest energy step is the
first dehydrogenation that resulted in the formatidérihe oxo species and the highest energy
chemical step is the oxygen removal process. After the formation eéDtE bond in structure

4, the next thermodynamically favorable step is the dehydrogenation of the hydrog@®bif

group.
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4.4.2Mn4(IV IV IV IV) configuration with €3-hydroxo groups
The g3-hydroxo versions of the M¢IV IV IV 1V) oxidation state configuration
are found to be higher in energy than ¢gexo structurel. Structure8 with a singless-hydroxo
group is the lowest energy isomer in this category andatuisd to be 0.41 eV higher in energy
than structurd with €3-0xo groups. This protonation, which replacess@xo group with &3-
hydroxo group and replaces a terminal aqua ligand with a hydroxo ligand, changes the formal
oxidation states of the Mn atem t o | VI I VI [ | lek-oxo goaps h  pr o
results in higher energy isomers. Isomers with two, three, anctfduydroxo groups are 0.43
eV, 0.93 eV, and 1.21 eV higher in energy than strudumespectively. The water splitting

reacton pathway? on structuré is given inFigure4.2.
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Similar to pathwayl, the reaction initiates Wi a dehydrogenationlhis step has an
endothermic energy of 1.72 eV (and an endoergic free energy of 1. 7alel¢4.2) compared to
the first dehydrogenation in reaction pathwiathat requires 1.93 eV. This dehydrogenation also
takes place fromasafc e hydr oxo group and results in the
structure9. Similar to pathwayl, this manganese oxo formation step is the highest energy step
in this reaction pathway. This oxo group can undergo different reaction steps sinilaseaot
structure2.

The most probable step after formation of strucuiseelectrochemical dehydrogenation,
which will be described in more detail below. Coupling to the geminal hydroxy group, which
results in formation of a>-OOH group, is found to criire 2.03 eV of energy. We also found a
lower energy structure for this osxgeminal hydroxy coupling reaction where the hydrogen of the
€2-OO0OH group is abstracted by the adjacent hydroxo group of the bottom manganese atom. This
structure formation is en¢leermic by 1.18 eV. The coupling reaction of the oxo group with the
€3-0X0 group requires 1.99 eV of energy. The lowest energy step is the nucleophilic attack from
a solvent water molecule resulting in generation of strucBteshown in Figure B2 in the
Appendix B This chemical step requires 0.64 eV, which is a high value for a chemical step. We
investigated this reactioraghway and included it in the Appendix B

The most likely possible fate of structugeis electrochemical dehydrogenation. This
consedative second dehydrogenation occurs atetfiaydroxogroup. This step requires 1.40 eV
and forms structur&0 with a Mn(V1)O group. In comparison to structuBestructurelO has the
same stoichiometry and very similar energy values (stru&ise.09 eV lower in energy than
structure10). Howe\er, structure3 has Mn(VI IV IV V) oxidation states and structur20

possesses M({VI V Il IV). We also calculated a higher multiplicity version of structur@
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(structurelQ’), which requires 2.26 eV to be generated from stru@ubh®wever, this streture
is unlikely to be generated since the reaction energy is so high.

The Mn(VI)O group undergoes a nucleophilic attack from a solvent water molecule to
form structurel1 with a-OOH group.Structurell also has the same stoichiometry as structure
of pathwayl with different oxidation states for the manganese atoms (struttsr®.004 eV
lower in energy than structurEl). This reaction step has an exothermic energyOaf8 eV,
which is similar to the reaction energy-6t40 eVfor nucleophilic attek leading from structure
3to 4. Structurell prefers a multiplicity ofl3whereas formation of a structure with multiplicity
11 (structurell’) is endothermic by 0.22 eV. This change in multiplicity for the lowest energy
states is also seen between dtrees 3 and 4 in pathwayl. In the next step, hydrogen is
removed from the aqua ligand geminal to #8OH group, which results in an intramolecular
hydrogen atom transfer toea-oxo group. This step requires 1.51 eV in energy; compared to the
structured to 5 dehydrogenationt is 0.53 eV higher in energy.

Oxygen is extracted from structut@ to produce structurg3, and in the next step second
water molecule is added to complete the coordination of manganese left vacant by the oxygen
removal. This watecoordinated structurg4 has a slightly longer bond (2.47 A, which is 080
longer compared to typical manganesgia bond distances of 2.082.15 A) between the
manganese atom and the water molecule. The oxygen removal process is endothermic by 0.55
eV and the second water addition is exothermic-0y1 eV. If we couple these reactions
together as described in pathwhywe have a net energy of 0.14 eV. The fourth hydrogen is
removed from the coordinated aqua ligand (requiring 0.70 eV of energyeoamte the resting

state of the catalyst.
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We have calculated the reaction free energies for patwé#hese values are given in
Table 4.2. For most of the reaction steps (except for the first dehydrogenation where the
calculatel free energy is nearly the same), the magnitudes of the free energy changes are slightly
lower than the reaction energies.

Table 4.2 Calculated reaction energies and freergres for pativay-2 of Figure4.2.

Reaction Processes

(Pathway-2, Figure 4.2) =E (eV) =G (eV)

o ko-8) 1.72 1.73

P Eio9) 1.40 1.25

o F10-9) 2.26 2.08

P E11-10) -0.48 -0.42
P E11-10) 0.22 0.26

o Ea2-11) 1.51 1.39

P E1312) 0.55 0.51

P E1413) -0.41 -0.33

P Es-14) 0.70 0.42

Overall,in pathway2, the two water addition reactions are exothermie048 eV and
0.41 eV, respectively. The oxygen removal process is endothermic by 0.55 eV and this is the
highest enagy chemical step. The highest energy step overall is the first dehydrogenation to
generate the oxo species. In comparison to reaction pathwagthway?2 has a lower
overpotential by 0.21 eV. Once th@OH is formed in structurgl, the hydrogen of the ganal
agua ligand is dehydrogenated simultaneously as the hydrogen-Gi@he group is transferred
to the e3-0x0 group. The oxygen extraction process (combined oxygen extraction and water
coordination) from pathway is exothermic by0.09 eV and in pathay-2 it is endothermic by

0.14 eV. Both pathway and pathway are thermodynamically favorable reaction pathways for
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the water oxidation process. However, both reaction pathways reach a formal oxidation state of
Mn(VI) before forming the @ bond.
4.4.3Mn4(lll IV IV IV) configuration with €3-0xo groups
The lowest energy structure with MHI IV IV 1V) configuration is found to be structure
7 of pathwayl. A relatedstructurel5, with a Mm(lll 1l 1V V) configuration, is similar in

energy with the latter oxidation state configuratiming0.01 eV lower in energy.
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The lowest energy pathway starting from structuvath Mns(111 IV 1V IV) is embedded

in pathwayl, so in this section we examine the water splitting mechanism on stritwién
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Mna(lll 111V V) . The reaction pathway using structdrgis given inFigure 4.3 (pathway3).
Compared to the first dehydrogenation of pathiayhe first dehydrogenation reaction in
pathway3 is 1.05 eV lower in energy. This occurs at a surtapea ligand on a Mn(lll) atom
which then changes to Mn(V) with an intramolecular hydrogen atom transfer from the bottom
Mn(V) atom. The resulting structud is similar in stoichiometry to structuteof pathwayl.
However, structurd6 has a Ma(lll IV IV V) configuration and it is 0.03 eV higher in energy
than structurel with Mns(IV IV IV V). This suggests that structurg6 possibly connects to
pathwayl if it undergoes intramolecular hydrogen atom transfer reactions. We investigated the
reaction pattvay for the water oxidation process via structléas it is comparable in energy.

Structurel6 undergoes a consecutive second dehydrogenation requiring 1.92 gy ener
(1.78 eV free energyfable4.4) to produce sucturel7 with a Mn(lll IV IV VI) configuration.
This is the thermodynamically highest energy step in reaction patBwiake in the previous
pathways, this step corresponds to the generation of the manganese oxo species. Inlstructure
it is for theformation of a Mn(VI)O species. Chemical steps from this oxo group are found to be
thermodynamically high in energy: the attack of the oxo group to the geminal hydroxo group is
calculated to require 1.71 eV and nucleophilic attack from a solvent watecut®ko the oxo
species requires 0.61 eV. The reaction pathway that proceeds via a niliclattplk is given in
Figure B3 of the Appendix B

Dehydrogenation from structuré7 requires 1.60 eV of energy. This leads to the
formation of two oxo species @nsingle manganese atom with a Mn(VII) formal oxidation state
in structure 18. The geminal coupling reaction of these oxo species is calculated to be
endothermic in energy by 0.96 eV. Nucleophilic attack from a solvent water molecule to one of

these oxo gecies is found to be thermodynamically favorable. Once the water attacks the oxo
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group, the other geminal oxo group abstracts one of the hydrogen atoms from the water
molecule. This reaction step is exothermic-By29 eV. The resulting structul® has alowest
energy spin state with a multiplicity of 13 and possesse®@i group. A similar structurg9’

with a multiplicity of 11 lies 0.71 eV higher in energy; this structure would beafwwed from
structurel8. For comparison, we examine an isomeswucturel8 with a multiplicity of 13
(given asl8), but it requires 2.61 eV to be generated from strudtdi@nd is thus unlikely to be
formed The hydrogen removal from theéDOH group to yield structur®0 is the next
thermodynamically lowest stephich is 1.09 eV in energy from structut®. We have seen this
pattern withcobalt specie$ as well, where once th®OH group is formed the hydrogen may be
removed via a dehydrogenation reaction or transferred to another ligand ivigiaamolecular
hydrogen transfer reaction.Molecular oxygen can be extracted from str@€iuce produce
structure21. Structure21 readily coordinates with a water molecule to complete the octahedral
coordination of manganese and regenerate the reséitegd the catalyst. The oxygen removal
process from structur20 is calculated to be endothermic by 0.74 eV and the subsequent water
addition is exothermic by0.95 eV. Overall, this yields an exothermic energy(21 eV for a
combined process. This ggests a more favorable oxygen extraction process cechda
pathwayl and pathwa.

Overall, the favorability of this pathway depends on the highly endothermic second
dehydrogenation forming the oxo species, which will be responsible for the overgobériie
reaction pathway. This dehydrogenation of 1.92 eV is similar to the 1.93 eV dehydrogenation
energy in pathwayt, and is larger than the dehydrogenation energy of 1.72 eV required in
pathway?2. Reaction pathwa® consisting of structure$5-21 has structures with the same

stoichiometries as structures and 1-6 in pathwayl, but with different oxidation state
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configurations. The thermodynamic energy values and preferred steps are similar to {lathway

(i.e. processes like dehydrogenations and wadditions occur in the same stage of the catalytic
cycles). Calculated free energy values are typically lower in magnitudeltheantr e spect i ve
values Table4.3) e x c e p t qo-fg)Stapwheré vee sepB.04 eV increase.

Table 4.3 Calculated reaction energies and freergres for pathway of Figure4.3.

Reaction Processes

) &E (eV) &G (eV)
(Pathway-3, Figure 4.3)
o Fa6-15) 0.88 0.76
P E17-16) 1.92 1.78
o ks 17) 1.60 1.48
o Fag-17) 2.61 2.48
P E1918) -0.29 -0.22
o Fa9-18) 0.42 0.46
P E2o-19) 1.09 0.95
P E21-20) 0.74 0.66
P Fas-21) -0.95 -0.85

Both water addition steps in pathwayare exothermic (by0.29 eV and-0.95 eV)
respectively. The lowest endothermic chemical step is the oxygen removal process rédgidring
eV. In this reaction pathway we see a higher oxidation state buildup of Mn(VIIl) before the
formation of the GO bond. The highest thermodynamic energy of path®v&y similar to the
highest energy of pathwaly. However, the net oxygen removal presés more favorable than
both pathwayl and pathwa.
4.4.4Mn4(lll IV IV IV) configuration with g€3-hydroxo groups

The e3-hydroxo versions of the M(Il IV IV IV) ibased structures are found to be

higher in energy, similar to what was observed with the(MnlV IV V) structures. Structure
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22 with one g3-hydroxo group is found to be the lowest in egye among thees-hydroxo
versions. Structur@2 is 0.44 eV higher in energy than the lowest energy strudfbirgith €3-
0XO0 groups. Structures with two, three, and fewthydroxo groupsare 0.51 eV, 1.06 e\gnd

1.13 eV higher in energy than struct@ respectively.
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configuration. Struetre 22 first undergoes dehydrogenatigqmathway4 in Figure 4.4) requiring
0.44 eV of energy; this is half of the first dehydrogenation energy from strd&iwe t h zonl y ¢

oxo groups in the system. This dehydmoget i on 0 ¢ glwydrexo idge dndh ®rms
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structurel6 of pathway3. The catalytic cycle continues through structli® which has an

OOH group formed from a solvent water molecule attack to the oxo group. From sti8tiuee

hydrogen of theOOHgr oup can t soaongsotipeendotheomicaliyh (e2quiging 0.75

eV) to produce structure23. This is a higkenergy chemical step and may not be

thermodynamically favorable. However, we continued the cycle to understand the behavior of

the water spiting process. In the next step the fourth dehydrogenation occurs on an aqua ligand

at the bottom manganese atom with 1.12 eV energy. Here, the multiplicity changes from 11 to 12

in structure24. Oxygen is extracted from structu2d with 0.78 eV and inlte next step water

coordinates with structurs exothermically with-1.33 eV of energy to regenerate the catalyst.

The net energy of these two steps is exothermieOt5 eV.The calculatedree energiesre

given inTable4.4. I n general, the magnitudes of the @&

| ower than the &E val weeandwiaiEh t he exceptions
The highest energy step in this reaction pathway also corresponds to the formation of the

0X0 species. Both water addition steps are exothermic energy).B9 eV and-1.33 eV

respectively. The net reaction energy for the oxygen extractiof.5 eV. There are two

chemical steps with comparatively similar energy values: the intramoleculirogen atom

transfer reaction to thes-oxo bridge (0.75 eV) and the oxygen extraction process (0.78B3V).

analyzing theez-oxo and thees-hydroxo versions of this oxidation state combination, we can say

that thees-0xo version is thermodynamically favorable. Both pathv@agnd pathwayt require

around 0.20 eV higher of a potential than path&ay
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Table 4.4 Calculated reaction energies and freergies for pathway of Figure4.4.

Reaction Processe

(Pathway-4, Figure 4.4) =B (eV) &G (eV)
o Fae22) 0.44 031
o Ear-16) 1.92 1.78
P ks 1.60 1.48
P s 1s) -0.29 0.22
P k1o-18) 0.42 0.46
p k2319) 0.75 0.75
P E23-19) 0.94 0.96
0P E2423) 1.12 0.98
o Es529) 0.78 0.74
P E2225) -1.33 1.26
4.4 5Mn4(llL 1T IV V) configuration with €3-0xogroups
»® —
TR =L G
o (r‘/ 0.61 eV \Q’% \.;
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Figure 4.5 First dehydrogenation reaction of pathwafrom structur€6 with Mna(l11 111 1V
IV) configuration.

Structure 26 is the lowest energy isomer for the MW 111 1V IV) oxidation state
configuration(Figure4.5). The two manganese atoms with a Mn(lll) oxidation state are located
on the top of the cubane complex and they show slightly elongated bonds between manganese
and one aqua ligand avell as between manganese and&p@xo group on each side. This may

be due to the fact that Mn(lll) atoms are known for strong -Jater effects that lead to
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distortions from octahedral geometriésThe initial step is the first dehydrogenation that takes
place at one of the aqua ligands attached tontheganese atom on top with the Mn(lll)
oxidation state. This step is endothermic by 0.61 eV (the reaction free energy is similarly
endoergic at 0.48 eV) and generates structucd pathwayl. Structurel5 of pathway3 is
similar in energy to structur@ as discussed above, so pathwlayand pathwayd could
potentially both be possible after struct@®& However, both pathway and pathway have
four additional dehydrogenations required before molecular oxygen is generated; thus, reactions
from structure26 would involve five dehydrogenations, and the cycle would not be catalytic.
Since structur@6 would not need to be regenerated in the cycle, it suggests that it is not the
resting state of the catalyst. Throughout this work, this behavior of-eegeneative reaction is
observed when the starting cubane complex includes more than one manganese atom with a
Mn(l1l) oxidation state.
4.4.6Mn4(llL T 1V 1IV) configuration with €3-hydoxo groups

The versions of structures with-hydroxo groups are found to be higher in energy than
structure26 with £3-oxo groups. Versions of structures with one and dgdydroxo groups are
found to be 0.13 eV and 0.53 eV higher in energy tl@et-oxo version, respectively. The

structure with a singles-hydroxo group is given as structu® in Figure4.6.
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Figure 4.6 First two dehydrogenation reamts of pathwayb from structure@7 with Mns( | V |
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Structure27 has a Ma( | VI I 1] o I'11) for mal oxi dat
step from structur@7 is a dehydrogenation from an aqua ligand at the bottom manganese
Mn (1L 1 1) at om. This step requires 0.82 eV (opG
energy compared to the first dehydrogenation26nThe resulting structur@8 undergoes a
consect i ve second dehydrogenation requiring 0.5
structurel of pathwayl (in comparison, as discussed above stru@6Gigenerates structuiéof
pathwayl). This dehydrogenation occurs o hydroxo group. This suggestthates-oxo and

e3-hydroxo versions act similar and are not capable of regeneraifiragthe resting state of the

catalyst.
4.4.7Mn4(lILHTITIV) - configuration with €3-0x0 groups
The Mmy(lll 111 11 1V) oxidation state configuration is found to be 0.48 é\fgher in

energy than the Mgl 1l IV V) oxidation state configuration (structur29). Both of these
oxidation state combinations have elongated bond lengths (around 0.30 A longer bond lengths
than average manganese aqua ligand bond distances) bét@eeanganese atoms and the aqua
ligands. The reaction pathway starts from a dehydrogenation on an aqua ligand attached to
Mn(Il) atom on the lowest energy structt® (pathway7, Figure4.7), which then abstracts a

hydrogen atonfrom the adjacent bottom manganese atom.
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Figure 4.7 First two dehydrogenation reactions of pathvwalyom structure9 with Mna(ll IV
[l V) configuration.

96



It should be noted that in all previous stiwres withes-oxo groups with at least one
manganese atom in the Mn(lll) oxidation state, the first dehydrogenation occurred from an aqua
ligand attached to a Mn(lll) atom; however, in this 4h 1l IV V) oxidation state
configuration the dehydrogenation proceenfs an aqua ligand attached to the Mn(ll) atom,
which is the most reduced atom in this system. This first dehydrogenation step is calculated to
require 0.31 eV (G = 0.18 eV) I n energy, w b
calculated. The resultingfructure rearranges aqua and hydroxy ligands to yields@IMidl 1V
IV) configuration, which is similar to structur2 of pathway5, indicating that this reaction
could eventually proceed through pathwiagnote: structur@ and structuré.5 are nedy similar
in energy so pathwa$ is also a competitive option). This means tR8twould not be

regenerated as the resting state of the catalyst in this pathway as well.

4.4.8Mn4(lIL T 1V) configuration with €3-hydroxo groups
& ,* I[ e ?L?. H', e ?-V’
L\.« [ 3
Wy L o ﬁ}f‘d '”:%”‘
b/L ‘/ 0.55 ¢V O’ “ 0.62 ¢V ‘
30 (0,16) 31 (0,15) 7(0,14)

Figure 4.8 First two dehydrogenation reactions of pathvialyom structure80with Mna( | | |

11 M ITTlm I'I'Il) configur at i shydrokdgmoupsrelatedeoner gy
29).
TheMng(III 1T HTIV)  versions withes-hydroxo groupsare higher in energy compared to

29 with g3-o0xo groups We found that the system with twa-hydroxo groups is the lowest
energy version for the M(ll Il 11l IV) combination and this changen ligands changes the
formal oxidation statestoMa |1 | I m | I I M | lesth{droXo stiucture30 {Figuee4.8) w o

is 0.12 eV higher in energy than struct@& The first dehydrogenation from structige takes
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place at one of thes-oxogr oups with O0.55 eV (G = 0.44 eV)
31 This is 0.28 eV higher in energy than the first dehydrogenation of pathvrayn structure
29. Consecutively, the second dehydrogenation occurs at the fabytdroxo group in structure
3lwith 0.62 eV (G = 0. 4Bwitea/Ninh(llalw &/ V) exidagionat es s
state combination. The regeneration of the catalystagitiydroxo groups is not favorable.
4.4.9Mn (11T ) configuration with €3-0xo0 groups

The all Mny(IIl 1T 11 11T) version with €3-0xo groups has elongated bond lengths
between the manganese atoms and the aqua ligands suggesting aqua ligands are less favorable to
bind with manganese with a Mn(lll) oxidation state. The lowksttire we found rearranges to

the Mmy(11 111 111 V) configuration (structure32 of pathway8, Figure4.9).

. G 4 Y
9’\%{‘. k n ¢ Q— \‘\¢
‘ o \6 ‘TWT b 'Y \”

32(0,17) 29 (0,16)

Figure 4.9 First two dehydrogenation reactions of pathv@alyom stucture32 with Mna(ll 111
[l V) configuration.

The first dehydrogenation from structlB2 takes place at an aqua ligand attached to the
Mn(IV) atom and forms structur29 of pathway7. The reaction energy of this step is 0.22 eV
(G = 0.06 eV). The manganese atom with Mn(]I
state by abstracting a hydrogen atom from a bottom manganese atom with Mn(lll) oxidation
state. The oxidabn state of bottom manganese shift from Mn(lll) to Mn(IV). Struct2@e

eventually continues to pathwdyor 3 and does not regenerate the catalyst.
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4.4.10Mns(lILNIEHTNTE ) configuration with €3-hydroxo groups

N TR
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“Q; 0.52 ) b y ‘.; 0.55 eV o p" “‘; 0.62 eV .

33 (0,17) 30 (0,16) 31 (0,15) 7(0,14)

Figure 4.10 First two dehydrogenation reactions of pathviyfrom structur&3 with the
Mna( I Iy 1T I IM 1T I V) confi gur at ihgdioxo(gtoapsve st en
related ta32).
The Mng(l11 11 111 111) versions with g3-hydroxo groups ardower in energy than the

correspondinges-oxo version unlike the othegs-hydroxo structures we discussed above. We
have cal cul at ed o gthgdroxa vergionstahd tieee [1©.d2nel,-06bayr ¢
0.55 eV, and0.48 eV in energy compared tawstture32. We used the lowest energy isomer
structure33 (pathwayl0 of Figure 4.10) wi t h  g-Hydro®oegrogps and investigated the
water splitting process. After three consecutive dehydrogenation reactions, the hydrogen atoms
on t h eshydroxo greupsdrom structur@3 are removed with energies of 0.52 eV, 0.55 eV,
and 0.62 eV, respectively (G values are 0.41
first dehydrogenation reaction, it connects to path@ayhich connects to structur@ of
pathwayl with three dehydrogenation reactions. This means that after four dehydrogenations
from structure33, the system has not produced any active oxo species for the water oxidation
process. After the formation of structufethereaction continues via pathwdyor 3 but does

not regenerate the resting state strucB®e
4.5 General Discussion

Out of the reaction pathways we investigated for the different formal oxidation state

configurations of the manganese cubane complex,foued three reaction pathways that
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correspond to resting states with NN IV 1V V), Mn 4(lll IV IV V), and Mng(lll 111V V)
configurations are thermodynamically viable for water oxidation. All these three reaction
pathways proceed via nucleophilicaatk from a solvent water molecule to the manganese oxo
species. The other configurations show a commonality where they connect to one of above
configuration reaction pathways. We also note reoccurrence of several other microscopic
properties that will be dipful in designing manganesased water splitting catalysts. Most
importantly, we found that the highest energy step in all the reaction pathways we studied here
corresponds to the formation of the manganese oxo group. We have likewise demonstrated this
property in our theoretical study with manganese dimer comptéxése formation of the oxo

group is the most important step as it subsequently leadsCtd@d generation in the reaction.

The highest energy step determines the overpotential of a particular catalyst so the feasibility and
the efficiency da catalyst can be determined.

In some cases we noticed rearrangement of investigated oxidation statelrebiofg.

For example, Mgl 1V IV V) rearranges to Mna(lll Il IV V) which is nearly similar in
energy. The Mgl 111 11l V) state changes to a Ml Il IV 1V) state and the Ma(lll 11 Il
[I) rearranges to a M4l 11 111 V) oxidation state @wnfiguration. The highest formal oxidation

states for any manganese atom in the resting state did not surpass the Mn(V) oxidation state.
However, we noticed formation of up to Mn(VIl) oxidation state during the progress of reaction
pathway3 and pathway. We also noticed that similar to ostudies with cobalt complexg%

after the formation ofOOH species the thermodynamically favorable step is to dehydrogenate
the hydrogen on theDOH group. Sometimes this is seen as an intramolebytdrogen atom
transfer reaction or dehydrogenation of the nearby aqua or hydroxo groups, which eventually

results in the hydrogen of thR@OH group transferring to a nearby ligand.
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We o0 b s e r yhgdioxotvérsions ase generally higher in energy linhe oxidation
state configurations except for the M 111 111 1ll) state (this rearranges to the M@l 111 1l
l V) state). I n contrast, i n ¢ o bsokotprotenatibnaton € ¢ o m
f o r smydeoxo groups leads to lowerninof theenergy of the comple3é: °In the lowest energy
pathway from Ma(IlV IV IV IV) and Mng(lll IV IV V) (both pathways are embedded in
pathwayl ) , we obser ved tsbxadgrouploners theverpoierdiad of thé nett he ¢
reaction. This is mainly because the starting structures of these oxidation state configurations are
higher in energy than the other configurations. However, in other configurations this pattern was
not a constant property. We alsote that compared to the complex with all Mn(1V) oxidation
states, the dehydrogenation reactions for systems with Mn(lll) oxidation states tend to be lower
in energy. When a structure possesses more than one Mn(lll) oxidation state in its configuration,
we noticed structural distortions to the cubane complex as well as elongated bond lengths
between aqua ligands and manganese atoms. This was most significant with all foun #tems

Mn(l1l) oxidation state.
4.6 Conclusiors

In summary, we have employed déwnsfunctional theory to investigate the water
oxidation mechanism on manganese cubane complexes with-desitexd ligands. We have
investigated oxidation state configurations ranging from(MhIV 1V 1V) to Mn 4111 1T 1T 1.
Understanding the waterxiglation process on these simple forms of manganese cubane
complexes is necessary to aid the bottom up design of commercially viable catalysts. We found a
reoccurrence of microscopic patterns that may be very helpful in designing water splitting

catalystawith a manganese oxide framework. The highest thermodynamic energy for each of the
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reaction pathways we studied corresponds to the formation of th® Mroup and thus this
energy can be used as a descriptor to screeieeffiwater splitting catalysts.

We demonstr abpoaed ehipdabkosdrsionshof MgV IV IV IV), Mn 4(lll
IV IV IV), and Mng(lll 1l IV V) configurations are thermodynamically favorable for the water
oxidation process. Note that these three reaction pathways show a commonistiedieature
where they undergo nucleophilic attack from a solvent water molecule to the manganese oxo
speci es.-0oX o dwmdxoeveesions of MV IV IV IV) and Mng(lll IV IV 1V)
structures this nucleophilic attack takes place ona Mn(V) @ gro wher e acx 0 namo t &
hydroxo Mmn(lll Il IV V) configurations this occurs on a Mn(VII)O species. The other
investigated oxidation state configurations connect to one of these three pathways. They can
essentially extract oxygen but cannot regetieetiae resting state of the catalysts. In some of the
oxidation state configuration we investigated, a rearrangement of oxidation state configurations
into other low energy configurations is fourid.each oxidation state configuration ranging from
all Mn(IV) to all Mn(lll), we investigated two types of structures: one veigfoxo groups and
one whytr exo gr o ushgroxo Vensiens bfahe oxieation state configurations
generally tend t o b e-oxblbridghdeversionsnexcephferthgiili han t h
[l 1) state. The highest formal oxidatostate for any manganese atom in the resting state
configurations was Mn(V). During the progress of the catalytic cycle, the Mn(VIl) oxidation
state was formed in reaction pathw&ynd pathway. When a structure has more than one
Mn(lll) oxidation state structural distortions to the cubane complex as well as elongated bond
lengths between aqua ligands and manganese atoms are evident. We expect this study will be

helpful to expand knowledge of the factors affecting the mechanism of water splittingtsataly
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and will be essential for the bottom up design and engineering of efficient water splitting

catalysts in the future.
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5.1 Abstract

A model manganese dimer electrocatalyst bridggd-OEl ligands is used to investigate
changes in spin states that may occur during water oxidation. We have employed restricted open
shell Hartred~ock (ROHF), secondrder MgllerPlesset perturbation theory (MP2), complete
active spaceself-consistent #ld (CASSCF) and multireference secommtder MgllerPlesset
perturbation theory (MRMP2kalculationsto investigate this system. Multiconfigurational
methods like CASSCF and MRMP2 are appropriate methods to study these systems with
antiferromagenticalhcoupled electrons. Orbital occupations and distributions have been closely
analyzed to understand the electronic details and contributions to the water splitting from
manganese and oxygen atoms. The presence of Mn{fedizal moieties has been observed in
this catalytic pathwayMultiple nearly degenerate excited states were found close to the ground
state in all structures. This suggests competing potential energy landscapgbe geamd state
mayinfluencethe reactivity of manganesemplexes such dbe dimers studied in this wark

5.2 Introduction

Water splitting has been a popular topic over the past few decades as a clean and
sustainable way to produce hydrogen. In green plants and in cyanobdbtawieygen evoling
complex (OEC) of photosystem (IPSll) catalyzes the water oxidation reacti®he active site

of the OEC consig of a CaMnOs cuboidal structure and there have been many extensive
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theoretical and experimental studiedated todeterminingits electronic structure, properties,
oxidative activation and mechanism of water oxidafidf.

Inspired by this cuboidal structure, many synthetic and model catalysts have been
proposed that contain highalent multinuclear manganeseopo bridged complexes?® The
first reports of water oxidation by a dimanganese complex date back to 1985 when Ashmawy
and coworkers synthesized a [{Mn(salpd)@®)}2][CIO4]> [salpd = propang3-diylbis
(salicylideneiminate)] complex that evolves oxygen when irradiated in the presence-of a p
benzoquinoneWatkinson and owmorkers* also reported a dinuclear manganese complex that
evolves Q in the presence of algenzoquinone in 1994 he frst functional model of a {oxo
bridged manganese dimer gBterpy)Mn(OXMn(terpy)OH](NO3)3) wasreported byLimburg
et al'® This compound is capable of catalyzitige oxygen evolutiorreaction similarly to the
OEC. Collomb and coworket§ synthesized this conspind independently at the same time as
Limburg and coworkers. Formation of a Mn(V)=0 species duringOObridging was first
reported by Narutat all’ with a paphyrin type Mn(Ill) dimer. Afour electron water oxidation
reaction catalyst ([Mgfmcbpen)(H20)2](ClO4)2) (mcbpen =N-methytN é&arboxymethyiN, N 6
bis(2-pyridylmethyl)ethanel, 2-diamine) synthesized byPoulsenet al® has beerreported to
generate oxygen with the presence of aliatylhydrogenperoxide as an oxidamheseu-oxo
bridged manganesmmplexes for water oxidation have baemiewed thoroughly by Mullin®’
Liu,?° Yagi,2! Mukhopadhyay? and Wuet al?®

Electronic structure, charge distributipnrand spin coupling of manganeseoxo
compounds surtmded by triazacyclonoane and acetate have been stodiethil by Zhao and
coworkers®® Their cdculated charge distribution showed strong métgind covalency.

Blomberget al?® reported a theoretical study afnumber of model manganese compounds
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including proxo bridged manganese complex@géith hybrid density functional theory (DFT)
calculations even without ugrformally correct spin coupling, they were able to reproduce the
experimentally known preference for antiferromagnetic coupling between manganes@®spins.
interesting finding is that because of the small difference in electronic structure between high
spin and low spin statethe optimized geometries for these two states were iderfidatGrady
and cavorker® studiedthe structural and electronic properties of reduction and oxidation of a
peroxebridged Mn dimer (Ma(u-O)(4-O2)(NH3)e?"). They reported thateductive cleavage of
theGO G bond is favorable when the manganese ¢
that ferromagnetic coupling of the manganese
component of the @ bond?® Lundberget al?’ have also investigated the-gxo bridged
manganese dimer (B (terpy)Mn(O3Mn(terpy)OR](NO3)3) to find out the requirements for-O
O bond formation in manganese complexes. Tdeterminedhat the active synthetic catalyst
forms a stable Mn(1V) oxyl radical state rather than the M«(Xf) state’’ A very recent paper
by Zhouetal.?® indicates that thaqua ligandenvironment haanalmost symmetric influence on
the Mn(lll) and Mn(1V) centers even wiithe hydrogn bonds considered explicitly.

It is known that som@&d transition metalsuch as Mrshow a poor overlap between the
3d and ligand orbital® This results in orbital near degeneracies and nondynamical
correlations?® So, the applicability of DFT methods to accouot theseelectroncorrelations
remains questionable. The systems with 3d orbitals also give rise to sevetginpwxcited
states of various multiplicities, which results in surface crossing effects. Such systems with near
degenerate electronic statesy haveantiferromagnetic coupling of Mn atorASBuschet al*°
have studied a system based on high spirestet a ferromagnetic arrangement that can be

treated by standard DFT methods. Howelke potential antiferromagnetic coupling in g
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systems can bemost appropriately described by mulleterminantal wave function
representation Multi-configurationdwave functionbased methods like complete active space
self-consistent field (CASSCF) and multireferend® @der Maller-Plesset perturbatiotheory
(MRMP2) are methods that can b&ed in this type of calculatio@hoosing the active space for
this type of calculation is very important. Electrons and orbitals involved shoaldde those
necessaryto treatall the important bonding features yet should not be unnecessarily large
because they need to remaomputationallytractable

Very few studiehawe been reported usifgASSCF calculatiomon ligated manganese
compoundsAmong them, Mn(salen) complex is a popular system that has #ieighcatalytic
activity towards enantioselective epoxidation of unfunctionalized olefins. A debatable question
with these Mn(salen) complexes is the relative stability of the singlet, triplet and quintet states.
Searset al?® and Ivanicet al®! reported a CASSCF study of a model oxoMn(salen) complex to
address this issue. Ivanét al®! first studied the system with 12 electrons in 11 active space
orbitals (CASSCF(12/11))ater, Sears and coworkeéfsused CASSCF(8/7) to study this system.
This smaller active space was chosen after examining the unrestricted HHake@UHF)
natural orbital occupation numbefEheir reports indicated elosed shelkingletas the ground
stateandthat thetriplet states are around 3 kcal mdiigher inenergywhereas a quintet state
lies at a little more than 40 kcal molThe relative energiesalculated using different active
spacedliffered by 0.5 kcal mol for all the states except fdne quintet statevhosediffererce
was 14 kcal mot?. It is noteworthy that their UHF solutions to the calculations were highly spin
contaminated. 12014 Wouters and coworketsstudied this system witthe density matrix
renormalization group (DMRG) method with 28 electrons in 22 orbitals. Inclusicuaifa

large active space is feasible with the DMRG numerical technigummparison with previous
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results they found thathe triplet is 5 kcal mol more stable than the singlet state whetbas
quintet les 1214 kcal mott higher than the singletate.

With recent advances ithe DMRG method Kurashige and coworke¥scomputed the
manyelectron wavefactions of the OEC of PSIl with more than'3@uantum degrees of
freedom. They confirmed that the §ate of the OEC is in the MnMn" Mn" Mn'" oxidation
stae thathas been established previoustythermore they identified multiple lowlying energy
statesnear the Hstate. The active space they chose for the DMEXSSCF calculations is 44
electrons in 35 orbitals.

Other work has also been performed on naaege and manganes@cium cubane
systems related to the OEC of PSNlumerous recent studies have examined the electronic
structure of these systems using hggin and brokeisymmetry DFT calculations. For example,
Yamaguchi and coworkefsemployed UB3LYP and UBHandHLYP calculations to investigate
the mixed valance GEINsOsX(H20)s (X=0OH or O) complex. The authors indicated that the
degree of symmetry breaking of the M1Mn bond is not significant with these kg of theory
whereas it is predicted to be higher with other hybrid DFT methods. Yamagiuahi® also
reported a study of the mixed valance configurations o§QgnCaMnOs, and CaVinzOs
complexes with UB3LYP aculations. The computational results with 4@ demonstrated the
instability of the uniformvalance structure of Mn(IdDs due to the Jahifeller effect of
trivalent Mn ion affording a mixestalance configuration. Krewalet al.3® investigated a high
valent Mn(IVxCaQs complex and demonstrated that the these systems have a ground state with
spin 9/2. Recently, Krewald and coworkers have shown that only a kiglent scheme with
Mn(ll1) sMn(IV) for the S state up to Mn(IV) for the S state can account for the observed

spectroscopic data of the sestable intermediate states.
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These studiesvith DFT (high spin andbroken symmetryapproaches) as well as
multireference and multiconfiguratianethods show the complexity of orbital configuration in
manganese and how the surrounding ligand environplegs a major role in describing the
chemisty of these system3hese complexes are capable of releasing oxygen electrochemically,
photochemicallyand in the presence of primary oxidarts.the present study wexaminea
model catalyst proposed Busch et al®® The model catalyst consists of two manganese atoms
with a simplified version othe acetylacetonate liganeh(which methylis replaced by hydrogen)
on each tom (structurel in Figure5.1). The purpose of the selection of this moclempound is
valuable as the two manganese atoms are surrounded by six oxygen atoms, which is similar in
that regard to a bulk Mnsurface. Capping the manganese atoms withattetylacetonate
ligand ensures that the catalyst is governed towards a dwapting of two radical moieties.
Furthermore, the starting structure with two aqua ligands on top of manganese atoms represents a
bulk manganese oxide immersed in a neutral medium with aqua ligands adsorbed to the surface.
These factors lead us to combtuthat the selected model system is capable of mimicking the
actual bulk oxide surface to a satisfactory degfesynthetic organometallic compound with a
similar skeleton to this model catalyst l@sobeen reported as an enhanced magnetic cooler by
Manoli andcoworkers®® Theresting state of the catalysxhibitstwo water molecules ligated to
Mn(lIl) atomsand these Mn atoms are bridged by hydroxyl groups to balance the neutral charge
of thecatalyst.The catalytic mechanism proposis a general direct coupling pathway through
Mn-OP radical specieshat consiss of electbchemical steps and chemical stefpsshould be
noted this radical species is predicted in our current work to be a M&(lgfjoup. This will be
discussed in detail in the results and discusdtaich electrochemical stexperiences aroton

couplal electron transfer (PCET) reaction similar to the OEC of P3$His type of direct
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coupling reactions via adjacent oxo radicals has been proposed in ruthenium bldé tfiemet
cobalt oxide cataly&t water oxidation system#\ reference system of TerH/TyF(has been
usedwhich has a reduction poteatiof 0.94 V relative to the normal hydrogen electrode (NHE)
The teoretical water oxidation potential valisearound 1.23 Mwith respect to the NHE. This
simplified theoretical catalyst system mimics the water oxidation process Ntm dimer
compound.

In this study, we employ both multiconfigurational and mutireference methods to
investigate the electronic structure and energetics of this system. These higher levels of theory
can account for a detailed description of underlying electronic states thabutnto the
catalyst cycle. The primary focus of this study is to observe the orbital configurations that
contribute at different stages of this direcupling pathway and provide detailed understanding
of the electronic states at each stage of thalytat cycle. We also acknowledge to the readers
that these ab initio methods also have their own limitations: in order to accurately address the
system of interest we have to carefully select the active space in multiconfigurational
calculations. Even wiit current computational power it is not feasible to include all the valance
electrons in this system. Nonethelesg Believe our investigation of electronic excited states
and orbitals involved in such reaction pathway may helpful to increase the knevadg of
catalytic water oxidation system$Ve find that many nearly degenerate excited states with

different spin are present in these systems.
5.3 Computational Methods

All the restricted opesshell HartredFock (ROHF)}? secondorder MgllerPlesset
perturbation theory (MP2) using theaweragedperturbation theory (ZAPT2) approatif®

CASSCF#%* and MRMP2%% calculationsin this workemployed the code implementedtire
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GeneralAtomic andMolecularElectronic StructureSystem (GAMESS) progranf?: °>’ We have

selected an active space with 8 electrons distributed among 10 oc@MNABCF(8/10)which is
physically motivated fortthe first cluster shown in our study. These 10 orbitals for the first
structure include the five 3d orbitals from both Mn atoms and can account for the important
bonding features happening aroutine two Mn atoms in the structure§Ve have examined
expandng the active space to 12, 14, and 16 aadingtalsby addi ng t he doubly
orbitals and correspondi n gsdescribeg belovhut the naturdl al st
orbital occupation numbers obtained wee least1.95 for the dably occupiedorbitals
Furthermore, orbitals of the bridging hydroxo groups were also included in the active space to
check their contribution to the behavior of this system. We included 16 active orbitals and found
that the orbitals have occupations dfemst 1.98, so they are well represented when included in

the doubly occupied spacéhe CASSCF(8/10) active spacgusedthroughout the calculatns

unless otherwise mentioned.

Since accuracy and the convergenc€ASSCF calculations depend on thetiadi input
orbitals, choosing a good set of orbitals is always important. In order to improve SCF orbitals as
good starting molecular orbitalseveralmethods available in GAMESSabe been used. For
example generating valance virtual orbitals (VVQgjeting a more localized set aobccupied
orbitals while retaining symmetrysing a Boys localization proceddfeusing a symmetry
localization approach implemented in GAMES®,a combination of these methods have been
used.The nitial set of orbitals s carefully analyzed and reordered as necessafindothe
optimal setof orbitalsfor each structure. All the calcuiahs executed in this study uaeriple
zeta valancéasis set withd and p polariation functions(TZVP).> ¢ Single point MRMP2

calculatiors have been performed in order to get better estimates of the relative energies where

115



necessaryOrbital diagrams reported in all the figures have been calculatecawghtour value

of 0.03.
5.4 Results and discussion

All the intermediate states in the raaot pathwayareinitially optimized with ROHFor
high-spin statesising a TZVP basis seftigure5.1). This catalytic cycle wapreviously reported
in Ref. 30 using the B3LYP/&11++G level of thery. The cycle consists of four
electrochemical steps, in which a proton and electron are removed from the Mn complex, and
three chemical step3he two aqua ligands attached to the top of the strudtunedergo four
consecutive dehydrogenations in foueatrochemical steps to form structufe with two
Mn(IV)-OPradical groups. The two radical oxo groups attack each other and generat®©the O
bridge on structuré. With two consecutive water addition reactions we can break the tw® Mn
bonds and extract £rom the catalyst. Structurels5 have 86 doubly occupied orbitals and

structures 6 and7 posses85 and 90 doubly occupied orbitalespectively.
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Figure 5.1 ROHF/TZVP optimized structures for theechanism reported in R&0. Red
numbers indicate the electrochemical pathway and the black numbered structures are generated
from purely chemical steps. Small white spheres represent hydrogen atoms and large grey
spheregepresent manganese atoms. Carbon and oxygen atoms are represented by black and red
spheres. This color code is used in all figures.



We have employed MP2 level single point energy calculations on the high spin states of
ROHF optimized structures of thatalyst.A comparisam of these reaction energiesgiven in
Figure5.2. The reaction energy pattern for the catalytic cycle shows similar behavior with both
levels of theoy. After the formationof Mn(IV)-OA bonds (structure5), the chemical step of
forming the GO bond(structure6) is a downhill reactionThe most positiveeaction energy
difference of the cycles found between structurésand7, where attack of avater moleculen
the peroxo bridgedtructureoccurs Thereadion energies betweestructurest, 5, and6 hints at
the flexibility of the direct coupling of the oxo radicalsccept for the catalyst regeneration step
(7 to 1), ROHF calculationsgenerally overestimate theelative energiesof the structures

comparedo the MP2 single point energies
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Figure 5.2 Reaction energies (eV) of the high spin states of the catalyst cycle
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All of these structures hav€: symmetry andpossessa pseudebctahedral geomst
aroundthe Mn atoms. The ligands arouride manganese atoms show either bent or twisted
conformations in structusel - 7and t hey ar e n o thydioxo bopdsWithe wi t h
previous B3LYP/6311++G and BLYP/&11++G results, the highest thermodynamic energy
gap wasobservedbetweenstructurs 3 and4.%3° In that work, the reaction goeshifp until the
formation of structur® and then goes downhill to regenerate the catalyst whereas in the current
work with ROHF and MP2, the reaction goes uphill to form strucBiend then proceeds
downhill to structured. The next sections providgetaled descriptions of the electronic states
and orbitaldor each structuréogether with a comparison of the ROHF, CASSakd previous
DFT calculations.
5.4.1Structure 1

In structurel, the eightunpairedelectronsn the nonet state occugyghtd-basedorbitds
of the two Mn atomswith two Mn dbased LUMOs. Theingly occupied molecular orbitals
(SOMOs9 are very important as they depict the chemistry occurring around Mn. Orbita@487
represent these singly occupied d orbitajstimized with ROHF §igure 5.3). We also
investigated the unrestricted Harteeck (UHF! orbitals for structurel (Figures C1 to @ in
Appendix Q. In the UHF calculations, singly occupied alpha electrons with a high percentage of
manganese d orbitals were seen in the lower energy occupied space (orbiéds 50
Corresponding beta orbitals were not present, so the overall spin density was found to be four
electrons on each Mn atom using both Mulliken and Loéwdin partitioning schemes. Overall,
differences in orbital occupation were noted for the structures irgdnin this work. The 5
value for structurd was found to be 20.121 (compared to the idealized value of 20), indicating

some spin contaminatio®pin contamination was also found to be an issue in previous UHF
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calculations on Mn complexé$so the unrestricted calculations will not be further discussed in

this work.

93 94

Figure 5.3 ROHF/TZVP SOMOs of structurg.

Core orbitals 85 and 8@Figure 5.4) also have a significant role ithe electronic
structure In structurel they are doubly occupied orbitals; in struct@r@ndonwards we sethat
these orbitalghange their occupancy. These orbitals represent n gbital delocalized over
three carbon atoms with contributions from therpitals ofthe twooxygenatomsin the ligand
These orbitals ar eanhde (R a brhitals).Thisahepkedfasi RQ
exhibits a key role in oxdn(salen) complexé$ **wher e el ectron transfer

orbitals to norbondingaxialMRO ~ or bitals in excited states.
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Figure 54ROHF/ TZV P d o u biay do afitalspi seudtur® ’

Initial orbitals for CASSCEB,10) calculationsvere taken from thROHF orbitals. In this
caseconvergence was obtained withalifficulty. A different s@tial distribution of orbitals with
the CASSCF wave functiois observedThese eight singly occupiedn d natural orbitals are
shownin Figure5.5. The two unoccupied natural orbitafs the active spa¢ed5 and 96also
shov d abital character Rigure 5.5). Doubly occupied orbital8 5 and 8i6a nlda vRe
charactersimilar to the ROHF orbitals shown in Figure 5.4. The natural orbital occupation
numbers (NOONSs) are essentially 1 or O for singly occupied orcupaed orbitals, respectively.
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Figure 5.5 CASSCF(8,10)/TZVP active space natural orbitals of strudtyratural orbital
occupation numbers (NOONS) are given in parentheses)
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The structurelid not change drastically in going from the ROHF to the CAS&Wel of
theory. All eight MRO bonds aroundhe two Mn centers changed withia 0.001 A range.
Structurel was optimized with different multiplicities. The same initial SCF orbitals were used
for other multiplicities as the nonetbitals are similar heveen ROHF and CASSCHhere were
no structural differences observed in these multiplicitithin 0.001A. Relative energiesf
these multiplicitiesare given inlable5.1.

Table 5.1 Relative CASSCF energies of electronic states for strutture

Multiplicities CASSCF
kcal moft cmt
Triplet 0.035 12.2
Quintet 0.028 9.8
Septet 0.020 7.0
Nonet 0.000 0.0

CASSCF calculations indicate the existence of many-lJomg excited statesA
CASSCEF calculation at the optimized nonet geometry yields the high spin nonet state as the
lowest energy statélhe previous DFT results also predict the high spin nonet as the lowest
energystate®® A CASSCF septet calilation at the optimized septet geometry yieddsenergy
of 0.020 kcal mof! above the nonet statd. CASSCF calculation at the optimized quintet state
givesa relative energy d.028 kcal mot, and a similar CASSCegalculationfor the triplet state
yields 0.035 kcal mdl Even though the high spin electronic state with 8 unpaired electrons is
predicted to be the ground state,dltheseotherstates are essentially degenerttshould also
be noted that the orbitals for these 8 unpaired electnaee mostly from contributions of d
orbitals on the two manganese atoms; very small contributions of orbitals from the bridging
hydroxo groups are observed in the unpaired electrons of strucimd the other structures

discussed below. To account foontributions from the hydroxo bridges, we included these
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orbitals in the active space; however, all natural orbital occupation numbers were found to be at
least 1.98, and thus for the remainder of this work they will be tteatéhe doubly occupied
space

This degeneracyf the electronic statesn be observed in other structures of the reaction
mechanism producing competitive potential energy landscapes. Existence of these multiple
nearlydegenerat@otential energy landscapes néfae ground state fothe OEC of PSII have
been showmecently with DMRG calculationghus giung a very reactive environment for the
manganese water oxidation systethsor all of the lower spin multiplicities, the NOONs are
essentially 1 or O, indicating thidie electrons remain unpaired
5.4.2Structure 2

Dehydrogenation leads to a Mn(lV) oxidation state in one of the manganese atoms in
structure2. CASSCF optimizatiorof structure2 with different multiplicities reveals a lolying
sextet as the ground staléhe actet is calculated to be @3 kcal mott higher in energy than the
sextet stateThe natural orbitals used in the active space of dbetet statef structure2 are
provided inFigure5.6 and those used in tloetet state are given in tidgpendix C, Figue C5.
The doublet and quartstatesare 0.414 and 0.056 kcal rmohigher in energy than the sextet
state respectively Table5.2). There are no apparent differencesha structures ahese states.
As seen fosstructurel, the four spin states are essentially degenefateheck the effect of the
active space on the state ordering, we also performed CASSCF calculations without the three
essentially unoccupied orbitals-98, leading to a (7,7) active spaé@ain, the sextestate was
found to be the lowest in energyven though CASSCF calculations are capable of accurately
addressing electronic exchange awatdynamical correlationghey doa poor jobof accounting

for dynamical electron correlations. To see if the systendrastically affected by these
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dynamical correlationave employed MRMP,10) calculationson structure2. In comparison,
previous DFT calculations have predicted the octet state as the lowest eneryjy state

Table 5.2 Relative CASSCF and MRMP2 energies of different states for struzture

Multiplicities CASSCF MRMP2
kcal mott cmt kcal mot* cmt
Doublet 0.414 144.8 0.017 6.0
Quartet 0.056 19.6 0.002 0.7
Sextet 0.000 0.0 0.000 0.0
Octet 0.333 116.5 0.04 4.9

MRMP2 single point energied éble5.2) for the doublet, quartet, sextet, and octet were
obtained at the CASSCF optimized geometries for their respective multiplicities. Initial orbitals
were taken from the CASSCF wavefunction of structure 2 for each respective multiplicity. We
have found that there are no large differences in energy with the MRMP2 level of theory,
although the relative energies of the doublet, quartet, and octet statemsge somewhat.
MRMP2 reproduced the sextet state as the ground state for structure 2 and the energy ordering of
the remaining states is the same as from the CASSCF prediti®imteresting to note that the
CASSCF and MRMP2 calculations do not agwi¢gh predictions from a phenomenological
HeisenbergDirac-Van Vleck (HDVV) Hamiltonian, which would predict either the
ferromagnetic (octet) or antiferromagnetic (doublet) states to be lowest in energy depending on
the value of the exchange constant J waitbpacing of E(&)-E(S) = 2JS (where S is the total
spin quantum number of the system). It should also be noted that previous B3LYP and BLYP
calculations also do not predict state intervals according to HDVV predictions; for striicture

the singlet andjuintet states were predicted to lie above the nonet state with the triplet highest in
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energy, and for structurg although the octet was predicted to lie lowest in energy, the other
states were not arranged according to HDVV predictidns.

Interesting orbital configuraties were observed when hydrogenswabstracted from
water ligatedon Mn to form an GH bond in structur@. A singly occupied d orbital has now
lowered its energy tthe doubly occupied core orbitapace(This d orbital69 is given in the
Appendix C(Figure &) and it has been compared with a range of orbitals in struttoreheck
the existence of this d orbital. We did not observe a similar kind of d orbital in strdctune
attribute this to a lowang of a singly occupied d orbital into the doubly occupied core orbital
space.)in addition,a hi gher e n ¢ orhital or thensgle of thejoRcule that has
undergonéhydrogen abstractioils nowsingly occupied We have also examined active spaces in
which both ringp orbitals are active orbitals; however, one always remains doublyiectcu
(NOON > 1.97) and one stays singly occupied (NOON ~ 1\0@) hypothesize thaemoval of
electron population ithisr i ng ~ or bi t al-of-plame berdiag ottheuesmectifeo r 0 L
ligand that has been observed in this structdiee dbubly oc upi ed ri ng the or bi t
singyoccupi ed ralonggith the remalmdemfahe orbitals are given ikigure5.6.
Singly occupied orbitals 87 and 92 show a very small p orbital contribution from the
dehydrogenatedqua ligand. We also observed that there is very little contribution from bridged
OH groups.CASSCF calculations were able find the remaining unoccupiedl orbitals in the
active spaceln comparison to the active space orbital configurations obsentbdhei structure
1, structure 2 possesses a different set of orbitals based on the Mn d orbitals. In this structure, the
change in number of unpaired electrons does not solely affect the two manganese atoms; the
contribution of t he r i ng tes tha lighnd framework and ttsh e a c

ability to transfer an electron to aid the hydrogen removal process is also an important factor.
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Since the character of the orbitals in the active space differs for structures 1 and 2, the CASSCF

energies of these systewennot be directly compared.
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Figure 5.6 CASSCF(7,10)/TZVP natural orbitals -8 in the sextet state of struct@.eOrbital

86 is a doubly occupied core orbital, and the other ten orbitals are includhedactive space.
5.4.3Structure 3

This speciehiashadtwo hydrogens abstracted from the resting state of the casadgist

two manganese atoms are now in the Mn(IV) oxidation .skedementioned eadr, when the
multiplicities were changed in structgré and 2, there were no geometric differences within
0.001 A. The CASSCF geometry optimizatiohthe septet statand a single poinCASSCF
energy calculatiomt the ROHF geometry for theeptet state of structuBegave essentially the
same energySimilarly, the geometries for the structures with different multiplicities are not
expected to vary greatlfthus we used CASSCF single point energies for all the multiplicities
of structure3 at the optimized CASSCF septet geometrgompare infable5.3. The previous
DFT results predicted the stability order with the BLYP functional sase€Esingle<EquinteEtriplet

and with the B3LYP functional as sdsteKEquinte<Esinglet = Etriplet, Where the septet state is
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predicted to be the mbstable state with both of these functiomdl#n contrast, the CASSCF
calculations suggest the low spin triplet state as the most stable ground state with the septet being
0.28 kcal motf higher in energy. filese energyaluesalso suggest near degeneracy among these
electronic states

Table 5.3 Relative CASSCF energies of different states of stru@ure

Multiplicities CASSCF
kcal moft cmt
Singlet 0.012 4.2
Triplet 0.0 0.0
Quintet 0.071 24.8
Septet 0.276 96.5

CASSCF natural orbitals reproduced the orbital configuration from R@xtiept for
reordering and mixing of the orbitals. Orbita
occupied orbitals (NOONs of 1.0000) onckaside of the ligandg-{gure 5.7). This suggests,
consistent with our previoudservation, another singly occupied orbital has lowered its energy
into the core orbitals | eading the doubly occ
occupied orbital. We extensively investigated this system to find the core d electron in the
system but we were unable to positively identify it. The single electron occupations in both of
these ring °~ orbitals in structure 3 caruse th

structure 2.
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Figure 5.7 CASSCF(6,10)/TZVP active space natural orbitals of stru@ure

In the singly occupied space starting from orbital 88 to orbital 92 we now see some p
orbitals of the two dehydrogenated aqua ligands in the active space contributing tcttioaiele
structure of structura.
5.4.4Structure 4

An important structuran the catalytic cycle iformed whenthe third hydrogenis
abstracted from the initial structure to form an oxo group directly attachedMa atom.
Formation of a oxo species plays erucial role in this direct coupling catalytic pathway as the
two oxygen atoms combine to form the bridged peroxo grdupe BLYP and B3LYP
functionals predicted the sextpiartet and sextetttet (both spin states are degenerate: sextet
and quartet in BYP and sextet and octet in B3LYR3 the lowest energy stateespectively®
CASSCEF single point energy calculations on structirevealed thathe sextet statés not the
ground stateThe low spin doublet state is tigeound state for structukeandthe sextet state is
5.805 kcal mot higher in energy #in the doublet statd éble5.4). With the formation of this
radical Mn(IV)-OAgroup, low spin states tend to be lower in energy compardtethigh spin

electronic states.

127



Table 5.4 Relative CASSCF energies of different states of strueture

Multiplicities CASSCF
kcal mott cmt
Doublet 0.000 0.0
Quartet 0.285 99.7
Sextet 5.805 2030.3

Our studyshowsthat theoxygenin the Mn-O bond has radical charactan line with a

prediction of Mn(IV)OAcharacter rather than Mn(V)=Qhis is evident from thexo p orbital

contributionin orbital 89(Figure5.8). The singlyoccupied orbitals 87, 89, 90, and 91 all show

contributions from the p orbital of the oxo group. Orbitals 90 and 91 ghawbitals of

manganese

structure4 consisting ofmanganese

atoms.

87 (1.0000)

G ?,L <
< L <
O %

91 (0.9990)

3¢ ¢
° &: 1. ' o

95 (0.0001)

96 (0.0000)

orbitals

89 (0.9999)

93 (0.0009)

and

7%

a rbetweén*marmganése and bxggembitals 9296 show LUMOs of

orbital

o . o ’ :§¢4
18 Ll

90 (0.9991)

94 (0.0001)

Figure 5.8 CASSCF(5,10)/TZVP active space natural orbitals of strueture
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5.4.5Structure 5
Structureb possessetsvo Mn(1V) -OAspeciesOrbitaIs g and 89 are singly occupied ring

or bi t a lthese mstrmeiuresd and4tbut with more oxygen p orbitals mixingigure
5.9). We were not able to converge structbrevith an active spacef 10 orbitalsdue to low
occumtion numbesin thelast 4 orbitals. Thysve selected a smaller active space of 4 electrons
in 6 orbitalssWe observed a mixing of oxygen p orbit
another p orbitabn theother oxogroupcan be seen in the active spaOrbitals 88 and 90 both
are now singly occupiedxo p orbitalswith as | i gh't contribution from

structure5 onwards singy occupied oxygen p orbitals are also involvedhe activespace.

¢
Z8E 2
o 6 ®

88 (1.0000)

90 (1.0000) 91 (0.0000)

92 (0.0000)

Figure 5.9 CASSCF(4,6)/TZVP active space natural orbitals of stru&ure

Similar to structuret, low spin states tend to be lower in energy with the formation of
these higher oxidation states on manganese atoms. Here in stfjctiessinglet sate is the
ground stateSingle point energy calculatiershow that thetriplet state is 0.002 kcal nbl
higherin energythan the singlet stat® these two states gueactically degenerat&he quintet

state is 0.466 kcal mélhigher in energy tharné ground state. When the structure is optimized
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at eachrespective multiplicy, we found thetriplet stateto bethe ground state arttle singletto
be 0.009 kcal mot higherin energy.Overall, thesingletstate and the triplet state stfucture5
areessentiallydegenerateln comparisonthe quintet state is predicted as the lowest energy state
with the B3LYP functional and BLYP predicts the singlet state as the groundf%tate.
5.4.6Structure 6

Going from structuré to 6 is a purely chemical stepnd the reaction energetics suggest
that electrons in oxo p orbitals tend to react favorably to generate stréciuns represets the
formation of thee-peroxo bridgebetween the manganese atoms. The number of electrons in the
system does not change. However, there are a lot of changes in the electronic structure of the
system. The U0 bond between the two oxthgen atc
orbital now lies in the doubly occupied subspace. In strudduree now have 85 doubly
occupied orbitalsvhereor bi t al 85 is a ring °~ orbital S i mi
orbitals(Figure5.10). Orbital 86 isa singlyoc u pi e d r i. Asingly occapied % orbaal
between the two bridging oxygen atoms can be seen in orbit&l&3tron filling in these *
orbitals is required for formation of the oxygen molecule. The correspondirgjtal is located
in the doubly occupied spada.consequence, the bond orthetween the two oxygen atoroan
be consideredo beapproximately 15. The GO bond length in structuré is around 1.283 A,
which is closer t@anoxygenoxygen double bond than a single boAdCASSCEF relative energy
comparison reveals that the triplet state is the ground state for stréi¢ftable5.5). This is the
same as for structufg so no change in the spin state is required for this chemical step (unlike
ROHF or DFT calculations examining higgpin states, which suggested a quitbeteptet

conversion). Overall, the multireference calculations examined in this work suggest that spin
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forbidden processes predicted by hgpin calculations may not be truly sgorbidden, as low
spin states are essentially degenerate to or lower in energy than tispinighates.

Table 5.5 Relative CASSCF energies of different states of stru@ure

Multiplicities CASSCF
kcal md* cmt
Singlet 0.793 277.4
Triplet 0.000 0.0
Quintet 0.488 170.7
Septet 3.156 1103.8

«
92 (0.0010)

93 (0.0010) 94 (0.0010) 95 (0.0010)

Figure 5.10 CASSCF(6,10)/TZVP natural orbitals -85 of structures.

5.4.7Structure 7

Insertion of a water moleculetonstructuret will break a MrO bondbutleawe O=0 still
attached to the other manganese atbhe addition of theaqua ligandncreases the number of
doubly occupied orbitals to 9Qrbital 90 in the septet state of structidress a doubly occupied
ri ng “(Orbital B4 ig egual to the ringorbital 86 inFigure5.4). The previously observed

s ngl y o*arbitgboneheé bridging O=Ccannow be seenn orbital 91(Figure 5.11).
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Orbital 92 i s a si nTheymaioicgdourpelieatrahs amiesery irsinglyor bi t a

occupiedMn d orbitak and areshownin Figure5.11 with the LUMOs used in the active space
Relative energiefor different spin stateare given inTable5.6, and show that the lowest energy

state of7 is a triplet

v %
L ‘.0

97 (0.0010)

98 (0.0010) 99 (0.0009) 100 (0.0009)

Figure 5.11 Doubly occupied orbital 90 and CASSCF(6,10)/TZVP natural orbitats0Blof
structurer.

Table 5.6 Relative CASSCF energies of different states in strugture

Multiplicities CASSCF
kcal moft cmt
Singlet 0.395 138.2
Triplet 0.000 0.0
Quintet 0.353 123.5
Septet 2.278 7967

An incoming water molecule can detach the superoxo group in str@deading back to
structure 1, the resting state of the catalyst. This is a downhill reaction indicating the

regeneration of the model catalyat.transition from7 in its triplet state tal in its nonet state
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would be spiFforbidden, so it is possible th@twould actually be present in a higher spin state
or thatl may access a lower spin stafnce the differences in energy between the spin states
are small for each strugte examined here, the actual spin state accessed may not be important in
this case. In comparison, for battructures 6 and7, DFT predicted the septet state as the ground
state®

Overall, e lowlying electronic statepresented in this model system are an important
factor to understandthe reactivity of manganese. Nearby ligands also play a key role by
changing thesingly occupied orbitals present in the syst¥ve also observed that the low spin
states tend to be mos¢able when the electrocatalytic oxygen evolution is in progress in the last
stages of the reaction. The contributions from orbitals of the bridging oxo groups to the active
space were very small. Formation of Mn(J@j\groups in structured and5 resuled in large
contributions from the oxo p orbitals to the active space, thus changing the electronic properties
of the structure. It should also be noted that the electron occupatidnoititals is required
prior to oxygen removal from the catalyst. Assdribed above, we see that the ligands tend to
change orientation with the occupation of the ringrbitals. With two dehydrogenations
yielding structure8 where two manganese atom are in the Mn(lV) oxidation state, the rings were
seen to bend out of thmanganese dimer plane. This bend was more pronounced at stfucture
with two Mn(IV)-OAgroups. When the oxygewxygen bridge is formed, the rings bend in the
same direction, making a buttedike structure in structuré. With the detachment of the
oxygen bridge from one manganese atom, this symmetric structure distorts somewhat to yield

structurey.
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5.5 Concluding Remarks

In conclusion,we used CASSCF theory to investigatewater splitting reaction
mechanisnon a model manganese dimer electrocatalgictronic details and contributions to
the water splitting from manganese and oxygen atoms involved can be olitpiegdmining
the occupied orbitalApart from the resting state of the catalgssingly occupiedring or bi t al
on the ligandsan be seehtr oughout the catalytic cycl e. We
population may be a reason for the out of plane otientaf the respective ligands. In structure
3 with two Mn(lV) atoms, an out of plane bend of both ligands in opposite directions was
observed. This became more pronounced upon formation of Mn(lV) oxidation states on two
manganese atoms in structuse However, with the formation of the oxygemygen bridge
between the Mn(lll) atoms on structuée these ligands tend to bend in the sadirection
forming a butterflylike structure, which later distorts with the detachment of the oxo bridge
from one manganese atom on strucfure

Radical properties od Mn-O moiety havealso beenobservedn this direct coupling
pathway. The p orbital carbution to the active space is observed with the formation of the
Mn(IV)-O*group and is much more obvious in structbineith two Mn(1V)-O? For structures
with two Mn(lV) states, we have observed the prominent contribution of p orbitals of both oxo
groups to the singly occupied active space. This then yields the oxo bridge in stBuGiee *
orbitals were seen to be occupied in the oxygeygen bond in structurésand?.

With the progress of the catalytic cycle, we also note that low spin states have an
improved stability in the later stages of the cytlewever,there are multiple nelyrdegenerate
excited states close tbe ground state in all the structures studied h&res is an important

factor because spiforbidden processes predicted from hgpin calculations may not truly be
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spinforbidden.In addition, the reaction energi@sll vary somewhat from those predicted by
high-spin calculations. However, since the NOONSs of the active orbitals are very close to 2, 1, or
0, and since the energies of the various spin states are typically quite close in energy, this
suggests that higbpin calculations may provide a reasonable approximation to reaction
pathways. Nonetheless, this should be verified for other systems. Ovesalbeleve this
detailed electronic investigation may helpful in explaining future studies of mangdrassel

catalysis.
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Chapter6-Reacti on pathways for water

oxygen mediated by model cobal't

Reproduced with permission from:

Fernando, A; Aikens, C. Ml. Phys. Chem. 2015 119 11072 11085

6.1 Abstract

Hybrid density functional theory calculations have been employed to investigate the
water oxidation reaction on model cobalt oxide dimer and cubane complexes. Electronic
structure and energetics of these model compounds were thoroughly investigated. The
themodynamically lowest energy pathway on the dimer catalyst proceeds through a nucleophilic
attack of a solvent water molecule to Co@yadical moiety. The lowest energy pathway on the
cubane catalyst involves a geminal coupling of CeQvjadical oxo grop with bridgng oxo
sites. Model systems were found to be very sensitive to the positions of ligands and to the

hydrogenbonding environment leading to different isomer energies
6.2 Introduction

Hydrogen is a very efficient energy source compared to thentreasonrbased fossil
fuels and it is environmental friendly as the combustion products are free from carbon monoxide
or dioxide. Currently, the most efficient process that harnesses solar energy into chemical energy
is water splitting into molecular oxgg, protons, and electrons by the oxyg&olving complex
(OEC) of photosystem Il (PSIIhe active part of the OE{Dcludesa metal oxide framework
that consist of CaMnO4 arranged in a cubane fashion. Inspired by this manganese oxide blue
print, many gnthetic and model compounds have been proposed thatheability to catalyze

the water oxidation process as photocatalysts, electrocatalysts, -glotmcatalysts, etc.
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Currently, industrial water electrolyzers use platinum coated electrodes.uRlaisna very

efficient catalyst but it is rare and very expensive so the applicability in-$&@aje industrial

plants is limited. Noble metal oxide catalysts such as ruthenium and iridium oxides have also
been reported anare currently used as robust ciefficient electrocatalysts! However, these

noble metal oxide catalysts are also not abundant and therefore are expensive f&ralarge
deployment. These reasons lead scientists to investigate metal oxatistsabased on earth
abundant elements. Among these less expensive metal oxides, there have been many reports on
the catalytic activity of manganese oxid&snickel oxides’ 1°and cobalt oxidé$?’ for water
oxidation.

Cobalt oxides have a long history dating back to the 1960s but their development was
slowed when it was found that the catalyst precipitated out from the soagioobalt oxides or
hydroxidest? Cobalt oxide gained wide popularity recently for its remarkable catalytic activity
towards water splitting after its reinvention by Nocera and cowotRditsis Nocera catalyst is a
black thin film deposited on an indium tin oxide surface. It is a heterogeneous catalyst that is
very stable, easy to synthesizerr readily available precursors, skfaling through a series of
linked equilibria, and shows high activity under neutral phffraction techniques cannot be
used to determine the structure of this highly amorphous cobalt oxide catatgst.alsorption
spectroscopy (XAS) and extendedra§ absorption spectroscopy (EXAFS) are especially well
suited for the local structure analysis of the catalyst. Recent EXAFS stutfieported that this
catalyst has similastructural features to a manganese cubane complex. They indicated that
Co404 units in the form of Co(lll)@octahedra are present in the catalyst. Multiple edge sharing
and corner sharing structures have also been proposed over the past years basstman&tp

and theoretical evidenc&?! During the last few years, Warmg al,?° Mattioli et al,?* Li et al,??
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and Kwapieret al?® reported theoretical investigations of the mechanism for oxygen evolution
onrelated cobalt oxide complexes.

Recently, McAlpinet al?* reported a [Cgs(CsHsN)4(CHsCO)s]* complex with a
CwO4 unit that has the ability to catalyze the water oxidation reaction. A couple of months later,
McCool and coworket$ also reported a neutral [@s(CsHsN)s (CHsCO;)4] molecular cubane
complex which catalyzes water oxidation activity efficiently with the presence of standard
photochemical or electrochemical oxidation sources. The structure of this molecuizst veda
also found to consist of GOs cubane shaped metal oxide uniRecently, Evangelisti and
coworkers® also reported a GO®s complex, [CHs(hmph( ®OAC)( £OAC)(H20)], (OAC =
acetate, hmp= 2-(hydroxymethyl)pyridine) as the first Co{dbased cubane water oxidation
catalyst. This catalyst is a distorted cubane catalyst that increases its catalytic activity upon
photoirradiation with increasingfthrough aqua ligand deprotonation. Rigsby and cowoikers
reported that cobalt dimer complexes ligated with bispyridylpyrazolate have the ability to serve
as molecular electrocatalysts for water oxidation under acidic conditions. In 2014, Smith and
coworkers’® investigated dimer, trimer and tetramer of cobalt oxidalgsts with two sets of
ligands for water oxidation activity. These authors reported that dimer and trimer clusters with
their synthesized ligand sets are catalytically inactive in contrast to previous report by &igsby
al.?® This shows that catalytictivity and the mechanism may depend on the ligand environment
for cobalt oxide complexes with smaller nuclearity.

The turnover rates of these catalysts are several orders of magnitude slower than the
natural OEC of PSII; however, there is potential toriorp them enough to be competitive for
commercial utilizatiorf” Thus, investigation of the electronic structure, electronic properties, and

reaction mechanisms of these cobalt oxide catalysts is necessary. We believe such understanding
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may be helpful for experinmalists to further enhance and promote the cobalt oxide water
oxidation catalyst as a next generation commercially viable electrocatalyst for hydrogen
production.

In the present study we used a model cubane complex and a dimer compound, which is a
minimal unit of the cubane complex. This cubdike complex with agua and hydroxo ligands
resembles the primary unit of the catalysts reported by Neterlg McAlpin et al, McCoolet
al., and Evangelistet al It has been shown experimentally for the Noceatalyst that the
catalytic activity is not affected when the phosphate is replaced with other buffering electrolytes
such as methyl phosphonate. So, it can be assumed that phosphate ligands do not play a pivotal
role in the oxygen evolution proceSs?® There is also evidence from the OEC that substituting
ligands of the true catalyst with aqua and hydroxo ligands appears not to have an effect on the
qualitative picture of the mechanism propoded.

6.3 Computational methodology

All the reaction pathways promoted by the dimer and cubane catalysts are investigated by
the general atomic and molecular electronic structure system (GAMEZBjogram. We have
performed density functional theo(pFT) calculations using the B3LYP exchange correlation
functional. The B3LYP functional has been used previously by Véaatf® and Liet al?® ??to
study the cobalt oxide water oxidation catalysts and has shiale sesults. Kwapiest al
performed coupled cluster (CC) calculations on model cobalt oxide surfaces to benchmark the
accuracy of the mogopular exchange correlation functionals and found that B3LYP and PBEO
hybrid functionals are in fair agreement with CC resuf{spolarized Karlsruhe triple zeta
(KTZVP) type basis set was used for all atoms. The charge and the multiplicity of theresuc

are given in parentheses in the figures. Additional broken symmetry calculations were also
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performed on some structures to check the antiferromagnetic coupling of the cobalt atoms.
Dehydrogenations and other chemically important steps between idtetenestates are
highlighted in green circle@fter reaction steps occurred).

All the reaction energies in the paper are zsomt energy(ZPE), heat capacityand
entropy corrected foa temperature 0298 K andare given as Gibbs free energies. Theg ar
calculated according to the standargrouctsyEgeactantsy cOncept. For a given reactiomhe
ent hal py chaj)geant b8 «Kalk gpiilodct) Etactarr)s pHQEP E
enthalpy change at 298 & computed aspHos = @H @pfos - Cpo), andthe free energy
change atozgasP&erndned frq@ Gos = @odd T qp.SThe difference in zero point
energy(gpZ P,Eonstant pressure heat capacCf), and entropy changég $ are calculated
from DFT vibrational frequenciesnd correspond tdproducts)- (reactants) Rather than
expressing reaction energies with respect ¢éostiandard hydrogen electrode reaction®(2r2e
A Hb2), which sensitively depends on the energy of a proton in solution which is challenging to
calculate accurately theoreticallet reference system was chosen a8 H,. This also has
the benefit of @moving the strong pH and solvent dependence known for the former reaction.
Choice of our 2B A Ha reference system is arbitrary; in theory, any system that allows
abstraction of one proton and one electron can be used. Selection of any arbitrary reference
system does not affect the qualitative picture of the mechanism proposed as such corrections
affect the reactants, products and intermediates equally. With the B3LYP/KTZVP level of
theory, the reaction energy for éﬁd H2 is calculated to bet.77 eV.

Thee x p e r i mggiot tlee loveradiGvater splitting reaction BH.OA 2H+Oz at pH =
0 with reference to the normal hydrogen electrode is given as 4.92 eV. The overall water splitting

reaction examined in this worRK>OA 2H>+0O,) hasa  sedef 4.31 eVat the B3LYP/KTZVP
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level of theory.Thus, the required potential for each dehydrogenation step would be 4.31 eV/4 =
1.08 eV, and overpotentials can be calculated by subtracting this value from the reported highest
reaction energies; overpotentials are not reabin this work.

In this paper, w concentrat®n the thermochemistry of the intermediate reactiéis.
possible isomers have been considered for each step of the reddtemsaction energy values
are calculated from the differences of the free aasrgf the intermediates. Kinetic barriers also
play a role but this is not consideriedthis workprimarily because the dynamic nature of these
transition statess very sensitive to the hydrogdsonding environment and there could be
multiple transitionstates fora given reaction The thermodynamiceactionenergiespermit the
determiration of whether or not these electrochemical and chemical reactions are

thermodynamicallyavorable

6.4 Results and Discussion

6.4.1Cobalt Dimer Complex

Initial calculations havéeen performed on the cobalt oxide dimer catalyst. The modeled
dimer unit complies with the experimental evidence suggested so far and is constructed to
represent the smallest unit cell of edge sharing and corner sharing structure models. The resting
stak of the catalyst has two aqua ligands and two hydroxyl ligands attached to each cobalt
c e nt e r-hydr@xevgroups link these Co(Ho(lll) cobalt centers completing the octahedral
geometry. It should be noted that many isonagespossible with diffeent positioning of these
two aqua and hydroxyl ligands aroutie cobalt atomsStructureD1 - D10 in Figure6.1 show
some of the lows energy isomers. The hydrogbonding environment around these small
clusters also has a swiéstial effect on the stability of the stturesFor example, isomein310 -

D13 in Figure6.1 represent four isomers of the dimer catalyst where ligands are located in the
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same position with different hydrogenientations alteng the hydrogestbonding environments
The energy difference between the isomed®) - D13 varies up to 0.23 eV, and additional
higher energy isomers are possible.

The lowest energy isomer we observed for this ligand architecture with Co(lll) species is
structureD1 with one aqua and one hydroxyl group each above (surface), below (bottom), and in
the plane (geminal to surface) of the central(@@®@H). unit. TheD1 structure is chosen as the
resting state of the catalyst to investigate the water oxidation reaction mechanism. We have also
investigated water oxidation reaction pathways that could occur from struidreStructure
D10 (0.89 eV higler in energy than structuf@l) resembles a minimal unit of a monolayer
surface of cobalt oxide where surface and bosdasare hydroxylated at the resting state of the
catalyst. This structur®10 also represents the top two cobalt atoms in the maodehne
structure reported by Wareg al?°

m%;.*_. .§v¢ 19848 Th | wlslk
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DI (0.1) D2 (0,1) D3 (0,1) D4 (0.1) D5 (0,1)
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o203 aXnidi oTel wlely Al
» Y e ST oo re T
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Figure 6.1 Selected isomers for the resting state of the model dimer catalyst. The relative isomer
free energies are given in eV with respect to the lowest energy strDdiufde charge and
multiplicity of the structures are given in parentteesgmall white spheres represent hydrogen
atoms, red spheres represent oxygen atoms and gray spheres represent cobalt atoms. This color
code is used in all the figures.
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6.4.1.1Pathway 1

The electrochemical oxidation reactions in the pathways are pecotgried ashown by
experimental evidence and thus show a close relationship to fmobo@ed electron transfer
(PCET) reactions in the OEC of photosystem®IP* Such protorcoupled oxidation reactions
will be hereaftercalled dehydrogenation reactions. There are fourteen dehydrogenations possible
from the lowest energy isom&xl. All the possibilities were carefully screened and it was found
that removing hydrogen from the aqua ligand geminal to the surface aqua kg#rel most
favorable in energy. The reaction energy for this first dehydrogenation step is 1(Fyaké
6.2). The resulting structur®14 has thirteen possible dehydrogenations. The lowest energy
hydrogen removal fror®14is also from an aqua ligand, which this time is geminal to a surface
hydroxo group. This step is 0.19 eV higher in energy than the first dehydrogenation. The
structure D15 formed after these first two dehydrogenations has four hydroxo groups in plane
with the @balt atoms. In order to remove oxygen from this dimer complex, a third consecutive
dehydrogenation is also considered. Similar to previous strucidi®dhas twelve possibilities
for the third dehydrogenation. We found that the third dehydrogenatiorqu®dhrough a
geminal hydroxo group in the plane with a reaction energy of 1.75 eV. The multiplicity of
structureD1 changes from a singlet to a doubletD&4 and to a triplet irD15. StructureD16
formed after the third dehydrogenation has doublet aradtet states that are close in energy.
The doublet is only 0.04 eV lower in energy than the quartet. The quartet is shbignre6.2

asD16'.

147



“«

< [ %
D14(0.2) \\\k\ e
1.91 eV &

[
CH'; e
PG

e -

K

« D2(0,1) D15 (0,3) «

D19 (0,1) w.in\f -0.4

« . 8 ‘
D18 (0,3) D17 (0,2) “ D16’ (0,4)‘

1.79 eV

Figure 6.2 Proposed lowest energgaction pathway 1 for the cobalt dimer cataly$t

After the first three dehydrogenationtie intermediate structur®16 has a Co(\V)O
radical oxo group. This is a very reactive spetied cancouple with nearby hydroxdridged
hydroxo and solvent water moleculesWe have investigatethesethree reactionscenarios
(pathways % 3) for thewater oxidation proces3he lowest energfourth dehydrogenation from
D16 is found toinitiate at the cobalt atom that already has a Co(V) oxidation Stiaite reaction
is endoergic by.23 eV This is thermodynamically not favoraldempared to the three reaction
pathways reported hergp a geminal oxo radical coupling pathway is not considered.

The lowest energy reaction pathway from the cobalt dimer catBl§gproceeds with a
nucleophilic attack of a solvent water molecule to the Cé&)\fadical oxo specie3.he radical
oxo coupling reactions with bridged hydroxo and surface/geminal hydroxo groups are given

below in reaction pathways 2 and 3, respectivEhereaction energy foD16 to D17 is exoergic
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by -0.41 eV. Structure D17 favors a doublet state; thisorresponds well withthe slight
preference of a doublet state ©16. The oxygen of the water molecule binds with the radical
oxo species and one hydrogatom of the water molecule transfers to the geminal hydroxo
groupto form a geminal aqua ligand. In order to accommodate the attack of the solvent water
molecule this hydrogen lastraction is a necessary step.

Structure D17 then undergoes the final dehgdenation step of the reaction pathway.
The hermodynamically most favorabtehydrogenatioms hydrogen removal frorthe -O-OH
group. This dehydrogenation step is endoergic by 0.59 eV. The dehydrogenated intermediate
D18 is a triplet state with an @ graup. Oxygen can be removed fronhig complex
spontaneously witlh  seg®f -0.57 eV.During this processan intramolecular hydrogen atom
transferis observed fromhe bottom aqua ligand to the bottom hydroxo group. Tkidrogen
transfer reaction leads #oreturn otthe oxidation stateof the two cobalt atoms tol().

In comparison to the other intermediate states seen in this patbd@yas a distorted
geometry.The two cobalt atoms are not in plane with bridging hydroxo grolips. type of
distortion pattern is observed in other structures with vacant cobainsitesin the present
study The surface hydroxo group fills the vacant site left by oxygen remieaaing behind a
vacant site on the surface of sing®@19. A second solvent water molecugpontaneoug
coordinats to this vacant site wit  geg®f -0.56 eV. Theothersurface aqua ligand transfers
one hydrogen atom to the geminal hydroxo grompich lowers the energfor coordinaton of
the incoming water molecule. The resulting structDgis an isomer oD1. The surface and
bottom intamolecular hydrogen transfer reactions frim aqua ligand tahe hydroxo group
with subsequent ligand rotation regenesatee resting state of the dimer cataly31l. This

rearrangement step is a spontaneous procesavatction energpf -0.12 eV.
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The highest positive energy step in reaction pathway 1 is the second dehydrogenation
reaction (1.91 eV) and the lowest positive reaction energy is the fourth dehydrogenation (0.59
eV). The nucleophilic attack of the water molecule, second water additiotioreaand the
oxygen removal reaction are exoergic reactions. The water addition redntitthns studyare
usually observed to be exoergic reactions.

Although most calculations presented in this work are performed in the gas plase, w
used the polarizablcontinuum model (PCM) to investigate the solvent effeca subset of the
reaction energiesThe PCM single point energy calculations on the optimized structures show
very little variation to the calculated reaction energies. These energy Vatuyashway 1are
given in the Appendix D (TableI) together with the reaction energies calculated using absolute
potential energy values neglecting the entropy, zero point energy and enthalpy correction at 298
K. The solvent effect is found to be small, ssihot futher considered in this work.

6.4.1.2Pathway 2
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Figure 6.3 Proposed second lowest energy reaction pathway 2 from the cobalt dimer €xtalyst
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The second lowest energy reactigathway 2 Figure 6.3) begins from isomeb1 and
continues through isom&6, as described in pathwayAfter D16, this pathwayontinues via
attack of the Co(\MP radical oxo group to the briohgy hydroxo group. The hydrogen on the
bridging hydraxo group transfers to the bottom hydroxo ligand with the attatheaixo radical.
This step leads t®20, which is a doublet structurewith a reaction energyof -0.86 eV.
Compared to the nucleophilic attatkis process is 0.17 eV higher in energy. T@eO- group
is not in the plane of the two cobalt atoms andrtheO Hyroup ofD20; one cobalt atom has a
vacant siteA solvent water moleculgpontaneously adds thig vacant site to form doubl&21
with areaction energpf -0.48 eV. This coordinatioreturnsthe cobalt atomand-O-O- bridge
to a planar geometryAn intramolecular hydrogen atom transferobservedrom the bottom
agua ligand to a geminal hydroxo group.

In order to remove the oxygen from this complexsecond water moleculenust
coadinate with one of the cobalt atoms. This coordination is endoergic by 0.94 eV asitblead
an open form of theobalt dimemwithout two bridging unitsStructureD22 is held together by
the hydrogen bonding between surface aqua and hydroxo ligandsQ-the group and the
coordinated aqua ligandogether with the bridgg hydroxo group. In solutignthis complex
may break apart into cobalt monomersAs an example, Smittet al?® experimentally
demonstrated that a dimer [(OH)2(OAC)s(py)s]* and a trimefCosO(OH)(OAC)s(py)s]?* of a
cobalt complex undergo decongition during the @ evolution processHowever,since this
may or may not occun our systenwe completed the reaction pathway.

The fourth dehydrogenatiqmroceeds at the coordinated aqua ligand in the previous step.
This is exoergic by0.26 eV.The hydrogen removaprocesdeads to reformation ahe second

hydroxo bridge in the complexthus detaching the oxygen molecule from the compléxs
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detachment may largely contribute to the total exoergic energ¥).86 eV. The resulting
structure D23 is a ftiplet. The direct oxygen removal frorD22 leads tolarge structural
distortions and the dehydrogenation and the detachment of oxygdauisd to be preferable
Oxygen removal fronD23 is an exoergic reaction. The reaction energy of this step28 eV
and the generated structud8 is an isomer oD1. An intramolecular hydrogen atom transfer
from the geminal aqua ligand to the geminal hydroxo group regenerates the resting state of th
catalyst.

In this reaction pathway, Zhe highest positive energy ptes the second dehydrogenation
(1.91 eV) and the lowest positive energy step is the second water addition (0.94 eV). The first
water addition and the oxygen removal are observed to be exoergic reactions while the second
water addition is endoergic.

6.4.1.3Pathway 3
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Figure 6.4 Proposed third lowest energy reaction pathway 3 from the cobalt dimer cBtalyst
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The reaction pathway @igure 6.4) proceeds with an attack of Cof® oxo radicalin
D16 to the surface hydroxo group. This leads to a quéx2dt The doublestate ofD24 is 0.40
eV higher in energy compared to the quartet state. The transformation from duted
guartetD24 may be preferable in this stepshould also be notethat oxo radical attack to the
geminal hydroxo ligand also generates D®4 intermediate structure. TH824 structure with
one vacant site has a distorted geometry as seen in previous reaction patineegsthe
structure is slightly bent at the hydrokadge groupsThis surface or geminal hydroxo coupling
is exoergic by-0.37 eV and it is 0.49 eV higher in energgttthe hydroxo bridge coupling.

The vacant site left by the hydroxo groafter formation of-O-OH in D24 can easily
coordinate with a seent water molecule. The reaction energy for this coordination is exoergic
by -1.13 eV. Subsequently, the hydrogentba-O-OH group transfers to the geminal hydroxo
group leaving an-O-O bond inD25. In the next stepoxygenis removeal spontaneously wita
2 Gog Of -0.76 eV. We also calculated the dehydrogenation from the adjacent aqua iigand
plane with theO-O group and it is found to be endoergic by 0.80 s, this step is less likely
to occur than oxygen removdlhe spin multiplicity changesdm a doublet irD25 to a quartet
in D26. The generation of the doublet stateD#6 is 0.66 eV higher in energy than the quartet
state. It is interesting to note thatboth pathwag 1 and 3 once the O-O- bondis formed it is
spontaneously removed frothe complex whereas in reaction pathway 2 we have seen that
dehydrogenation of the coordinated solvent water molecule lead to adfonnofthe hydroxo
bridge and then detactent ofthe oxygemmoleculefrom the complex

The water molecule coordination tee vacant site D26 is endoergic by @9 eV. In
previous reaction pathwaysoordination ofa water molecule to vacant sites tigpically a

spontaneous proced327 formed after the coordination of second water molepokesesses an
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extra hydrogercompared to the resting state of the catalystthe next stepthis hydrogen is
removed to generate th&l structure. This dehydrogenation is endoergic BP @V, it is the
lowest dehydrogenation and the lowest positive thermodynamic step in reactionypathite
highest positive energy step is the second dehydrogenation as seen in pathnd®. The first
water addition and the oxygen removal steps in this pathwayaeggic reactions whereas the
second water addition to a high spin quartet statalulated to be endoergic.
6.4.1.4Comparison of Pathways 1-3

The three reaction pathways (pathways 1, 2, and 3) discussed in this work wiith the
structure suggest three possibilities of oxygen generation via the formation o-Qo@djical
0Xxo species. Th®1 catalyst preferentially removes the first two hydrogen atoms from aqua
ligands coordinated in the orOH)> plane. The third hydrogen atom is removed from a
hydroxo ligand in plane. We found that the water addition reactions are usually but not always
exoergic. The oxygen extraction is always a spontaneous process. This extraction is favored
when the cobalt atoms can return to the Co(lll) oxidation state. It is also noteworthy that once the
-O-OH bridge is formed, its hydrogen tends to be removed vidyddegenation reaction or an
intramolecular hydrogen atom transfer to a nearby hydroxo group. If this step competes with
coordination of an aqua ligand to a vacant site, the latter is seen to be preferred. The highest
positive free energy step is the rerabef the second hydrogeém all three reaction pathways.
6.4.1.5Pathways from Structure D10

We now investigate the water oxidation reaction from isod&0. As discussed above,
structureD10 resembles a minimal unit of a monolayer surface of cobalt oxide wheees
and bottonsitesare hydroxylatedn the resting state of the cataly®tl0 also represents the top

two cobalt atoms in the model cubane structure reported by \&taag® This isomer has two

154



hydroxo groups on top and bottom with two aqua ligands coordinated to each of the cobalt
atoms. Afteranintricate investigation of 8 reactiontpavays fromD10, we foundthatthelowest
energy pathway (Figure D1 in Appendi® Bom structureD10 proceeds through coupling af
bridging oxo group witha surface hydroxo group. This is also a complicated reaction pathway
similar to pathway 2where atone stepthe dimer opens up to accommodate the incoming
solvent water molecule. After oxyg&wremoved from this reaction pathwatyforms a structure
(D5) thatis lower in energy than the starting structDyE0. In consequencef a system contains
species similar toD10 with two hydroxyl groups on tomxygen evolution mayctually occur
via another reaction mechanism starting frof (or similar speciesas the catalystThis may
also suggesthat D10 is not a good modedn whichto investigate the war oxidation reaction
mechanism from the dimer catalyitalso implies that @e should be taken in order dbtain
the lowest energy isomer of the model compotmde used in the inv&igation of reaction
pathways.

We also included a direct oxo cougipathway 2 (highest energy out & pathways
we studied) in the Appendix.Drhe direct removal of bridigg -O-O-, which is formed after
coupling of two oxo radicals between two cobalt atomiasfound to be thermodynamically
unfavorable The oxygen moleule removal fromD36 has a reaction energy of 1.66 @Y a
reaction energy 0d.04 eV fromD37. It is also necessary to point out that oxygen removal from
D40 leadsto structural distortionsFrom D41, O, removal requires0.19 e\, which issimilar to
andpotentiallycompeéswith the second water additidhat is also exoergic b¥).19 eV Step-
by-step water addition and oxygenmeval is considered in pathway2DAIl the pathways
studied withD10 are found to lead to #wer energy intermediate state mh#he starting

structure which suggests that the dimer catalyst is unlikely to have a form with two hydroxyl
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ligands on top for its resting stat&tructures with one hydroxyl and one aqua ligand are
preferred.
6.4.1.6Comparison between pathways from D1 and D10

There aresomesimilarities andnanydifferencedor the lowest energy reaction pathways
from D1 andD10. Overall, reaction pathway 1 from1 proceeds with a nucleophilic attack of
solvent water molecule to the radical mojetyrereas in pathway Dwith D10, it proceeds via
coupling reaction o& bridging oxo group with a surface hydroxo group. In reaction pathway 1
dehydrogenation is preferred \ad>O > O H-©El patternwhereas in pathway Dthe patterns
e-OH>0OH>H0. The first three dehydrogenatiors$ are lower in eneygn the lowest energy
pathway O from D10 than the lowest energy pathway 1 fr@i. The highest positive energy
step fromD1 in pathway 1 is the second dehydrogenatenuiring1.91 eV, whereador D10in
pathwayDl1 it is the firstdehydrogenation that has a free energy change of 1.68 eV. The lowest
positive energy in pathway 1 is the fourth dehydrogenatguiring0.59 eV, and in pathway
D1 it is the rearrangement &5 to D10 which requires 0.54 eVThe water addition reactions
and oxygen removal reactions are exoergic in both of the lowest energy reaction pathways. The
D1 structure form a Co(V)O radical oxo species in the lowest energy pathwayhkreas in
pathway [0 the Co(V) oxidation state was not observed. Th®©®ond isformed after three
dehydrogenations followed by a nucleophilic attack of a water molecule in pathwaip1, of
while in the D10 of pathwayD1, the O-O bond is formed after two dehydrogenations. The
generation of two oxo radical groups on arewo cobalt aoms for a direct oxo coupling type
reaction mechanism is found to be thermodynamically unfavorable forOio#nd D10. The
oxygen molecule is removed from the cluster once the oxidatidheofO-O attached cobalt

atom reachetheCo(lll) oxidation staten D1 (pathway 1, 2 and 3), and iD10 (pathway [1).
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6.4.2Cobalt Cubane Complex

Following the investigation of the cobalt dimer complex, we explored possible
mechanisms for water oxidation on a model cubane complex. The resting state of our model
cubane catgl s t compl ex consists of four Co@OI 1) c
(bridged oxo) sites, two aqua ligands, and a hydroxyl group. Each cobalt atom in the cubane
complex is coordinated with six oxygen atoms in an octahedral fashion. Similar dintee
complex, the cubane complex also possesses many isomers that are sensitive to both positions of
the aqua and hydroxo ligands and the hydrdgmmding environment. We have chosen the
lowest energy isome€1l together with isomef7 that has two hydrax groups on top (with
respect tohe orientation given ifrigure6.5) similar to the dimer complexXD(0) to investigate
the water oxi datsziOcsiles areenotip@tonatednin ourTmodel cempound and
the number of hydrogen atoms are similar to the model cubane complex proposed bgtWang
al.2® Our model compoun@1 is 0.98 eV lower in energy than isom@7, which is the lowest
energy version of the structure usedha Wanget al?° model.

The lowest energy structufgl prefers a ligand architecture where two aqua ligaare
coordinated at the surface and bottom of the cubane core (with resgesbtéentation given in
Figure6.5) and the other aqua and hydroxo groups are positioned perpendicular to aqua ligands
on top and bottom. In conttat® the lowest energy cubane compfek, we have seen that the
lowest energy dimeb1 structure has one aqua and one OH group on top and bottom. It is
noteworthy thaC1 does not bear any adjacent hydroxo groups on any cobalt atom sites, whereas
in C7 there are two sites with adjacent hydroxo groups: one between two surface cobalt atoms
and the other on bottom two cobalt atoms. There are two adjacent hydroxo group sites seen on

both D1 and D10 dimer complexes; o1 these hydroxo groups are geminal to eattier on
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one cobalt atom, whereas bri0the hydroxo groups are on the top and bottom of the two cobalt
atoms. We also calculated a structure similar to the model compound proposed by*#wéthal.

t wo pr o#@gites.t Thisl structure 19.69 eV lower in energy than the model we used.
However, p r o tsoxo &ited i the cobBne tomglex ehanges the formal oxidation
state of the bottom cobalt layer. Our model contains a cubane core with allatobadtin the

Co(lll) formal oxidation state.
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Figure 6.5 Selected low energy isomers of the model cobalt cubane complex

6.4.2.1Pathway 4

Starting from the lowest energysomer C1 we investigated all the possible
dehydrogenation reactions. TRA cubane complex prefers a dehydrogenation from a geminal
aqua ligand. This is a similar characteristovhatwe have seen with the lowest energy dimer
D1. The initial dehydrogenation fror@1 is endoergic by 1.62 eMyhich is0.1 eV lower in
energy compad to the dimeD1. The resulting doublet structuf@10 now has two geminal
hydroxo groups on one cobalt atomhelhermodynamically lowest second dehydrogenation

(1.34 eV)occursfrom the hydroxo group that already fiosne hydrogen atonn the first
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dehydrogenation step when it was coordinated as a geminal aqua ligahd.case of dimeb1,

the second dehydrogenation is seen to favgrattur froman aqua ligand.
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Figure 6.6 Proposed lowest energy reactipathway 4 from the cobalt cubane compildx

After the first two consecutive dehydrogenation stépscubane comple£11 possesses
an active Co(MO oxo radical. Incontrast inthe dimer complexformation of theCo(V)-O
radical requiresremoval of hree hydrogen atoms. The multiplicity changes frawahoublet in
C10to a triplet inC11. The lowest energy intermediate state with the C&j\fpdical species in
thedimer complex is a doublet whereas in the cubane it is a triplet state. The generttien of
radical moiety results in an elongated bond length between the surface water molecule and the
cobalt atom inC11. The radical oxo grougan potentiallycouple with nearby bridgg oxo
speciesgeminal hydroxapeciesand solvent water molecules. Wavie investigated the fate of
this oxo radicaln all three possible scenarios. The reaction energies for these steps are endoergic

by 0.10 eV, 0.47 eVand 0.52 eYrespectively. These energy values are competitive and die in
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thermodynamicallyreasonableange sca detaiked description is necessary folly understand
the system.

It should be noted that a Co(@ radical moietyhas not beeexperimentally observed.
Wang and Van Voorhf8 suggestedhatthe lowest energy pathway for water oxidation fritva
cobalt cubane complex is a direct oxo coupling (between two cobalt atoms) pathway that
proceedshrough Co(IV}O moieties. They ruled out a nucleophilic attack from the solvent water
molecule because of lack of experimental evidence. It is possible that intermediate sGlitture
with the Co(V}O group may be so reactive that the existerfce may be rather difficult to
ascertain. In 2013, Li and Siegb&hin their model complexes suggested an attack of a water
molecule to oxygen radical coupled with Co(lV) state; however, they proposed that a state with
Co(V) formal oxidation st is needed for reactivity. Mattioli and coworkeérstudied two
different models of cobalt catalyst with ab initio molecular dynamic simulations starting from a
systemwhich four electrons had been removed. Similar to \&aeg al, they found that a
Co(IV)-O speciess the driving species of the reaction. They suggested that removal of two
electrons from a terminal GOH is sufficient to promote the formation of Co=0 moieties. Such
initial electron removals were not considered in our wallkthe mechanisc pathwaydreated in
this studyfollow through neutral reaction intermediates via proton cedilectron transfer
reactions.

Our results indicate thahe thermodynamically modtvorable pathway follows through
coupling of t heO groups fathavali4 enkigure®G) t h T er es-Oar e t w
positions on top and bottom competing for this radical moiety where both of these coupling
reactions arendoergic by 0.10 eV and 0.09 ,@And the resultig species are given kigure6.6

asCl2andC12,r especti vely. We | ooked atsOsiteleadiogpup!l i n
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to C12. Even thoughhe C12' structure is 0.01 eVower in energy thar€12, it has an aqua
ligand with a longer bond length (almost detached as the unpaired electrons on water molecule
are pointing away from the cobalt atom). TRA2 intermediate state now has a vacant site left
by the oxo group. A solve water molecule coordinates with this vacant site endoergically by
0.28 eVto generateC13. This water is relatively weakly bound, as shown by ¢fongated bond
length between this water molecule and the cobalt atom. To extrude hedoaygen molecle
in the core asecond water molecule coordinates with one of the surface cobalt ladomd to
the -O-O- group and a hydrogen atois removedwith anoverall endoergic reaction energy of
0.46 eV/| e a v i 3¥rO#l graup m the complex (similar to the dime21 to D22 and D22 to
D23 steps). The resulting structu@d4 has a high spin quartet state. With the coordination and
dehydrogenation o&n aqua ligandthe -O-O- group leaves the cubane core and omsip
surface site on a single Co ato@®xygen ejedbn from the C14 cluster is found to béhe most
thermodynamicallyreferredoption for the next stepwith a reaction energy @.40 eV.

FromC14to C15, intramolecular hydrogen atom transfer reactions s&yeto increase
the oxidation state of theD-O bound cobalt atom. Given thaydrogen atoms oboth aqua
ligands inC14 are transferred to bottom cobalt atoms, the highest formal oxidation state th
cobalt atomwith the -O-O bondcan achieve is Co(I\2/3). The generatedlusterC15 is a
doublet stateThe fourth hydrogen c anszOB group Borsning the r e mo \
starting structur€1. This dehydrogenation is exoergic by 0.11 &¥e formal oxidation states
of the bottom two cobalt atoms change to Co(ll) Co(ll)dm2, Co(ll) Co(lV) in C13, and
Co(lll) Co(lV) in C14 and C15. The highest positive energstepin pathway 4 is the first

dehydrogenation (1.62 eV) and the lowest positive energy step is the radical oxo coupling with
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€3-O groups (0.10 eV). The two water addition and the oxygen ralhmesctions are calculated
to be endoergic.

Our lowest energp1 dimer and theC1 cubane complexes thermodynamically favor the
formation of the Co(\M)O radical. The lowest energy reaction mechanism for the dimer proceeds
through nucleophilic attack af solvent water molecule to the radical moietyhereas in the
cubane complexther adi c al i's seen to pr 0 graups.cTbeud® | i ng
bond formation with the dimeD1 is observed after three consecutive dehydrogenation steps
followed by a water addition. In the cubane compléhe O-O bond is formed after two
conseative hydrogen removalfkemoval of thefirst and second hydrogestomsfrom aqua
ligandsare preferred inhie lowest energy dimer complewhereas irthe cubane complexhe
first hydrogen is removed from an aqua ligand and the second is removedtyanoxo group.

The oxygen removal and water addition reaction are all exoergic in reaction pathway 1 whereas

in pathway 4 they are all endoergic reactions.
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6.4.2.2Pathway 5
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Figure 6.7 Proposed second lowestergy reaction pathway 5 from the cobalt cubane complex
C1.

The second lowest reaction pathwagathway 5 inFigure 6.7) from the C11 structure
involves a coupling reaction ad Co(V)-O oxo radical with the geminal hydroxo lighnThe
generated structur€16 has anO-OH bond and this step is endoergic by 0.47 eV. Coordination
of a water molecule to the vacant site lefttbg geminal hydroxo group is an exoergic process
by -0.01 eV. With this coordinatigran elongation of thednd between surface aqua and cobalt
ligand is observed il€17. The oxidation stateof the bottomtwo Co atomsare observed to
become Co(ll) Co(lll), and this remains unchanged throughout the cycle afd7. The
thermodynamically lowest next step is detopgkenation from the-O-OH group. This is

endoergic by 0.16 eV. We have observed this phenomg@wedrydrogenation from th€d-OH
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group throughout all the reaction pathwaystie dimer as well as in the cubane complex. The
spin multiplicity of the resultig structureC18 is adoublet state. Thérmation of thequartet
state i1s0.53 eV higher in energy than ti@8 and it isgiven asC18' in Figure6.7. We also
looked at the direct oxygen removal from @&8 structure. This stepsicalculated toequire
1.27 eV, whichis 0.12 eV higher in energy than the fourth dehydrogenatiep to yieldC17.
The mbalt atom has to acquieeCo(lV) oxidation state in order to remove its oxygen molecule.
This higher oxidation state can also béiiaged via intramolecular hydrogen atom transfer
reactions. However, the oxygen coordinated cobalt atonCi8 has a saturated ligand
environment blocking these transfer reactions. The fourth dehydrogenation with 1.15 eV free
energy change is seen at @wpia ligand adjacent to th@®-O group.This final hydrogen atom
removal resulted in an elongated bond between cobalt atom anr@-thegroup in the triplet
structureC19.

The oxygen removal from th€19 intermediate state anthe second water addition
reactions are both exoergic competitive reactions. The oxygen removal is found to be 0.03 eV
more favorable than the second water addition reaction. In order to understand the impact of
neaby solvent water molecules to the thermodynamics of oxygen repnwealonsidered step
by-step water addition and oxygen removal pro¢essughC20, C21, andC2. A direct oxygen
removal process also connec®l9 to C2 via C22. All these steps are found to be
thermodynamically very favorable. The second water molecule appioe s at #Che s
and coordinates to the core through hydrogen bonding exoergicallyl®/eV to generat€20.

The second water coordination@22is 0.08 eV more favorable than the water additio@19
and 0.09 eV more favorable than the cameblisteps ofwater addition and coordination @19

(C19to C20 andC20to C21). The-O-O group is replaced with the solvent water molecule in
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the stepleading fromC20 to C21. This process is endoergic by 0.01 eV. The oxygen removal
from the tripletC21is exoergic by0.24 eV and giverise to the singleC2. IntermediateC2 is

an isomer ofC1 and spontaneously rearrasdeck to the starting structure with intramolecular
hydrogen atom transfer reactions. This regeneratioma feection energy 00.13 ¢&/.

Overall, tie highest positive energy in pathway 5 is the first dehydrogenation reaction,
which is 1.62 eYand the lowest positive energy step is the coordination of the second water
molecule to the detached-O site. The addition of two water moleesl and the oxygen
removal steps are found to be exoergic reactions.

6.4.2.3Pathway 6
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Figure 6.8 Proposed third lowest energy pathway 6 from the cobalt cubane catalyst

A nucleophilic attack from a solvent wat@olecule to the Co(WD radicalin C11 with
0.52 eV energy is the third lowest energy pathyaathway 6 inFigure 6.8) for the oxygen

evolution from the cubane complex. The oxygen from the solvent water molecule couples with
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theradical oxo species and simultaneouwslydrogen of the water molecule is transferred to the
geminal hydroxo groudorming structureC17 in pathway 5. This nucleophilic attack reaction is
an endoergic reactiopmvhereador the D1 structurethe nucleophiic attack is calculated to be a
spontaneous exoergic process. The second water addition and the oxygen removal are exoergic
reactions. The catalytic cycle then follows through pathway 5. The highest and lowest positive
energy steps are similar to pathway
6.4.2.4Discussionof pathways1-6

Overall, he oxygen removal process from the cobalt cubane coeecsmplicated
process. fie hermodynamically lowest process/dlves the couplingodno x o r adizc al wi
O sites. The nucleophilic attack afsolvent water molecule artle geminal hydroxo coupling
reactions have nearly similar free energy char(@eth a differenceof 0.05 eV).Due to the
highly amorphous nature of the Nocera catalystveral catalytic pathwaysnay occur
experimentallyfrom the coupling of these Co(M) a n-@ sites. The corners and edges of this
amorphous catalyst may favor geminal hydroxo coupling and nucleophilic attack reactions.
However, as seen with the dimer qalex, it is also possible that all these reaction pathways are
collectively contributing to the oxygen evolution process. The isotopic labeling investigations for
the Nocera catalyst suggest initial oxygen evolution via unlabeled oxygen from the solvent
water. This can be explained from geminal hydroxo coupling and solvent water attack
mechanisra The oxygen removal process frd (after-O-O bond is formedijs seen once the
cobalt atomachieves theCo(lll) oxidation state in pathwayl, 2 and 3whereasn pathway 5
and 6for the lowest energy cubar@l, it requires aCo(lV) oxidation stateln the lowest energy
pathway 4 the cobalt atom may acquirexidation states of either Co(IV 2/3) or Co(lll 2/3)

before oxygen removal. The water addition reactiomesganerallyexoergic reactios, but are
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occasionally endoergicThe highest positive energy step in pathwédy from C1 is the first
dehydrogenation reaction (1.62 eWhich is much smallemicomparison to the dimewhere
the second dehydrogenationtie highesenergystepat1.91 eV. Both the lowest energy dimer
D1 and the lowest energy cuba@d form the Co(V)O radical oxo species. Once the radical
moiety is formedit couples with nearby hydroxor bridging oxo groups and also undergoes
nucleophilc attack froma solvent water molecule. All six pathways frahe lowestD1 dimer
and fromthe C1 cubane complex follow through this fundamental behavior. To understand more
about these competitive reactipiksetic properties are also required. Givea tlynamic nature
of these reactions with solvent water molecules as reactants, barrier heights obtained from DFT
calculatiors cannot be solely used to predict the final outcome.
6.4.2.5Pathway 7 from C7 isomer

In addition,we have examined reaction pathways tlee C7 structure (0.98 eV higher in
energy tharC1, which is0.09 higher than the difference betwdeh and D10) as the resting
state of the cubane catalyst. The lowest energy reaction pathway Zfrengiven inFigure6.9
and it is carefully screened from multiple reaction pathways. We also included a reaction
pathway that demonstrates a direct coupling of two surface oxo radpesthsvy 8 inFigure
6.10). These two reactions have the sgmnepertyof finding a lowe energy intermediate state
than the starting structuf@7, asobservedvith theD10 dimer. Howeversince theC7 modelhas
been used in previous studies and the reaction pathwaysttieoobalt cubane complex are

currentlyunderdebatewe included a description of these two reaction pathways.
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Figure 6.9 The lowest energy reaction pathway 7 from strucQife

The first step in pathway 7 is a geminal aqua dehydrogenation reaction sintilat td
pathway 4 the lowest energy pathway fro@1) and the reaction energy is 0.14 eV higher than
that from pathway 3. The second consecutive dehydrogenation from strt@2girequires 1.80
eV, which is 0.04 eV higher in energy than the first dehyeinatjon; this step is found to be the
highest energy step for pathway 7. Teéstructure can be rotated in a fashion that the two aqua
ligands are located on top similar to that@f. Both C1 and C7 prefer to remove first two
hydrogen atoms from sites thiaqua and hydroxo groupshe first dehydrogenation from an
aqua ligand forma structure with two hydroxo groups on one cobalt atemiboth C1 andC7.
two detydrogenation reactions from th&7 isomer are higher in energy than the first two

dehydrogenations fror@1. The resulting doubly dehydrogenated structti?d carries a Co(\¥)
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O radical center. This radical moiety is generated after the first two consecutive
dehydrogenations similar to that©f.

Pathway 7proceedghrough a nucleophilic attack of a solvent water moletolgield
C25. This nucl®philic attack is exoergic by0.52 eV and the multiplicity remains unchanged in
the triplet stateThe hreepossble reaction steps fronthe C11 radical oxo species generated
from C1 were all calculated to be endoergichereasnucleophilic addition irpathway 7 from
C7 is an exoergic reactiorBimilar to pathway 5the oxygen atom from the solvent water
molecule caoples with the radical oxo species, and one hydrogen of the water molecule is
transferred to the nearby hydroxo group formin@2OH group on the surface of struct@as.

In the next stepthehydrogen on the @H group is dehydrogenatecquiring areaction
energyof 0.73 eV. In order to remove the@ group from the surface cobalt atomG#6, one
agua ligand coordinated to this cobalt atom has to be dehydrogenated. The direct oxygen
removal fromC26 is expected to be higher in energy the ligand enronment aroundO-O is
similar to that ofthe C18 structure. This dehydrogenation is the fourth dehydrogenatrion of the
catalytic cycle and it changes the spin multiplicity from a doublet to a triplet in strucire
The reaction energy for this is 1.8Y, and it is higher in energy than the third dehydrogenation.
The oxygen molecule is nost most physisorbei the catalyst in structu@27.

The direct oxygen removal fror@27 is cdculated to be0.29 eV,which is amore
favorable reaction compared tioe second water additido form C28 which is exoergic by
0.17 eV. This is also observed in 1G&9 structureof pathway 5~vhere both have similar ligand
environmersg. We lookedat bothsecond water additioand direct oxygen removal steps to the
strucure C27 in order to compare with paway 5.All the reaction steps in these two branches

arefound to beexoergc. From C27 to C28 the second water molecule approaches sidewags t
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€3-O group it then coordinates with the sixth vacant position left by thetacling oxygen
molecule. This coordination is also an exoergic reactiof®[9b eV and generates struct@29
with a triplet spin state. From structu@®9, oxygen is releasedkeergically with-0.21 eV to
produce a singlet state struct@8. Coordiration of the second water molecule to the vacant site
of C30is 0.87 eV more favorable than second water additz#ty o C28). This also produces
singletC3. This structureC3 is a lower energy isomer than struct@eéand requires 0.48 eV of
energy to rgenerateC7. Even thougtwater oxidation can occur from ti@&/ structure tcevolve
oxygen, itdoesnot regenerate the resting state. The highest positive energy in pathway 7 is the
second dehydrogenation that is 1.80, é&nd the lowest positive energy stép the C5
regeneration step with 0.48 eV free energy change.

There are multiple similarities observed in the lowest energy reaction pathway€from
andC7. The dehydrogenation preference is similar whheefirst hydrogen removal froiimoth
C1 andC7 ocaurs from a geminal aqua ligand and thé&me second hydrogen is removed from
one of the two hydroxo ligasdn the same cobalt atom. The oxygen molecule is removed from
the cobalt atom €1 and C7 once it reach&the Co(IV) oxidation statexcept for pathay 4
Aside from these similarities there aralso severaldifferences. The overall lowest energy
reaction pathway fronC7 involves a nucleophilic attack ta Co(V)-O radical whereas i€1 it
proceeds viaa geminal coupling ofa radical oxo group with briging oxo groups. The
nucleophilic attack of solvent water, second water addiiad oxygen removal steps are found
to be exoergic in pathway 7 fro@i7, whereas irC1 we found that all these steps are endoergic.
The highest positive energy step for patipwlafrom C1 is the first dehydrogenation (1.62 V)
whereas in the pathway 7 fro8v it is the second dehydrogenation (1.80 eV). Thiseiersed

for dimeis D1 andD10.
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6.4.2.6Pathway 8 from C7 isomer
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Figure 6.10 Direct coupling pathway 8 from structug?.

The direct oxo coupling pathway 8 fro@v is given inFigure6.10. This pathway has
some similar properties to the direct coupling pathway proposed by ¥aigfor the cubane
complex This type of direct coupling pathway has been proposed earlier for other water
oxidation catalysts as well (e.g. ruthenium blue difnéf). We found that this pathway is
thermodynamically the highest energy lpaay from C7. The first two dehydrogenation
reactions,C7 to C31 andC31 to C32, have higher endoergic reaction energies of 2.12 eV and
2.33 eV, respectively than any other reactionls reaction pathwa$ for structureC32, broken
symmetry singlet calcations show that the cobalt atoms are antiferromagentically coupled; the
triplet spin statdor this structuras nearly degeneratgith the singlet state. The singlet state is

0.0015 eV higher in energy than the tripledtstand it is given idrigure 6.10 asC32. Two
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surface Co(I\VJO radical groups in structu@32 directly couple with each other to generate an
O-O bridge in structur€33 that has a singlet spin state. This coupliracten is exoergic by
0.44 eV.

The direct aygen extraction fromC33 is endoergic by 0.62 eV. This is
thermodynamically higher energy process as seen witB1Balimer as well. In the next step, a
geminal aqua ligand in structur@33 is dehydrogenated to facilitate the incoming water
molecule instructureC34. The reaction energy for these processe8.ib eV and the spin state
changes from singlet to doublet in struct@®4. With the incoming aqua ligand, the@bridge
disconnects and attaches to one cobalt atom via the transitiorC8&tgd63.79 cm™). This
reaction has a barrier height of 0.51 eV. The aqua ligand fully coordinates to the vacant site of
the cobalt atom in structur@36 with anenergy of-0.80 eVcompared to the transition state, and
a-0.29 eV overall reaction energy fro@84. The cobalt atom with the coordinatgd-O group
hasa Co(lll) oxidation state irC34 indicatinglesspreferencedor oxygen removal according to
the previous pattern. However, we were not able to get a converged structure after oxygen
removalfrom C36.

The fourth dehydrogenation occurs from a geminal aqua ligand attached toQhe O
group with 1.61 eV. At the same time, the hydrogen atom is transferred from the coordinated
surface aqua ligand to the geminal hydroxo grou@2i. With the formation ofC27, thecycle
reconnects back to pathwaythtough two brancheandeventuallyforms C3, which again isa
lower energy intermediate state than the resting §tatdhe second dehydrogenation step is the
highest positive energy step withreaction energyfd.33 eV and the lowest positive energy
step is the catalyst regeneration thequires0.48 eV.The oxidation states of the bottom two

cobalt atoms in all structures arising fr@@ pathways 7 and 8 remain Co(lll) Co(lll), whereas
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in the pathways fronC1 these oxidation states changed for different intermediates in the
reaction pathways.
6.4.2.7Cubane PathwaysDiscussion

Reaction pathway7 and 8 suggest many interesting characteristiea thoughC1 and
C7 differ by almost 1 eMn free energyAs discussed abe, there are some similarities such as
the origin of first two dehydrogenations and formation of CeQV)adical species, etf. small
cubane complexes with four cobalt atoms @mponents ofhe Nocera catalysthere could be
multiple instances of tlse clustersThese clusters are very sensitive to ligand orientations,
and there could be many competing orientations and rotations of hydroxo and aqua ligands
presentdue to the dynamic nature of the systdimergetically,instances with two hydroxo
groups on top for a cubane complengilar to C7) as a component of the catalyst &kely to
be ahigherin energy.However if this occurspucleophilic attack of a solvent water molecisde
favored Water oxidation on these structuresy lead to othelower energy structureyielding
oxygen evolution from different pathways. The lowest ené€&@ycomplex shows an instance
where two aqua ligands are on topth referene to the orientation given iRigure6.5). This
architectue may be the most probable scenario in the negiralcondition as it is the
thermodynamically lowest isoméor the cubane systems examined in this wémksuch cases
the water oxidation pathway may proceed throgghinal coupling to bridgg oxo grous. If
the catalystoccurs primarily on an extendesirface it is possible thathe only option is to
follows through a direct coupling mechanism between two oxo radsialse geminal
dehydrogenation would not be possibléne edges and corners of theatydt may enhance the
oxygen evolution because of their susceptibility to lower energy dehydrogeradisesn by the

preference of geminal dehydrogenations for both the dimer and cubane comperesll,
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oxygen evolution from the cobalt cubane catalgsta very complex reaction and we can
hypothesize that multiple reaction pathways from different instances contribute to the collective

oxygen evolution.
6.5 Conclusions

Ab initio density functional theory was used to investigate water oxidation processes
promoted by model cobalt oxide dimer and cubane catalysts. These models were designed based
on experimental evidence and are related to cubane complexes withdesated (aqua and
hydroxyl) ligands that have been examined before. Several reaction patmemysvb model
dimer and cubane catalysts were investigated to propose the thermodynamically lowest energy
pathways. The best thermodynamicdifyvored mechanism found foboth the lowest energy
dimer and cubane catalystinitiated with the formation of G(V)-O radical species. In the dimer
complex thisis followed by a nucleophilic attack of a solvent water molecule to the radical
moiety, whereas for the cubane complex the lowest energwagtinvolves a geminal coupling
wi t h 3-©.Hleere s a higher probability that these are activated at the edges or defects of
cobalt oxide catalytic surfaces ligated with aqua ligasdggesting that the amorphous nature of
the Nocera catalyst may eafce its water oxidation ability. The first dehydrogenatioom the
lowest energy dimg(1.72 eV)and cubane complex€.62 eV)arenearly similar in energy. The
O-O bond coupling on the dimer starts after three dehydrogenation reagtioereas in the
cubanehe OO bondis formed after first two dehydrogenations. We also found that-+©a0H
group is formed in a reaction pathwafpe next thermodynamically lowest energy step is
dehydrogenation of its hydrogen atoifnthis step is competing faomgetion of the octahedral
geometry therthelatter is seen tbe preferred with both dimer and cubane catalyBke cobalt

atom returns back to Co(lll) in pathways 1, 2 and 3 for the lowest energy cobaltirbefore
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oxygen is removed, whereas pathwy 5 and 60of the lowest energy cuban@l, oxygen
removal occurs fronCo(lV). In the lowest energy pathway, he cobalt atom may acquire
oxidation states of Co(lIV 2/3) or Co(lll 2/®efore oxygen removaBased on the competitive
thermodynamic reaction gfavays demonstrated by dimer and cubane complexes, we can
hypothesize that various condensed clusters in cobalt oxide catalytic systems may follow through

different pathways, collectively enhancitige oxygen evolution reaction.
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Chapter7-Concl usi ons

Designing and developing a commercial water oxidation catalyst that can split water into
its constituent molecular hydrogen and oxygen is a very essential cornerstone of renewable
energy researche learned the concept of artificial water splitting from nature. Natural water
splitting occurs during the process of photosynthesis in the oxggaing complex of
photosystem Il. The active core of this complex consists of a @aMtore with a cubane
structure and a dangling manganese atom. From this blueprint many biomimetic catalysts have
been proposed over the last few decades that are built on transition metal oxides. In the present
day, this is still a hot topic and new structures and compleXiésnare proposed daily that can
act as possible water splitting catalysts. The main goal is to design catalysts from earth abundant
materials that are cheap, efficient and can be utilized commercially. However, to date there are
no definitive catalystshiat can match the efficiency of the natural water splitting active core.
This is likely because researchers still do not understand the fundamental properties, electronic
structure, mechanisms and reactivity of these catalyst@pproach this, we startémbking at
two transition metal oxide species: manganese oxides, which have been selected by nature, and
cobalt oxides, which are a very recent emerging interest in transition metal oxide catalytic
complexes. Most of these water splitting complexes imetudhe aforementioned CaMdy
active complex show a common cubane shape geometry. Thus, we used design principles to
model the simplest architecture of these complexes with two manganese and colsaiih @om
dimer fashion, as well as a dimer of a dimerai cubane fashion. We designed these model
systems to bear the essenti al foxat wahgddsxoes e e n
groups. These model complexes are then coordinated with-eexieed ligands. In this manner,

we can gain a vast kmtedge of the fundamental properties of these complexes, understand the
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mechanism and identify commonalities and discrepancies and therefore ultimately design
catalysts from a bottorap approach.

In our manganese dimer studies wiltny( €©H)(H20)4(OH)s ard Mn2(e-OH) -( €
0)(H20)3(OH)s complexes, we observed that the thermodynamically favorable water oxidation
pathways proceed through nucleophilic attack from solvent water molecules to Mn(IV%2)O and
Mn(V)O groups, respectively. With the manganese cubane coagplea investigated oxidation
state configurations ranging f roxmn ahygtdoxddn (1 V)
versions of these configurations. We noticed three reaction pathways that are thermodynamically
favorable for the water oxidation process T {0 Me(IV IV IV IV) and Mn4(lll IV IV 1V)
configuration states have the same reaction pathway for the water oxidation process and this is
competing with the reaction pathway from the Al 11l IV V) configuration state. All these
reaction pathwgs follow through a nucleophilic attack from solvent water molecule to
manganese oxo speciés.bothe-o x o ahydbxo&ersions of MiflV IV IV V) and Mn4(lll
IV IV IV) configurations a Mn(VI)O group attacksa ol vent water nmxd ecul e
ard -hgzdroxo versions of Myflll 111 1V V) configuration this nucleophilic attack is seen on a
Mn(VII)O species. We note that the thermodynamically highest energy step in both these
manganese dimer and cubane complexes corresponds to the formation akspestive
manganese oxo species. Thus, this can be used as a descriptor to screen out water oxidation
catalysts based on the opetential to form oxo species.

Our next step was to use higher level of theories to further investigate a manganese dimer
catdyst and extract electronic structure and properties relevant to the water oxidation process. In
this study, we used Elny( €©H)2(H20)(OH)2(O(CH)0). model complex with CASSCF and

MRMP2 level of theories. The reaction mechanism investigated follows thraeuglirect
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coupling of adjacent oxo groups. The presence
The intermediate states in this catalytic pathway have multiple nearly degenerate excited states
that lie close to the ground state. This allows midtgxidation state channels during the water
oxidation process. We also observed the contribution of certain orbitals to the structure of
intermedi ate states, i .e. structural distort:i

Thermodynamically favordé water oxidation pathways from both cobalt dimer and
cubane complexes involve formation of a Co(V)O moiety. The pathway on the cobalt dimer
complex proceeds through a nucleophilic attack from solvent water molecule to this oxo species
whereas the pathwanp the cobalt cubane complex involves a geminal coupling of a Co(V)O
group with a bridging oxo group. However, we also demonstrated other competitive reaction
pathways for water oxidation on both dimer and cubane complexes. For both cobalt and
manganeseamplexes we found that once tHeOH is formed in the progress of the catalytic
cycle, the thermodynamically lowest energy step is to remove the hydrogen-GfQkegroup.
This is sometimes seen as a dehydrogenation reaction or as an intramoleculagrhtoogy
transfer reaction. We believe these microscopic properties will be helpful for the development of
a next generation of electrocatalysts.

In the future, we are planning to investigate the water oxidation process on a model
manganese trimer complerdiunderstand its electronic structure and properties. Furthermore,
the manganese cubane complex study can be extended to investigate the effects of incorporating
a calcium and/or scandium atom in the cubane core. In this way, we can investigate the effect

on the water oxidation process from these atoms.
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Appendix A-Supporting i ATfhoerommaettiiocna lf o

| nvestigation of Water OxQOszdat.

and :M@omplexes

Table Al The lowest energy water oxidation reaction pathways for the fully sadurate
Mn204 and MnOs complexes calculated with PBE/TZP level of theory.

Reaction Processes Reaction Reaction Processes _ _
o _ Reaction energies
(Pathway-Al, energies in eV | (Pathway-4, Figure |
) in eV (PBE/TZP)
Figure A1) (PBE/TZP) 3.9)
P k-1 1.81 P Fo1s) 0.87
P ks-2) 1.37 P 2o19) 0.70
P Ez1-8) 0.57 P 120 1.69
o k3231) -0.25 P 721 1.54
o 3332 -0.29 o ks 27) 0.14
P k17-33) 0.89 P F2o28) 0.25
P k3417 0.76 P Ez0-29) 0.39
o k3534) 0.86 o Frs-30) -0.50
o ki-35) -0.64
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Figure Al The thirdlowest energy reaction pathwa#yl on the fully saturated
Mn204A 628 structurel and lowest energy pathway from MBsA 6,6 starting with
structurel? calculated using the BP86/TZP level of theory.
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Table A2 Calculated reaction engies and free energies foathwayA1l of FigureAl.

Reaction Processes

(Pathway-Al, Figure Al) ®eE (eV) ®2G (eV)
op k1) 1.77 1685
P2 1.34 120
Phs-2) 2.39 523
P Esrg) 0.57 0.57
Phrg 1.29 1.30
P23 -0.24 -0.27
P Es332) -0.24 -0.18
Phray 0.81 0.74
P Ez417) 0.73 0.59
P k35-34) 0.84 0.75
P E-35) -0.58 -0.50
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Figure A2 Thesecond lowest reaction pathwAy from Mn.OsA 6,8 structurel 7.

Table A3 Calculated reaction energiasad free energies for pathwayp of Figure A2.

Reaction Processes
(Pathway-A2, Figure A2) ®E (eV) ®eG (eV)

P kz417) 0.73 0.59

P z534) 0.84 0.75

P Fr-s5) -0.58 -0.50

Py 1.77 1.65

P Eze-2) 1.86 1.89
o Ez7:36) -0.15 -0.30
P Ezean) 0.56 0.48
o E17-38) -0.04 -0.01
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AppendixB-Supporting o mlfhoerommaettiiocna |f
|l nvestigation of Water Oxidatio

Manganese Cuboane Compl ex

Figure B1 Proposed secoridwest energy reaction pathw#j from structurel with
Mna(IV IV IV 1IV) configuration.
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