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Abstract

Water oxidation can be considered as the ‘holy grail’ of renewable energy research,
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. Natural water
splitting is observed during photosynthesis in the oxygen-evolving complex of photosystem II,
which consists of a CaMn4O4 cubane core. Herein, we report in silico approaches to understand
bottom up catalytic design of model transition metal oxide complexes for water splitting. We
have employed density functional theory to investigate model ligand-free architectures of cobalt
and manganese oxide dimer (Mnz(pu-OH)(p-O)(H20)3(OH)s, Mn2(nu-OH)2(H20)4(OH)s, Mna(p-
OH)2(H20)2(OH)2(O(CH)30)2, Co2(u-OH)2(H20)4(OH)s) and cubane (Co4O04(H20)3(OH)a4,
MnsO4(H20)(OH), x = 4-8, y = 8-4) complexes.

The thermodynamically lowest energy pathway on the cobalt dimer catalyst proceeds
through a nucleophilic attack of a solvent water molecule to a Co(V)-O radical moiety whereas
the pathway on the cubane catalyst involves a geminal coupling of a Co(V)-O radical oxo group
with bridging oxo sites. The lowest energy pathway for the fully saturated Mn>O4¢6H>,O (Mno(p-
OH)(p-0)(H20)3(OH)s) and Mn203*7H20 (Mnz(p-OH)2(H20)4(OH)4) complexes occur through
a nucleophilic attack of a solvent water molecule to Mn(IV2)O and Mn(V)O oxo moieties
respectively. Out of all the oxidation state configurations studied for the manganese cubane, we
observed that Mns(IV IV 1V V), Mny(Ill IV IV 1V), and Mn4(III III IV V) configurations are
thermodynamically viable for water oxidation. All three of these reaction pathways proceed via
nucleophilic attack of solvent water molecule to the manganese 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 employed multireference and multiconfigurational calculations
to investigate the Mna(u-OH)2(H20)2(OH)2(O(CH)30)2 system. The presence of Mn(IV)O’
radical moieties has been observed in this catalytic pathway. These simplest models of cobalt
and manganese with water-derived ligands are essential to understand microscopic properties

that can be used as descriptors in designing future catalysts.
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respectively. Out of all the oxidation state configurations studied for the manganese cubane, we
observed that Mns(IV IV 1V V), Mny(Ill IV IV 1V), and Mn4(III III IV V) configurations are
thermodynamically viable for water oxidation. All three of these reaction pathways proceed via
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formation of the manganese oxo species, which is a significant feature that reoccurred in all these
reaction pathways. We have also employed multireference and multiconfigurational calculations
to investigate the Mna(u-OH)2(H20)2(OH)2(O(CH)30)2 system. The presence of Mn(IV)O’
radical moieties has been observed in this catalytic pathway. These simplest models of cobalt
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Chapter 1 - Introduction

Fossil fuels are 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 excessive use. Burning
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 other environmental 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,
investigation into finding the best alternative energy source has been many scientists’ main goal.

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 gasoline),! and compared to
the present carbon based fossil fuels it is environmentally friendly because the combustion
products are free from carbon monoxide and carbon dioxide. Hydrogen can be stored directly in
molecular form or by further reversible conversion into suitable carrier molecules. The stored
molecular energy can then be used for combustion or 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 generation is a top priority. When there are complicated problems to
solve, human beings often look at and learn from the nature.

Nature’s solutions to complicated problems are impressively remarkable, uniquely
selective, and efficient. Nature uses sunlight as the 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 photosystems, which are found in thylakoid membranes of green plants, algae, and
cyanobacteria. In the oxygen-evolving complex (OEC) of photosystem II (PSII), water is
oxidized into molecular oxygen, protons, and electrons. The active complex of OEC consists of a

CaMn4O4 cubane (cubic shaped) core (Figure 1.1).

Figure 1.1 Active complex of the OEC of PSII, a CaMn4O4 cubane complex with a dangling
manganese atom.

The artificial water 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. Artificial water splitting
to generate hydrogen and reduction of carbon dioxide to form methanol are two widely discussed
fuel-forming reactions. Converting energy to chemical energy via fuel-forming reactions are

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



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

To deploy hydrogen generation on the large scale, electrolysis is the best candidate
process. It 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 ways to capture the sunlight.
Current low temperature water electrolysis processes are only 50 - 70 % energy efficient. The
cost analysis from United States Council for Automotive Research/Department of Energy
(USCAR/DOE) suggests that overall system efficiency has to be higher than 74 % in order to
meet the DOE cost goals.? The main source of energy inefficiency in this water electrolysis cell
is the oxygen generating electrode where an excess electrode potential (overpotential) of > 450
mV is required for useful rates of water oxidation. For this reason, there have been many
research efforts over the past few years in order to develop efficient electrocatalysts. Currently,
industrial water oxidation is carried out with electrolysis using precious metals like Pt as
electrodes. Other metal oxides like Ru** and Ir”-® oxides are reported as efficient electrocatalysts
but commercial applications of these catalysts are limited due to their higher costs. Thus, earth
abundant inexpensive transition metals are desirable as electrocatalysts.

For optimum efficiency, electrocatalysts should be active, durable, and minimize the
required overpotential. A commercial catalyst should contain a minimum of or no rare or noble
metals. Finally, electrocatalysts should possess a high surface to bulk ratio to minimize the
current densities and the amount of metal deployed. It must exhibit sufficient electronic

conductivity to minimize ohmic losses.



In this thesis, we investigate two of the most commonly used transition metal oxides:
cobalt and manganese oxides. Specific systems studied include dimer complexes with two
manganese or cobalt atoms (Mnz(p-OH)2(H20)4(OH)4,” Mna(u-OH)(p-0)(H20)3(OH)s,” Mna(u-
OH)2(H20)2(OH)2(O(CH);30)2,1°  Coa(u-OH)2(H20)4(OH)4)!!  and  cubane  complexes
(C0404(H20)s(OH)4,'! MnsO4(H20)(OH), x = 4-8, y = 8-4) to explore the electronic structure,
properties, and mechanism of water oxidation. A brief literature review of both cobalt and

manganese oxides are discussed below.
1.1 Manganese Oxides

Manganese oxide complexes with p-oxo and p-hydroxo groups are among the most
theoretically and experimentally investigated transition metal oxide catalysts. This is primarily
due to the presence of manganese oxides in the OEC as well as the abundance (Mn is the 10
most abundant 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 way to produce hydrogen. Consequently, a
very large number of experimental and theoretical studies have been devoted to achieve this for
the OEC, models of the OEC, other biomimetic complexes, etc. However, other than some of the
ruthenium catalysts the catalysts developed so far are a couple of orders of magnitude slower
than the natural system.® The activity of 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 well (i.e. Nocera’s catalyst,!? and

other cobalt catalysts reported by McAlpin et al.,'> McCool et al.,'* and Evangelisti et al.'>) Most



of the manganese catalysts reported are stabilized with organic ligands, and there are only few
experimental or theoretical studies reported with ligand-free or with water-derived ligand
architectures of manganese complexes.
1.1.1 Manganese Oxide Dimer Complexes

Manganese dimer complexes with p-oxo and p-hydroxo ligands have been investigated
as water oxidation catalysts since the 1980s. Herein, we report a few selected turning points
associated with these manganese dimer catalysts. Some of these manganese complexes for water
oxidation have been reviewed thoroughly by Mullins,'® Liu,? Yagi,'” Mukhopadhyay,'® and Wu
et al.’

Ashmawy and coworkers?® reported water oxidation by a manganese dimer complex in
1985. They synthesized a [{Mn(salpd)(H20)}2][ClO4]2 [salpd = propane-1,3-
diylbis(salicylideneiminate)] complex that evolves oxygen when irradiated in the presence of a
p-benzoquinone. The oxygen evolution is dependent on the concentration of these Mn(IIl)
complexes and the pH of the reaction and is independent of the solvent. In 1994, Watkinson et
al*' reported a manganese dimer complex that also splits water upon irradiation with visible
light in the presence of p-benzoquinone. This complex was considered to be not as active as the
complex reported by Ashmawy et al. Limburg et al.** reported a functional model of a p-oxo
bridged manganese dimer ([H2O(terpy)Mn(O)>Mn(terpy)OH2](NO3)3) complex. This complex
catalyzes the conversion of sodium hypochlorite to molecular oxygen. 'O isotopic experiments
revealed that the source of the oxygen atoms in the generated molecular oxygen is water.
Collomb and coworkers? also reported this complex independently at the same time. In one of
the early studies, a  four electron water oxidation reaction  catalyst

([Mn2(mcbpen)2(H20)2](C104)2) (mcbpen = N-methyl-N’-carboxymethyl-N, N -bis(2-



pyridylmethyl)ethane-1,2-diamine) synthesized by Poulsen et al.>* has been reported to generate
oxygen in the presence of a tert-butylhydrogenperoxide as an oxidant. Formation of a Mn(V)=0

1'25

species during O-O bridging was first reported by Naruta et al.”> with a porphyrin type Mn(III)

dimer. The Mn(V)=0 species can also be described as a Mn(IV)-O radical group. The
terminology of this oxo group has been a topic of debate even to date.!% 2628

Zhao and coworkers®® reported an early detailed theoretical study of the electronic
structure, charge distribution, and spin coupling of manganese p-oxo compounds surrounded by
triazacyclonoane and acetate ligands. Their calculated charge distribution showed strong metal-
ligand covalency. Bloomberg and coworkers®® reported a theoretical study of different
manganese monomer and dimer complexes. These authors employed hybrid density functional
theory calculations and investigated the hydrogen abstraction process from these water
coordinated manganese complexes via a tyrosyl radical. The coordination of a water molecule to
the manganese ion is found to lower the energy required for hydrogen abstraction of either one or
two hydrogen atoms from the water molecule.

The structural and electronic properties of reduction and oxidation of an O-O bond in Mn
dimer (Mnz(p-O)2(n-O2)(NH3)6>") complex was reported by McGrady et al’! The authors
reported that the o bond of O-O can be broken by transfer of two electrons of opposite spin
between the metal and ligand whereas the formation of the O-O m bond requires transfer of two
electrons of the same spin. The  p-oxo  bridged  manganese  dimer
([H20(terpy)Mn(O)Mn(terpy)OH2](NO3)3) complex was studied by Lundberg and coworkers?’
to investigate the requirements for O-O bond formation. It was reported that the Mn(IV) oxyl
radical state is a requirement (rather than the Mn(V)O state) for this complex as well as some

models of OEC.



Zhou and coworkers*? employed density functional theory calculations on a biomimetic
manganese dimer complex, [H2O(terpy)Mn(p-O)Mn'(terpy)OH,]*" (terpy = 2,2:672"-
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 two-manganese center in the presence of water solvent. They reported that the
water environment has an almost symmetric influence on Mn(III) and Mn(IV) centers. The
chemical behavior of this complex is largely determined by its geometric and electronic features.
The authors noted that the Mn(IV) center is slightly more electrophilic than the Mn(III) center,
which imposes a larger steric repulsion for coordination of a molecule or ligand.

A few authors have also studied manganese oxide compounds without organic ligands.
Lang and coworkers® reported an experimental and theoretical investigation of the water
splitting mechanism on free manganese oxide clusters Mn20>" and MnsO4". They used gas phase
ion trap measurements in combination with Born-Oppenheimer spin density functional molecular
dynamics calculations. This will be further discussed under the manganese cubane complex
section 1.1.2 in the introduction. In 2014, Lee and Aikens>* reported a theoretical investigation of
water oxidation on fully saturated Mn2O4 and MnxTi2xO4 (x = 0-2) complexes using the
BP86/ATZVP level of theory in their calculations.

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

question of interest. The electronic structure of these complexes were researched extensively by



Sears et al.*> and Ivanic et al.’® using a model oxoMn(salen). Ivanic et al.3® first studied the
system with 12 electrons in 11 active space orbitals (CASSCF(12/11)); later, Sears and
coworkers®> used CASSCF(8/7) to study this system. These authors chose the smaller active
space after examining the unrestricted Hartree-Fock (UHF) natural orbital occupation numbers.
The closed shell singlet state was found to be the ground state; the triplet states are around 3 kcal
mol™! higher in energy whereas a quintet state lies at a little more than 40 kcal mol™!. There is a
relative energy difference of 0.5 kcal mol™! for the singlet and triplet states with the different
active spaces employed. This difference is more significant for the quintet state with a difference
of 1.4 kcal mol™. It is noteworthy that the UHF solutions to the calculations were highly spin-
contaminated. In 2014, Wouters and coworkers used the density matrix renormalization group
(DMRG) method with 28 electrons in 22 orbitals to investigate this system.?>” This method can be
used to include a considerably large number of orbitals into the active space. In comparison with
previous results, they found that the triplet is 5 kcal mol! more stable than the singlet state
whereas the quintet lies 12-14 kcal mol™! higher than the singlet state.
1.1.2 Manganese Oxide Cubane Complexes

As described in the beginning 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 II. Significant knowledge has been gained, which has aided in designing
many other 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 recent review.*® Instead, we will concentrate on

the studies that examined a related Mn4O4 cubane core.



Hybrid DFT calculations using UB3LYP and UBHandHLYP functionals were employed
by Yamaguchi and coworkers® to investigate mixed valance CaMn(I11)xMn(IV)>0s0H(H20)4
(X = OH or O) and CaMn(Il):Mn(IV)204(OH)2(H20); clusters. The degree of symmetry
breaking of the Mn-O-Mn (180° bond between the dangling manganese atom and O-Mn bond in
cubane) is 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 study of a mixed valance
Mn(I1)4xMn(IV)xO4 cluster to investigate the Jahn-Teller (JT) effects of Mn(IlI) ions.** The
optimized geometries of the cubane demonstrated an acute triangle for Mn(III)>-Mn(X) (X = III,
IV) indicating JT effects. It was found that JT effects are not significant for Mn(IV)>Mn(III)
cores showing an obtuse triangle geometry. JT effects are further diminished for the Mn(IV)3
core, which forms an equilateral triangle. It was found that Ca doping suppresses the JT effects
even for the Mn(III)oMn(X) (X = III, IV) case.

Li and Siegbahn*! recently demonstrated the significance of using simplified models to
investigate the OEC. The model was simplified by replacing some ligands by water-derived
ligands. These authors investigated mainly the O-O bond formation step. A remarkable similarity
was seen in the energetics of this model with some of the larger cluster models previously used
for PSII. Krewald and coworkers*? investigated the magnetic and spectroscopic properties of the
core structure of the OEC of PSII and two other synthetic cubane clusters. It was previously
established that all synthetic and model Mn(I1V)3;CaO4 cubane complex systems have a high-spin
state of S = 9/2 for the ground state. These authors' theoretical study was in agreement with this
previously established spin state. An energetic comparison of protonated models showed that a
tris-p-oxo bridge protonated version (containing three p-hydroxo bridges) connecting only Mn

ions in the cubane rather than Ca has the lowest proton affinity.



There are only few studies reported with ligand-free or with water-derived architectures
of pure manganese cubane complexes. Recently in 2013, Lang et al.>® described the water
splitting process on singly charged Mn;O," and Mn4O4" species. Gas phase ion trap
measurements were used together with Born-Oppenheimer spin density functional molecular
dynamic calculations. The two-dimensional ring-like ground state structure of the Mn4O4"
complex changed to a cuboidal octahydroxo complex when it was hydrated. This Mn4O4" system
was further investigated with D,'0 and H,'®0 in a gas phase ion trap experiment where the
exchange of the oxygen atoms of the cluster with water oxygen atoms was observed. The authors
suggested a reaction mechanism that dissociates water via hydroxylation of the oxo-bridges.

1.5 also demonstrated the interaction of water with the MnsO4* complex using IR

Lang ef a
spectroscopy in conjunction with spin density functional calculations. It was found that
hydroxylation of p-oxo bridges is an essential part of the dissociation of the O-H bond of water.
This hydroxylation continues until all the p-oxo bridges are hydroxylated. Additional water
molecules then bound molecularly with a favored preference for the hydrogen-bridge-bound
H30; units involving hydroxylated bridges. It was found that an open cuboidal structure emerges

when n > 3 for MnsO4"(H20),, and for n > 6 the MnsO4" cluster transforms into a closed

cuboidal structure.
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 to the 1960s but their development
slowed when it was found that the catalyst precipitated from the solution as cobalt oxides or
hydroxides.** Recently, cobalt oxide gained wide popularity for its remarkable catalytic activity

towards water splitting after its reinvention by Nocera and coworkers.!? With this reinvention,

10



cobalt oxides have been brought to the attention of both theoreticians and experimentalists; thus,
over the last few years we have seen many cobalt and related complexes emerging as water
oxidation catalysts. The Nocera cobalt oxide catalyst is a black thin film deposited on an indium
tin oxide surface.!? It is a heterogeneous catalyst that is very stable, easy to synthesize from
readily available precursors, self-healing through a series of linked equilibria, and shows high
activity under neutral pH. There are no crystal structure details solved, as this is a highly
amorphous catalyst. Recent extended X-ray absorption spectroscopy (EXAFS) studies*> 40
reported that this catalyst has similar structural features to a manganese cubane complex. In the
next sections, we briefly discuss some experimental and theoretical studies of cobalt dimer and
cubane complexes that act as water splitting catalysts.
1.2.1 Cobalt Oxide Dimer Complexes

There are only a few reports related to cobalt oxide dimers investigated as water splitting
catalysts. Cobalt dimer complexes ligated with bispyridylpyrazolate ligands that can serve as
molecular electrocatalysts for water oxidation under acidic conditions were reported by Rigsby
and coworkers.*’” These were Co(III)Co(IIl) bridging peroxo complexes with a structural
similarity to previously reported ruthenium water oxidation catalysts. In 2014, Smith and
coworkers®® investigated dimer, trimer, and tetramer cobalt oxide catalysts with two sets of
ligands for water oxidation activity. In contrast to previous reports by Rigsby et al., both dimer
and trimer clusters were found to be catalytically inactive. This shows that catalytic activity and

the mechanism may depend on the ligand environment for cobalt oxide complexes with smaller

nuclearity.
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1.2.2 Cobalt Oxide Cubane Complexes

The Nocera cobalt oxide catalyst is thought to contain Co04O4 units in the form of
Co(IIT)O¢ octahedra. Over the last few years, multiple edge sharing and corner sharing structural
models have been proposed based on experimental and theoretical evidence.* 46 4% 50
Theoretical investigations of the mechanism for water oxidation on cobalt oxide and related
catalysts have been reported in the last few years by Wang et al.,* Mattioli et al.,>® Li et al.,”!

and Kwapien et al.>?

Wang et al.¥

employed quantum mechanics and hybrid quantum mechanics/molecular
mechanics (QM/MM) methods on a model cubane complex with water-derived ligands and

reported that O-O bond formation takes place by direct coupling between the Co(IV)O oxo

groups. Later, Li and Siegbahn®! reported a study of several cobalt oxide complexes including a

L 49 1'49

model complex similar to that of Wang et al.™” but with p-OH groups (the model of Wang ef a
has p-O ligands, not p-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(IV) state, i.e. a formal Co(V) state, is required for reactivity.
They also noted that the probable mechanism is a water attack on the oxygen radical.

Mattioli and coworkers® investigated two different cobalt oxide systems: saturated
C07024H24 and Cos023H28 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(IV) oxyl radical species is the driving ingredient for the 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

1_52

due to high activation barriers. Kwapien et al.”” reported a benchmark study with model cobalt

12



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
PBEQO lead to fair agreement with the CC energies while there were important discrepancies with
standard gradient-corrected functionals. It was also reported that DFT+U improves the calculated
electronic structure and properties but no value of the U parameters reproduced the CC results.

A cobalt cubane complex with a Co4O4 unit, i.e. [C0o404(CsHsN)4(CH3CO2)4]", with the
ability to catalyze the water oxidation reaction was proposed recently by McAlpin et al.'?
McCool and coworkers!* also reported a neutral version of this catalyst, [C0o4O4(CsHsN)4
(CH3COz)4], which catalyzes water oxidation activity efficiently with the presence of standard
photochemical or electrochemical oxidation sources. The first Co(Il)-based cubane water
oxidation catalyst with a Cos4Os core was reported by Evangelisti and coworkers.!”> This
[Co's(hmp)a(u-OAc)(u2-OAc)(H20)2], (OAc = acetate, hmp = 2-(hydroxymethyl)pyridine)
catalyst is a distorted cubane catalyst that increases its catalytic activity upon photoirradiation
with increasing pH through aqua ligand deprotonation.

Our theoretical work on both dimer and cubane complexes indicated the formation of a
Co(V)O oxo species that acts as a reaction mediating species.!! We also demonstrated that
nucleophilic attack of a solvent water molecule to the Co(V)O species is the lowest energy
pathway in the cobalt dimer complex. A geminal coupling of this Co(V)O with a bridging oxo
group is found to be the lowest pathway in the cubane complex.!! However, there are other
competitive pathways for the oxygen evolution reaction (OER) on these cobalt oxide 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 further in Chapter 6.
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After our extensive investigation of the cobalt dimer and cubane complexes, Li et al.>*
reported an experimental study using molecular complexes including Co-cubane ([Coa(p3-O)a(p-
OAc)apy4]), Co-trimer ([Coz(u3-O)(n-OAc)epy3]PFs), and Co-dimer ([Co2(pu-OH)2(u-
OAc)(OAc)pys]PFs) ( py = pyridine, OAc = acetate). These authors investigated
electrochemical, photochemical, and photoelectrochemical water oxidation methodologies in
phosphate electrolyte. It was found that 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 catalytically 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 coworkers®* investigated the [Co(IIl)4] cubane [C0404(CsHsN)4 (CH3CO2)4]
complex. Oxygen isotopic labeling demonstrated that the cubane core remains intact during the
OER and terminal ligands were responsible for the generation of O>. These authors suggested
formation of Co(V)O like species during the catalytic cycle and emphasized that catalytic
frameworks should be designed to stabilize these higher oxidation states.

The cobalt cubium complex, [Cos04(CsHsN)4(CH3CO»)4]" was investigated recently in
2015 by Smith et al.>® It was reported that this complex converts to the neutral species during the
oxygen evolution. The authors also 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 CaMn4O4 active manganese cubane complex in the

OEC of photosystem II are uniquely remarkable. 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
cobalt 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
water-derived ligands to investigate the water oxidation reaction process. We 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 used as minimal 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 dimer Mna(u-OH)2(H20)4(OH)4 and Mna(p-
OH)(p-0O)(H20)3(OH)s complexes and manganese cubane MnsO4(H20)(OH), x = 4-8, y = 8-4
complexes in Chapters 3 and 4 are to investigate the electronic and geometric structure and
properties with a goal towards understanding the reaction mechanism of water oxidation on
manganese complexes. These complexes are primarily designed by incorporating water-derived
ligands to account for their respective oxidation states. A fully saturated pure Mn>Os complex
(six water molecules adsorbed), with an average oxidation state of Mn(IV), as well as fully
saturated Mn,O3 complex (seven water molecules adsorbed) with an average oxidation state of
Mn(III) are used to investigate the water splitting process.” Then, we use this knowledge to
further investigate manganese cubane complexes with oxidation state configurations ranging
from all Mn(IV) to all Mn(III) to investigate the water splitting mechanisms.

We also employed both multiconfigurational and multireference methods to investigate
the electronic structure and energetics of a model manganese dimer complex, Mno(u-

OH)2(H20)2(OH)2(O(CH)30)2, that may undergo a direct coupling of two adjacent manganese
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oxo groups to generate an O-O bond (Chapter 5).!° Our primary focus for using these higher
levels of theories is to identify underlying electronic states that contribute to the water oxidation
catalytic cycle. This can also help to identify orbital configurations that contribute to different
states of this direct-coupling pathway.

The main goal of our cobalt oxide study in Chapter 6 is to model the water oxidation
process and to identify which process/processes are contributing to the oxygen evolution
reaction.!! We have investigated a Co(u-OH)2(H20)s(OH)s) cobalt dimer complex and a
C0404(H20)3(OH)4 cobalt cubane complex with resting state oxidation states of Co(IIl). We
extensively investigated the electronic structure and properties of the intermediate states
involved in the lowest energy 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 essential to further develop 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. It is 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
generation 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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Chapter 2 - Theory and computational methodology

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 particles, wave-like properties predominate
and quantum mechanics can be used to account for the properties and behavior of this
remarkable world. In quantum mechanics there is a mathematical operator for each
experimentally measurable physical quantity. The eigenvalues of these operators describe the
corresponding physically observable property. The eigenfunctions of a quantum mechanical
operator depend on the coordinates upon which the operator acts. In quantum mechanics, these
eigenfunctions are the wavefunctions (V). The state of a system is described by these
wavefunctions; it is a function of the coordinates (x) and of time (7). The probability density p of
finding a particle at coordinates x at time ¢ is represented by:

p(x,t) = |¥(x,t)|? dx (2.1)

The equation that describes the energy levels of a quantum system is known as the
Schrédinger equation. This equation is an eigenvalue equation for the Hamiltonian operator (H),
which is the energy operator. It has two variants; if the Hamiltonian operator contains time as a
variable, we use the time-dependent Schrodinger equation:

W (x,t) (2.2)

H p = ih
xHP(x,t) =i T

where i =+/—1, his defined as h/2m and H is given as:

N 1 N N
Hx,¢t) = —Zﬂvf +ZV(xi,t) +Zq‘r#
i=1 i=1 H

i>)

(2.3)
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The Hamiltonian operator between two electrons, i and j, contains three parts: the first
term defines the kinetic energy of the electrons, the second term represents the potential energy,
and the third term gives the Coulomb interactions between the particles. The mass and the charge
of the electrons are given as m, and q, respectively. N is the total number of electrons in the
system. The distance between i and j electrons is given as r;;. The Laplacian operator (V%) is the
second derivative of the position of the particle in three dimensions.

In scenarios where the Hamiltonian operator does not contain terms that are explicitly
time dependent, we use the time-independent Schrédinger equation:

AY¥Y(x) = E¥(x) (2.4)
Here, the wavefunction only depends on the position of the particle. These systems are in
stationary states where time does not affect the probability density. We cannot get an exact
solution to the Schrodinger equation for most systems. However, we use multiple approximation
methods to solve the Schrodinger equation that can predict the behavior and properties of large
systems with reasonable accuracy.
2.2 Approximation methods

Approximation methods are used when the exact solution to the Schrédinger equation
cannot be found. There is no analytical solution to this equation for systems with three or more
particles, so we use mathematical methods to provide us with approximate solutions to such
eigenvalue equations. There are two methods widely used in computational chemistry: the
variational method and the perturbation theory.

2.2.1 The variational method
This theory is a way of assessing and improving guesses about the wavefunctions in

complicated systems. The first step is to guess the form of a trial function (¢) and then optimize
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it. In a system whose Hamiltonian operator H is time independent, the lowest eigenvalue of this
Hamiltonian is E, and if ¢ is any normalized, well-behaved trial function, then the variational
theorem states that:!

f 0*H ¢ dr > E, (2:5)

If the trial function is identical to the true ground state function then the equal sign holds. In
order to get the lowest value for the [ @ H @ dt integral, we can vary any parameter that defines
the trial wavefunction; however it should have the proper spin and space symmetry as the
Hermitian eigenfunctions.
2.2.2 Perturbation theory

When the mathematical solution is known for a given system, we can write Hamiltonians
for related systems by adding an additional term representing a weak “perturbation” into the
Hamiltonian. If the differences are not significant, perturbation theory allows calculation of the
shifts and splitting of energy levels and changes in the wavefunction as “corrections” to the
system. If H is the Hamiltonian for the unperturbed system and H is the Hamiltonian for the
perturbed system, then the difference between the two Hamiltonians describes the external field
or the perturbation, H' can be written as:

A =H0-H° (2.6)

In order to apply perturbation theory, the unperturbed states should be known because the energy
and wavefunction corrections are expressed in terms of integrals over the unperturbed energies.
2.2.3 The Born-Oppenheimer approximation

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

corresponds to assuming that the nuclei are infinitely heavier than the electrons; thus the
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coupling between the nuclear and the electronic motion is neglected. This allows electronic
wavefunctions to be solved for a given set of stationary nuclei.

Consider a system that consists of a and b nuclei with M representing the total number of
nuclei. The mass of the nucleus is given as m, and the charge is given as q,. 1;, 1s the distance
between the electron i and nucleus @ and r,;, corresponds to the distance between a and b nuclei.
In order to properly describe the motions and energy of these particles we need to consider the

full Hamiltonian. We can write the full Hamiltonian for a non-relativistic molecule as:

N

hz hz M N
X MY
2m, o2 £

i=1 a=1 a=1

)
I

The first and the second terms in the equation denote the kinetic energy of the electrons and
nuclei respectively. The Columbic attraction force between the electrons and nuclei is given in
the third term, and the fourth and fifth terms correspond to the repulsion forces between the
electrons and nuclei respectively.

Solving the full Hamiltonian is a challenge for molecules as it contains terms that are
difficult to compute. Acceptable approximations like the Born-Oppenheimer approximation are
necessary to solve the equation efficiently. We can write the modified Hamiltonian as:

H = Hepec + Vyn (2.8)

where H,,,. defines the electronic Hamiltonian:

M N N N
~ q de
e = =50 ZVZ LIPS
e i=1 a=1i=1 j=11i>j

Comparing the masses of the nuclei with the electron mass, nuclei are much heavier and move

(2.9)

more slowly, and thus can be considered as stationary with respect to the motion 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 constant. As 7, is fixed, the Vyy term

representing repulsion between nuclei becomes constant:

(2.10)

Since Vyy is a constant for any given set of nuclear coordinates, it can thus be omitted from the
Schrodinger equation, which gives:

ﬁeleclpelec = EetecYeiec (2.11)
Here the term E, ;.. corresponds to the purely electronic energy. Thus we can calculate the total
electronic energy U with nuclear-nuclear repulsion:

U = Eetec + Van (2.12)

We can solve the nuclear motion from the same principle we used above. As we described
above, the electrons move really fast compared to nuclear motion. So if the nuclei move slightly,
the electrons adjust immediately, which changes the wavefunction of the system. So, the
electronic energy changes as a function of the parameters defining the nuclear configuration. The

nuclear Hamiltonian can be written as:

R h2 M 1 (2.13)
Hyye = ——= _V?l + U(xa)

2 m
a=1 ¢
Here, the first term represents the kinetic energy of the nuclei and the second term is the potential
energy for the nuclear motion. We can write the Schrodinger equation for the nuclear motion:
Hnuc¥nue = EnucPhuc (2.14)
The nuclear energy, E,,,., 1S a combination of the approximate sum of electronic, vibrational,

rotational and translational energies. In a more elaborate fashion the Schrodinger equation that

describes the interparticle potential energies of the nuclei and electrons of the atoms or molecule
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can be divided into two parts. In one part we find the solution to the electronic Schrédinger
equation for the wavefunctions and energies of electrons and both of these depend on the nuclear
geometry. In the other part we solve the vibrational, rotational and translational Schrodinger
equation for the motion of nuclei on the electronic energy surface. This separation is actually an
important basis of spectroscopy and molecular modeling and optimization in computational
chemistry, where we first calculate the electronic energy levels in a grid with different nuclear

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

2.3 Computational methods

2.3.1 Density functional methods
2.3.1.1 Density functional theory (DFT)

Present day computational chemistry, solid-state chemistry and nuclear physics widely
applies computational methods such as density functional theory (DFT). Density functional
theory provides a computationally efficient, powerful tool for calculating the quantum state of
atoms, molecules and solids. The DFT method is based on the ground state electron density; the
ground state energy and other properties are calculated as a function of electron density rather
than the wavefunction. The wavefunction of an N electron system depends on 3N spatial and N
spin coordinates and consists of more information than needed to calculate energy and other
properties, thus making it very difficult to compute. To understand the fundamentals of density
functional theory, we need to understand the landmark paper by Hohenberg and Kohn.
2.3.1.2 The Hohenberg-Kohn theorem

If we consider the purely electronic wavefunction (Equation 2.9) in terms of atomic units,

we can write it as:
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N N N N
R 1 , 1 (2.15)
flace = =3 )T+ ) w00+ ) ) o
; ; e L T}
=1 =1 J=11i>j
As explained above the second term in this equation describes the interaction energy between the
nuclei and the electron i. This directly depends on the coordinates of the electron i and on the
nuclear coordinates. The Hohenberg-Kohn theorem states that ground state electron density
describing a system with N electrons determines the potential v(r;) in the Hamiltonian.® Since
we are considering fixed nuclei, the nuclear coordinates are not variables for this electronic
Hamiltonian. Thus the v(r;) only depends on the coordinates of the electrons. We can express
v(r;) as:
M (2.16)
qa
v =)
a=1 la
Hohenberg and Kohn proved that for a system with a non-degenerate ground state, the external
potential v(r;) is determined by the ground-state electron probability density p, (). Hence, the
H defines the ground state energy and the wavefunction of the system; the ground state density
po (r) determines the ground state behavior of the system. The proof of the theorem can be
explained as follows.>

The p, () determines the number of electrons:

fpo (F)d¥r = N (2.17)

Assuming that there are two different external potentials v(r;) and v'(r;), the electronic
Hamiltonians corresponding to these potentials are H and H'. Let ¥ and ¥’ and E, and E,’ be the

normalized wavefunctions and energies respectively. In order to solve for two ground states

(represented by E, ¥ and E,’, ¥') that have the same one-electron density:
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2 2 (2.18)
fILPI dr,, drs ... dry = po (r) = fl‘}”l dr,, drs ... dry

If we think of W' as trial variational wavefunction for Hamiltonian H, we know that:
, / I TIANL / 3 (2.19)

Eo< | WHYdr = | W HWYdr + | p(r)[v(ry)) — V' ()] d°r

= B+ [ ) e = v oDl

We can write a similar equation taking W as a trial function for the H' Hamiltonian:

E' <Eo+ [p(r) [V'(r) —v(r)] d°r (2.20)

One finds that adding equations 2.19 and 2.20 gives E, + E,' < Ey + E,’. This is clearly not
valid; thus, it is not possible to have two different potentials for the same ground state density.
So, the ground state electron density determines the electronic Hamiltonian and the ground state
wavefunction, and thus the ground state energy and other properties.

The ground state electronic energy E,, can be written as a functional of function p, (7):

Eo = Ey [po] (2.21)

where v demonstrates the dependence of the ground state energy E, on the external potential
v(r;). The electronic Hamiltonian is the sum of average kinetic energy, electron-nuclear
attractions and electron-nuclear repulsion energies. We can prove that [ p(r)v(r;) d3r = Vy,,
where Vy, represents the electron-nuclear interactions in terms of the ground state electron
density but the kinetic energy and the electron-electron interaction energies are not known from
the Hohenberg-Kohn theorem.?
2.3.1.3 The Kohn-Sham method

Modern progress of density functional theory started with the introduction of orbitals
suggested by Kohn and Sham. Even though the Hohenberg-Kohn theory states that it is possible

to calculate all the ground state properties from the 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 density (i.e. the kinetic energy and the electron-electron repulsion energy terms).
Kohn-Sham theory” reintroduces the orbitals, thus increasing the computation complexity from 3
to 3N variables and causing the electronic correlation to appear as a separate term.

If we consider a hypothetical system with non-interacting electrons with external
potential vg(r;) where the ground state electron probability density p (r) of this hypothetical
system is equal to the exact ground state electron density of py (), we can write the electronic

Hamiltonian as:

N1 N (2.22)
H=h* = —Z <§V12 + vs(rl-)> = Z hks
i=1 i
where fl{‘s = —%Viz + vy (1;) represents the Kohn-Sham Hamiltonian for electron i. We can
write the Hamiltonian of this hypothetical system related to an actual system as:
B=T+ ) vi)@ + s (2.23)
i

Here, T is the kinetic energy term, v(7;) is the external energy operator, and V,, is the electronic-
electronic repulsion operator. The external potential v(7;) is equal to Vy, for A = 1 (real system
with interacting electrons) and for A = 0 (non-interacting electrons), the exact solution to the
Schrodinger equation is given as a Slater determinant composed of molecular orbitals, W .

The kinetic energy of this hypothetical system can be written as:

N
2.

i=1

(2.24)

1 _
Ts [pO ] = - E (qu,O lp5,0) + AT[)OO ]

The first term represents the kinetic energy of the ground state of the non-interacting system and
the second term is the kinetic energy difference between the real and the non-interacting system.

For the electron-electron repulsion energy, we can write:
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_ 1 _ 2.25
Veelpo ] = E’U‘%dﬁdﬁ + AV,e[po ] ( )

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 theory defines the kinetic energy and the electron-electron
repulsion energies, it assumes a hypothetical non-interacting electron system. This is similar to
the Hartree-Fock (HF) method, and in most cases this provides ~99% of the correct 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 electron-electron interactions,
which cannot be neglected.> *°

The terms AV,.[po ] and AT[p, ] are combined into a new term called the exchange and

correlation functional, E,.:

Eyc [pO 1= AT[PO I+ AVee [pO ] (2.26)

Now, the total ground state energy of the non-interacting system can be written in terms of:

Eo=E,[po] = f p(r)v(r)dr +Tslpo 1 + % f f % dr.dr, 2.27)

+ Exclpo]

where the first term is the nuclear-electron attraction energy term Vy, and the second term is the
kinetic energy of the electrons. The electron-electron repulsion energy term V,.[p,] is
represented by the third term and the exchange and correlation energy term E,.[py] is

represented by the fourth term.
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2.3.1.4 Exchange-correlation functionals

In order to accurately predict the properties one need to have a good approximation to the
exchange and correlation functional term. To date there is no one functional that can describe all
the system properties but we have many different exchange and correlational functionals that can
be used based on the properties we are investigating. The general types of approximations are
summarized in Table 2.1 and this is known as the Jacob’s ladder.’

When you step up the ladder, accuracy is expected to improve. The first step in this
ladder is called the local-density approximation (LDA), which is based on the local electron
density p. The second step is the generalized gradient approximation (GGA) that depends on the
local density p and the gradient of the density Vp. The third step includes the first two steps and
the second derivative of the gradient V2p and/or the kinetic energy density 7, and the fourth step
is the hybrid functionals that includes the first three steps and exact HF exchange.

Table 2.1 Jacob’s ladder of functionals.

Functional Variables Examples
LDA p VWN?®
GGA p,Vp PBE,’ BP86,'% !l PW91!2
Meta-GGA p,Vp,V?port TPSS'
Hybrid p,Vp, V?p or T and HF B3LYP!O 14

Local density approximation (LDA)

In the first step of the Jacob’s ladder we find the LDA functionals. In essence LDA
assumes that the electron density is single valued at every position and is reasonably treated as a
uniform electron gas (jellium). The LDA for the exchange and correlation energy functional is

given as:
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B2410] = [ () €cc () (2.28)

where €,. is the exchange and correlation energy per electron in a uniform gas with p(r)
electron density. When the spin density due to the a spin electrons, p%(r), and the spin density
due to the S spin electrons, p? (), are not equal, we 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.

Generalized gradient approximation (GGA)

In order to avoid the limitation of the hypothetical uniform electron gas model, we can
allow the exchange and correlation energies to depend not only on the electron density but also
on derivatives of the density. If we consider the gradients of the @ and 8 spin densities to be
Vp%(r) and VpB (r), we can write the exchange and correlation energy in terms of:

EZE4 [pa,pﬁ] = _j-f (p“(r),pﬁ (), Vp&(r), Vpﬁ(r))dr (2.29)

where f is some function of the spin densities and their gradients. In the GGA method, the
exchange part and the correlation part are usually divided into two sections and modeled
separately. Commonly used exchange functionals include Becke’s 1988 functional denoted as
B88,!% Perdew and Wang’s 1986 and 1991 exchange functionals denoted as PWx86 and
PWx91,'12 etc. The B88 functional is given as:

S=e AT (2.30)

x? 2.31)
1+ 6Bxsinh~1x

AeB88— —ﬁp1/3

L= 1P
p'ls
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Here, f is determined by fitting data of the rare gas atoms using the dimensionless variable x.

1,'* Perdew

Commonly used correlation functionals include the Lee-Yang-Parr (LYP) functiona
1986 correlation functional (P86),'! etc. Another commonly used GGA functional, Perdew-
Burke-Ernzerhof (PBE),” contains both the exchange and the correlation energy. A GGA
functional is often named by combining the exchange and correlation functionals: BP86, BLYP,
etc. In our calculations we employed the exchange correlation functional of BP86.
Meta-GGA functionals

The next development to the GGA functionals can be achieved if the second derivative of

the electron density (V2p) and/or kinetic energy density functionals (7) are incorporated. Such

functionals have the form:

Exc4[p%, o = f f(p%, pP,Vp®, VpP, V2 p%, V?pF 1) dr (2.32)
The kinetic energy density functional (7) is given by:
1 2.33
T= §Z|V95{S 2 ( )
i

where 055 is the Kohn-Sham orbitals for the a spin electrons.
Hybrid functionals
Hybrid functionals consist of a combination of different exchange and correlation
functionals. The commonly used B3LYP functional is defined by:
EZYP = (1= ag — a B + agEgt + a, EZ®® + (1 — a ) BN (2.34)

+ a ELYP
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2.3.2 Other correlation methods

2.3.2.1 Configuration Interactions (CI) method
CI is a method to treat electron correlation at a high-level for the ground state as well as

excited states. The CI wavefunction is given by:

N
VY= z a;p;
im1

where the ¢; are the configuration state functions (CSF) (electronic configurations can have

(2.35)

spatial and spin adapted determinantal wavefunctions; such functions are called configuration
state functions) and a; are the expansion coefficients which are to be determined in the
variational calculation. A set of orthonormal molecular orbitals is obtained from a self-consistent
field (SCF) calculation. The linear combinations of atomic orbitals-molecular orbitals (LCAO-
MO) coefficients are not considered as variational parameters during the CI procedure. These
molecular orbitals (MOs) are then used to construct CSFs. These CSFs are generated from
single, double, triple, etc. excitations relative to the reference CSFs. These configuration
functions in a CI are restricted to include different level of excitations and denoted as S (singly
excited), D (doubly excited), T (triply excited), etc.

The electronic Hamiltonian H;; in a CI calculation is solved in terms of one- and two-
electron integrals over the molecular orbitals using the Slater determinants. A CI wavefunction
can be interpreted as a linear combination of Slater determinants. If we include all the possible
CSFs with proper symmetry, the solution to the CI gives the exact energy of the wavefunction
and it is called full CI. In reality this can be achieved for small molecules with rather small basis

sets but beyond that it is highly impractical due to the computational cost.* !°
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2.3.2.2 Multiconfiguration self-consistent field method (MCSCF)

The MCSCF method can be considered as a CI method where we write the molecular
wavefunction as a linear combination of CSFs and the variational principle is used to optimize
not only the coefficients in front of the determinants but also the MO coefficients used for
constructing the determinants.

This parallel optimization of the LCAO-MO and CI coefficients within an MCSCF

calculation is a complex process. An MCSCF wavefunction can be written in the CI form as:

¢t (2.36)
Wuescr = Z Cr 1
I
where ¢, are individual slater determinants or CSFs.
From the CI expression, we can write the energy as:
(2.37)

CI
E == z CI*C]HI]
1]

where H;; denotes the matrix element of the electronic Hamiltonian between determinants ¢;
and ¢;.

HI] = (¢1|H|¢1) (2.38)
These matrix elements can all be written in terms of one and two electron integrals
according to the Slater rules. The energy can be expressed from the form of unitary group

generators:

PN

— 4t t
Epq = QpaQqa + ppaqp (2.39)
where a;r,a is a creation operator for an electron in orbital p with a spin, a4, is an annihilation

operator for an electron in orbital g with a spin, etc. The electronic Hamiltonian can be written

in terms of these operators:
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(2.40)

H= Z(plhlq)qu +5 Z (0qlrs)(EpqErs — 84rEps)
pqrs
Adding the matrix element Hj;:
241
Hyy = Z Uh qts z Fz%rs (pqlrs) ( )

pqrs

The terms in front of the one- and two-electron integrals for this matrix element, ]/éq and F;{VS,

are the coupling coefficients respectively:

Yoy, = (1| Epq| &) (2.42)

Totrs = (b1|EpgErs — SqrEps| ) (2.43)
The coupling coefficients have the following properties due to the anticommutation relations of

creation and annihilation operators:

I I I * 1 *
rbérs _-I}gpq (r;{qp (rbésr (2.45)

We can write the MCSCF energy term as:

CI
E= Z Cr¢ Znﬁ{,hpq +5 Z pars (0QITS)
1] rq

pqrs

(2.46)

MCSCF wavefunctions are much harder to converge compared to SCF where most of the
time it converges to a minimum without problems. This is basically because the minimization of
energy with several non-linear parameters suffers from poor convergence and can often locate

local minima rather than the global minima. MCSCF wavefunction calculations are 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 minimum.'6 17

Because of this reason, the number of CSFs is usually kept to a moderate number chosen
to describe important correlations. One of the well-known approaches is the complete active
space self-consistent field (CASSCF) method. Configurations are selected by splitting the
molecular orbitals into active and inactive spaces. The active MOs are taken from a restricted
Hartree-Fock (RHF) calculation and include some of the highest occupied and lowest
unoccupied MOs. The inactive space is usually unoccupied or doubly occupied with 0 or 2
electrons. Full CI is performed within the active space with all proper symmetry adapted
configurations in the MCSCF optimization. The decision of how many orbitals should be
included into the active space has to be considered with the problem in hand.
2.3.2.3 Multireference configuration interaction (MRCI)

This method combines the MCSCF and the standard CI methods. In a general CI method,
we consider CSFs generated by exciting electrons from a single determinant. In other words, a
HF type wavefunction is chosen as the reference. However, in some cases that is not enough to
account for the chemical phenomenon observed, so configuration interaction methods involving
single and double excitations (CISD functions) are used as the reference. The final MRCI
wavefunction includes some triple and quadruple excitations.
2.3.2.4 Multireference Meoller-Plesset perturbation theory (MRMP2)

We can start the zeroth order wavefunction from MCSCF wavefunction and apply the
Moller-Plesset (MP) perturbation theory to produce multireference-perturbation theory (MR-PT),
whereas in a general MP calculation we apply perturbation theory to a single Slater determinant.

The MRMP2 method enables the calculation of low-lying potential energy surfaces for each state
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in the system. In this method the reference function is created by diagonalizing the Hamiltonian
in the reference space first and then perturbing it. This MRMP2 approach can recover dynamic
correlation energy for the MCSCF wavefunction. Compared to the MRCI results, MRMP2
results are significantly faster but may not be as accurate as MRCIL.

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 wavefunction 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 are several types of basis functions that can be used in electronic structure
calculations including Slater type orbitals (STO) and Gaussian type orbitals (GTO). For STOs
we can write:

Xgmum (T, 6,0) = NY, (8, @)™ le™" (2.47)
where Y, ,,, are spherical harmonic functions and the N is the normalization constant. Gaussian
type orbitals can be written in spherical coordinates as:

Xenim(T,6,9) = NY; 1, (6, Q)rin-2le=irt (2.48)
or in Cartesian coordinates as:
Xg iyt (69, 2) = Nxlxylyzlze=¢r* (2.49)

The sum of [y, l,, [, determines the type of orbital; when the sum is zero the GTO has
spherical symmetry and it is called a s-type GTO. If the sum is one, then it is a p-type GTO. The

r2 part of the GTO function makes it problematic compared to the STO functions. For s-type
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functions, close to the nucleus the GTO has a zero slope whereas in a real s function it has a cusp
as in STO functions.

The tail part of the GTO is also poorly represented; in reality AOs have a radial
exponential decay with respect to 7 but with GTOs this is 2, suggesting a rapid fall off far from
nucleus compared to the STO functions. It should also be noted that a linear combination of
multiple GTOs can be created for a close approximation to a STO. Such a basis function built up
with a linear combination of Gaussians is referred to as a contracted Gaussian function
(assuming that contraction coefficients are not optimized), and the individual functions are called
primitive Gaussians.

Improvement of the basis sets can also be achieved by doubling and tripling the number
of functions used, which produces double zeta and triple zeta basis sets respectively. In most of
the calculations used in this work, we employed triple zeta (TZ) basis functions. These functions
contain three times the number of basis functions with respect to the minimal basis. A common
variation of this basis set type involves tripling only the valence orbitals, which generates a split
valance basis usually called triple zeta valence (TZV). Additional improvement to the basis
functions can be achieved by introducing polarization and diffuse functions. With polarization
functions, additional accuracy can be achieved by adding extra functions that are one quantum
number higher than the valence orbitals. For example, in the first row elements, d functions are
added for this extra flexibility and for hydrogen p functions are generally added to increase the
accuracy of the properties predicted. This adds an extra ‘polarization’ (P) term to TZV or TZ and
thus the basis sets are denoted TZVP or TZP. Diffuse functions are added in some scenarios like
in anions and higher excited electronic states, where molecular orbitals tend to be more spatially

spread than in usual MOs. We can add the extra flexibility to these functions by allowing
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electron density to be spread out, which is termed as diffuse functions (diffuse functions have a
small ¢ exponent, meaning that the electron is held far away from the nucleus). We did not

employ diffuse functions in our calculations, as such scenarios are not present with the systems

we studied.
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Chapter 3 - Theoretical Investigation of Water Oxidation on Fully

Saturated Mn203; and Mn204 Complexes

Amendra Fernando, Tyler Haddock, and Christine M. Aikens

3.1 Abstract

Understanding the factors that affect efficiency of manganese oxides as water oxidation
catalysts is an essential step towards developing commercially viable electrocatalysts. It is
important to understand the performance of the smallest versions of these catalysts, which will in
return be advantageous with bottom up catalytic design. Density functional theory calculations
have been employed to investigate water oxidation processes on Mna(u-OH)(pn-O)(H20)3(OH)s
(Mn204°6H20), Mn(u-OH)2(H20)3(OH)s4  (Mn203°6H20), and Mno(p-OH)2(H20)4(OH)4
(Mn203+7H20) complexes. The effect of different oxidation states of manganese is considered in
this study. Thermodynamically, the lowest energy pathway for the fully saturated Mn2O4*6H>0O
complex occurs through a nucleophilic attack of a solvent water molecule to a Mn(IV}2)O oxo
moiety. The lowest energy pathway on the Mn2O3°6H>O complex proceeds with an attack of
Mn(VI)O group to the surface hydroxo group on the same manganese atom; this pathway is
related to the third lowest energy pathway on the Mn2O4°6H>0 complex. The water oxidation
process on the fully saturated Mn2O3+7H20 complex also involves a nucleophilic attack from a
solvent water molecule to a Mn(V)O moiety. The formation of these manganese oxo groups can
be used as a descriptor for selecting a manganese-based water splitting catalyst due to the high

electrochemical potentials required for their generation.
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3.2 Introduction

Water oxidation catalysis using earth abundant transition metal 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 are free 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 the oxygen evolution
complex (OEC) of photosystem II (PSII). The reaction center of the OEC consists of a metal
oxide framework with a cubane core: CaMn4Os.! Extensive theoretical and experimental
investigations have been reported in order to understand the reaction mechanism of water
oxidation process on this cubane core.?!* There have been many theoretical 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
systems.!®?> Nevertheless, to date there is no commercially viable efficient catalyst available for
this process. Among the reported catalytic systems, transition metal oxide based photocatalysts
and electrocatalysts have gained wide popularity. Electrocatalytic water oxidation is particularly
interesting due to its potential for large-scale distribution. Currently, industrial water oxidation is
carried out with electrolysis using precious metals like Pt as electrodes. Other metal based oxides
like Ru?> 26 27 and Ir*® » oxides are reported as efficient electrocatalysts but commercial
applications of all these catalysts are limited due to their higher costs. Water oxidation catalysts
using the earth abundant and inexpensive Co,!% 22-2* Ni,!7 139 Fe 1% 22 and Mn'® 232531 oxides

have also been examined previously.
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Manganese oxide complexes with p-oxo and p-hydroxo groups are among the most
theoretically and experimentally investigated transition metal oxide catalysts.!> 32-® 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 systems.>> ** There are only a few theoretical studies related to water

oxidation on ligand-free manganese oxides. Blomberg et al.*!

reported an early theoretical study
of ligand-free manganese monomer and dimer compounds mimicking the hydrogen abstraction
process. They employed the B3LYP/6-311+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 coworkers* also reported a density
functional study of redox-induced formation and cleavage of the O-O bond in an inorganic
manganese dimer. It was found that in order to break the O-O ¢ bond, a transfer of two electrons
of opposite spin between the metal and ligand is necessary whereas the formation of the O-O &
bond requires transfer of two electrons of the same spin.** The 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 kinetic barrier to bond formation or
cleavage. Lang et al.*® investigated the water splitting mechanism on free manganese oxide
clusters Mn,O," and Mn4O4". They used gas phase ion trap measurements in combination 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 Aikens** reported a theoretical investigation of water oxidation on

ligand-free fully saturated MnO4 and MnxTi2xO4 (x = 0-2) complexes. They employed the
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BP86/ATZVP level of theory in their calculations. In this work, we revisit the water oxidation
reaction processes on fully saturated pure Mn,O4 complexes, 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 adsorbed (fully saturated) Mn,O3 complexes with an average
oxidation state of Mn(III). These ligand-free model compounds can be used to investigate and
gain a molecular level understanding of catalytic water oxidation processes and the effect of
oxidation states. Thus, 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 package.*> We employed the BP86%* 4’ exchange and correlation functional with
an augmented polarized triple-zeta (ATZP) basis set to revisit the water oxidation process on
fully saturated Mn,O4 previously reported by Lee and Aikens.** The Mn,Os water oxidation
process and Mn>O3 water adsorption and water oxidation processes have also been investigated
with BP86 and a triple-zeta polarized (TZP) basis set. Because the ATZP basis set includes many
diffuse functions, linear dependence of the basis functions is a potential issue. We have
examined numerical cutoffs of 1x107, 1x10* (default in ADF when used), and 5x10 for
removing orbitals from the valence space.

Processes investigated in the water splitting process include four dehydrogenation steps,
addition of two water molecules, and removal of one oxygen molecule. The water molecule
adsorption and dissociation energies on the Mn>Oz complex are marked as AEads and AEpiss,
respectively and the total energy of both the adsorption and dissociation is given as AEwx. The

charge and the multiplicity of the structures are given in parentheses in the figures. The areas of
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the complex where changes 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 the plane of the
central Mn2(pu-OH)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 reference system is chosen as 2H" = H». This reference system has previously been
useful for investigating water splitting processes on cobalt dimer and cubane complexes.*® The
use of the standard hydrogen electrode reaction (2H" + 2¢- = H») as a reference system is
problematic as it depends on the solvation of proton, which is challenging to accurately calculate
with theory. The choice of the 2H" & H» reference system also benefits from removing the
strong pH and solvent dependence known for the former reaction. Nonetheless, 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 affects all hydrogen 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 energy of the 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. The Gibbs free energy is calculated with the standard
formula G = H-TS, where enthalpy H is calculated by H=U + pV. The pV term is obtained from

the ideal gas equation pV/n = RT. The energy differences are calculated according to
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products reactants products reactants

AE = Z VE — Z V.E and AG = Z v,G, — Z v,G,, where AE and AG represent reaction
energy and reaction free energy. The term v/, is the stoichiometric coefficient, E; is the electronic
energy and G; is the Gibbs free energy value. The energy values given in the paper are reported
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 states are possible 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 when predicting the lowest

energy step.

3.4 Results and Discussion

3.4.1 Water oxidation process with fully saturated Mn204

In the first stage of this work, we revisited the water oxidation process on the fully
saturated Mny(u-OH)(p-O)(H20)3(OH)s  (Mn204°6H20) complex. We wused the same
BP86/ATZP level of theory previously employed by Lee and Aikens,* but we took an extra step
to achieve tighter energy convergence. The geometric structures from Ref. 44 (Figure 3.1) were

optimized with three numerical cutoff values: 1x10, 1x10#, and 5x107.
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Figure 3.1 Water oxidation process on the fully saturated Mn2O4*6H>0O complex from 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 through the article (Reprinted with permission from J. Phys. Chem. A 2014, 118,
8204-8221. Copyright 2014 American Chemical Society).

Table 3.1 Calculated reaction energies (eV) for the water oxidation process on the fully saturated
Mn04 reaction pathway given in Figure 3.1 Energies are calculated 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 BP86/ATZP | BPS86/ATZP | BP86/ATZP
BP86/TZP from Ref.
Processes (1x1073) (1x10%) (5x105) “
AEwn1 1.66 1.63 1.67 1.78 2.10
AEw 1.89 1.92 1.90 1.92 0.28
AEw3 2.07 2.07 2.09 1.83 2.79
AEwns 0.96 0.94 0.26 0.49 0.96
AEo2 -0.63 -0.59 -0.05 -0.13 4.55
AEw1 -0.55 -0.55 -0.48 -0.57 -1.26
AEw2 -0.44 -0.46 -0.43 -0.34 -4.47
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Except for the fourth dehydrogenation and the oxygen removal process, the reaction
energies (Table 3.1) are essentially the same for all three linear dependency cutoff values. With
the cutoff value of 5x107, 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 cutoff energies. Because the
5x10 cutoff eliminates the fewest orbitals, this value is expected to provide the most accurate
results. Upon lowering the cutoff value, the bridged -O-O- is found to detach from one
manganese atom in the fourth dehydrogenated product (structure 77 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 differences 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 the 5x107 cutoff
value, with four of the seven reaction energies differing by less than 0.1 eV.

Notable geometric changes are seen for the intermediate states with bridged -O-OH- and
-O-O- groups that correspond to the fourth dehydrogenation and the oxygen removal products
(structures 76 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 1x107 cutoff value, the other Mn-O distance is
2.11 A and for the 1x10* and 5x10 values the Mn-O 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 BP86/TZP level of theory to 3.81 A.
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Figure 3.2 Structures 76 and 77 of Figure 3.1 optimized with BP86/ATZP with different
numerical cutoff values. The BP86/TZP values are also given for comparison. Bond lengths 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 Ref. 44. The highest energy endothermic oxygen release
(originally 4.55 eV) is now predicted to be exothermic with an energy of -0.05 eV and the
highest energy exothermic second water addition (originally -4.47 eV) is now predicted to be
exothermic with an energy of -0.43 eV with the BP86/ATZP level of theory. The 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 pathways (pathway-4 and pathway-A1) with the PBE/TZP level of theory and the
relative energies are given in Table Al of the Appendix A. There are no noticeable energy
differences between these exchange and correlation functionals for the reaction pathways we
compared.

Starting with a slightly different, lower energy isomer (structure 1 in Figure 3.3) as the
resting state of the catalyst, we reinvestigate the water oxidation reaction on the fully saturated

Mn2O4 complex (pathway-1 given in Figure 3.4). Compared to structure 73, structure 1 is -0.12
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eV lower in energy calculated with BP86/ATZP with a 5x107° cutoff value and it is also -0.12 eV

lower in energy with the BP86/TZP level of theory.
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Figure 3.3 Fully saturated Mn>O4 complex 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 fully saturated Mn2O4*6H>O complex 1 has different hydrogen atom
orientations compared to structure 73 with both the BP86/ATZP/5x10” cutoff value and
BP86/TZP levels of theory. Structures 73 and 1 are almost mirror images except for a few
rotations of aqua and hydroxo groups which are marked with arrows in Figure 3.3. In general,
the formal oxidation states of the two manganese atoms in the Mn2O4*6H>O complex are 1112
and IV’ for both structures.

The first step in the new reaction pathway is a geminal dehydrogenation from a hydroxo
ligand in structure 1. This step has a reaction energy of 1.77 eV. It is noteworthy that the removal
of hydrogen from the bridging hydroxo group on structure 1 results in structural distortions
where aqua ligands 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 manganese atoms, we do not

consider these structures further. All ligands interact with the manganese atoms in structure 2.
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Figure 3.4 The lowest energy reaction pathway-1 calculated using the BP86/TZP level of theory
for the fully saturated Mn2O4°6H,O structure 1.

The spin multiplicity changes from a septet in structure 1 to a sextet in structure 2. The
resulting structure 2 has a terminal oxo species. This Mn(IV'2)O is an active species that can
undergo nucleophilic attack from nearby solvent water molecules. This process is endothermic
by 0.61 eV and generates structure 3 with an octet spin state. The sextet spin state of the structure
3 (denoted 3') has the same geometry but is thermodynamically higher in energy to generate (it
lies 0.72 eV higher in energy than the octet state). Structure 3 has two water molecules with
elongated bonds with their lone pair electrons pointing towards the manganese atom. The lowest
energy second dehydrogenation process takes place from 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 structure 4. A consecutive third dehydrogenation occurs at
the HO-O- group and requires 1.00 eV of energy. This generates sextet structure 5 with an -O-O
group. Oxygen is then removed endothermically to generate structure 6 with an octet spin state.
The oxygen removal process costs 0.74 eV of energy. Hydrogen is removed from a geminal aqua
ligand on structure 6 to form structure 7, requiring 0.85 eV of energy. A solvent water molecule
coordinates to the vacant site on structure 7 left by oxygen removal, exothermically (-0.65 eV)
regenerating the resting state of the catalyst. The highest positive energy step in this reaction
pathway is the first dehydrogenation step forming the Mn(IV'2)O species. All the intermediate
steps except for the catalyst regeneration process (from 7 to 1) possess endothermic reaction
energies. The O-O bond is seen to form at an early stage on one manganese atom. The calculated
free energy values for pathway-1 are given in Table 3.2. There were no significant differences
between AE and AG energy values. However, we noticed a decrease in magnitudes of the AG
values for the reactions compared to the AE values except for AE;3.2) and AE@3-2).

Due to some of the highly endothermic chemical reaction steps present in pathway-1, we
investigate additional reaction pathways on the Mn204*6H>0 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 dehydrogenations. The second lowest reaction pathway-2 for the water

oxidation process is given in Figure 3.5.
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Table 3.2 Calculated reaction energies and free energies for pathway-1 of Figure 3.4.

Reaction Processes
AE (eV) AG (eV)
(Pathway-1, Figure 3.4)
AE@) 1.77 1.65
AE@G-2) 0.61 0.69
AE@3-2) 1.33 1.37
AE@4-3) 0.66 0.52
AE@4-3) 1.38 1.23
AE54) 1.00 0.85
AE6-5) 0.74 0.67
AE(7-6) 0.85 0.72
AEa-7 -0.65 -0.55
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Figure 3.5 The second lowest energy reaction pathway-2 on the fully saturated Mn,O4°6H>O
structure 1 calculated using the BP86/TZP level of theory.
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After the first dehydrogenation, we again see it forms structure 2 with a terminal oxo
group. Consequently, the second dehydrogenation takes place at an aqua ligand adjacent to the
oxo group with an endothermic reaction energy of 1.34 eV (AG = 1.20 eV). Dehydrogenation
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 structural distortions similar to dehydrogenation of the bridging hydroxo on
structure 1. The generated structure 8 with quintet spin multiplicity has a Mn(VI)=0 oxo group.
The septet state of structure 8 (given as 8' in Figure 3.5) is calculated to be 1.05 eV (1.03 eV of
free energy difference) higher 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 state in this manganese atom leads to opening of the p-hydroxo
bond on structures 8 and 8'. We also calculated an alternative reaction involving oxo attack to
the surface hydroxo group on structure 2. This attack is 0.47 eV higher in energy than the
dehydrogenation of the aqua ligand geminal to the oxo group. The attack to the surface hydroxo
group on structure 8 has an endothermic energy of 0.57 eV. A reaction pathway that follows
through this intermediate is given in the Appendix A (Figure Al).

In the next step, structure 8 undergoes a nucleophilic attack from a solvent water
molecule to the oxo group to generate structure 4 (which is the same structure in pathway-1).
This reaction is exothermic with an energy of -0.07 eV (AG = 0.01 eV). The geminal hydroxo
group abstracts one hydrogen atom of the water molecule. The spin multiplicity would need to
change from quintet in structure 8 to a septet state in structure 4. A spin allowed quintet to
quintet transition is calculated to require 0.65 eV (AG = 0.72 eV). The quintet state of structure 4

is given as 4' in Figure 3.4. After the formation of structure 4, reaction pathway-2 reconnects
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back to pathway-1, where it goes through intermediate states 5, 6, and 7 and regenerates structure
1. In this reaction pathway-2, both water addition reactions have exothermic reaction energies.
However, oxygen evolution is endothermic by 0.74 eV in both pathways. In comparison to
pathway-1, pathway-2 is more likely to occur because its water addition steps are exothermic.
Also comparing pathway-1 and pathway-2, we can see that the formation of the radical moiety in
structure 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 for the water oxidation process.
3.4.2 The saturation process of Mn20;

The two manganese atoms in the lowest energy isomer of Mn2O; (structure 9, shown in
Figure 3.6) are joined by two p-oxo groups. This structure has formal oxidation states of
Mn(IV)-Mn(II). Structure 9’, which is a Mn>O3 isomer with formal oxidation states of Mn(III)-
Mn(III), contains three p-oxo groups. However, structure 9’ is calculated to be 0.93 eV (AG =

0.92 eV) higher in energy than the lowest energy Mn(IV)-Mn(II) isomer 9.
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Figure 3.6 Isomers of Mn>Oj3 using the BP86/TZP level of theory.

We investigated water adsorption and dissociation processes on the Mn2Os cluster 9
(Figure 3.7). 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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Mn>O3¢7H>0 complex. The first water molecule adsorption on the Mn>Oj3 system is exothermic
with an energy of -0.86 eV (AG = 0.80 eV). This water molecule coordinates with a vacant site
on the Mn(Il) atom in the plane of the manganese atoms and p-oxo bridges (structure 10). One
hydrogen atom of water is abstracted by the p-oxo group and forms a p-hydroxo bridge
(structure 11). The reaction energy of this dissociation is -0.67 eV (AG = -0.70 eV). The total
process of adsorption and dissociation of the first water (AEw1) is exothermic with an energy of -

1.53 eV (AGw = 1.50 &V)).
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Figure 3.7 Water adsorption and dissociation processes on the Mn,O3; complex. Relative
energies are given in eV.

The second water molecule coordinates with a vacant site on the Mn(IV) atom. The oxo
group on this manganese readily abstracts hydrogen from the incoming water molecule while the
p-hydroxo group transfers to the other manganese atom and forms structure 12. The two
manganese atoms are now bound together by one p-oxo group and have formal oxidation states
of Mn(III). This W2 process is less exothermic than the W1 process, with an overall reaction
energy of -1.21 eV (AG = 1.18 eV). The adsorption of a third water molecule to structure 12
reforms the p-hydroxo bridge in structure 13. The third water molecule dissociates, forming

structure 14 with four hydroxo groups and two p-hydroxo groups. Structure 14 has a C, axis
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along the manganese atoms. The fourth water addition W4 process is higher in energy than the
W3 process. This may be due to the loss of symmetry compared to structure 14 and the
incomplete octahedral environment that results instead of the square planar environments in 14.
The addition of the fourth water molecule leads to a rotation of two of the planar hydroxo ligands
by 90° in structure 15 to accommodate an equatorial coordination. Hydrogen atoms of the
bridging hydroxo groups in structure 15, 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 structure 16 with the
adsorption of the fifth water molecule (W5). Adsorption of a sixth water molecule forms
structure 17, which was a structure observed during the third lowest energy pathway (pathway-
Al in Figure Al of Appendix A) for water oxidation from Mn204.6H>O complex. This structure
still has formal oxidation numbers of Mn(III)-Mn(III). A seventh and final water addition forms
the fully saturated Mn;O; structure 18. Both of the manganese atoms in this structure have a
distorted octahedral geometry. The fourth, fifth, sixth and seventh water addition reaction have
exothermic reaction energy values of -0.51 eV, -0.60 eV, -0.32 eV and -0.54 eV respectively.
Their respective free energy values are exoergic by -0.44 eV, -0.51 eV, -0.25 eV and -0.46 eV.
The formal oxidation states change to Mn(IV)-Mn(Il). In this work, we employ structures 17 and
18 with six and seven water molecules adsorbed, respectively, to investigate the water oxidation
process.
3.4.3 The water oxidation process with the six water saturated Mn,O3

There are two possible reaction pathways for the oxygen evolution from structure 17
(Mn(IIT)-Mn(IIT)). The importance of investigating the water oxidation process from the not
quite fully saturated Mn2(pu-OH)2(H20)3(OH)s (Mn203°6H20) complex is that the lowest energy

water oxidation pathway for this complex is present in the third lowest water oxidation pathway-
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S1 for the Mn20O4¢6H20 complex (Figure Al). In this case, the resting state of the catalyst is
structure 17. Starting with structure 17, two dehydrogenations and one water addition occur to
generate structure 1 with a fully saturated Mn,O4 complex. From structure 1, the two remaining
dehydrogenation reactions occur consecutively. After two chemical steps followed by the second
water addition, oxygen is removed to regenerate the resting state of the catalyst (structure 17).
The water oxidation process with MnO3°6H,0 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 MnyO4*6H>O 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 Mn>O3*6H>O complex is given in Figure A2 of
the Appendix A. The reactions leading from structure 17 to structure 2 are the same as in the
lowest energy pathway. We have observed various fates of the oxo group of structure 2: in
pathway-1 it undergoes direct nucleophilic attack from the solvent 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
structure 8. The other probable fate of the oxo group in structure 8 is to attack the surface
hydroxo group which then proceeds to react via an intramolecular hydrogen atom transfer from
the hydrogen of the generated -OOH group to the bridged oxo group as seen in pathway-Al. In
pathway-A2, we investigated the direct attack of the oxo group of structure 8 to the bottom
hydroxo group which proceeds after an intramolecular hydrogen atom transfer from the bottom

aqua ligand on manganese with the oxo group to the adjacent bottom hydroxo group. We
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included both of these reaction pathways (pathway-Al and -A2) in the Appendix A (Figure Al
and A2).
3.4.4 The water oxidation process with the fully saturated Mn,03

The water oxidation reaction pathway-3 (Figure 3.8) from the fully saturated Mna(p-
OH)2(H20)4(OH)4 structure 18 (Mn203°7H>0) with seven waters adsorbed with formal oxidation
states of Mn(IV)-Mn(Il) has interesting characteristics compared to the fully saturated Mn>O4
compound. Similar to the lowest energy reaction pathway on the fully saturated Mn20O4 complex,
the fully saturated Mn,O3; complex also involves a nucleophilic attack from a solvent water

molecule.
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Figure 3.8 The lowest energy water oxidation pathway-3 on the fully saturated Mn203*7H20
structure 18.

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

dehydrogenation of a geminal aqua ligand of structure 18, which is a process similar to that of
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pathway-2 but from a different aqua ligand. This has reaction energy of 0.84 eV and leads to
structure 19 with an octet multiplicity. The second dehydrogenation takes place on the aqua
ligand of the other manganese atom, which leads to septet structure 20. The second
dehydrogenation has a reaction energy of 0.66 eV. Similar to pathway-1 and pathway-2, we
observe that early dehydrogenations from any of the bridging hydroxo groups resulted in
structural distortions to structure 18. However, the initial steps are somewhat different for these
systems. The water oxidation process with Mn2O3*6H>0 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 Mn2O4*6H>O complex initiates with a
dehydrogenation of a geminal hydroxo group followed by a nucleophilic attack of solvent water
molecule.

In pathway-3, the Mn(V)O moiety is formed on structure 21 after the third
dehydrogenation process. This dehydrogenation step is the highest energy step, requiring 1.66
eV, in pathway-3. In the lowest energy reaction pathway-3, this oxo group undergoes a
nucleophilic attack from a solvent water molecule requiring 0.80 eV of reaction energy to form
structure 22 with an octet spin state. The sextet state of structure 22 (structure 22’ in Figure 3.8)
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
considered further. 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 pathway-4 proceeds via 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 hydroxo group on structure 21.

The next step would involve a dehydrogenation that occurs at a geminal aqua ligand on
the manganese atom with the -O-OH moiety, which occurs with a reaction energy of 0.63 eV to
form structure 23. In the lowest energy nucleophilic attack pathway-1 on the MnxO4°6H>O
complex, we observe that the third dehydrogenation occurs at the -O-OH group, which creates a
-O-0 group that can be removed as an oxygen molecule in the next step. In contrast, in pathway-
3 at this stage, four hydrogen atoms have been removed from the system, yet it still possesses a
hydrogen atom on the -O-O group. Dehydrogenation from the -O-OH group is 0.38 eV higher in
energy than the geminal dehydrogenation. However, in order to remove oxygen it is necessary to
form structure 24 that has an -O-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 structure 24, oxygen can be
evolved with a reaction energy of 0.66 eV to form nonet structure 25. This 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 energy of -0.47 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 structure 26 is an isomer of the resting state of the catalyst. The catalyst can
be regenerated via an intramolecular 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 by -0.12 eV. The highest energy step in this reaction
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 have endothermic reaction energies. The -O-O
bond is formed at a later stage of the reaction pathway on one manganese atom as we have seen
in the above reaction pathways. Calculated free energy values are typically lower in magnitude
than the respective AE values (Table 3.3) except for the AE@22-21) step where we see 0.04 eV
increase.

Table 3.3 Calculated reaction energies and free energies for pathway-3 of Figure 3.8.

Reaction Processes

(Pathway-3, Figure 3.8) AR (V) AGEY)
AE@9-18) 0.84 0.70
AE(20-19) 0.66 0.57
AE(21-20 1.66 1.54
AE@2-21) 0.80 0.84
AE@2'-21) -0.32 -0.24
AE@23-22) 0.63 0.53
AE(24-23) 0.34 0.29
AE(25-24) 0.66 0.59
AE26-25) -0.47 -0.40
AE@18-26) -0.12 -0.10

We also investigate a second lowest reaction pathway-4 for the water oxidation process.
The second lowest energy pathway starts at structure 18 and proceeds to structures 19, 20, and 21
similar to pathway-3. From structure 21, the next step that could occur is the fourth
dehydrogenation process. Although this step is higher in energy than the water addition step
from 21 to 22, it has the advantage that it is an electrochemical step that can be attenuated by

application of an external potential. The fourth dehydrogenation takes place at the hydroxo group
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adjacent to the Mn-O group. The two oxo groups in structure 27 attack each other to make an O-

O group on one manganese atom in structure 28 with a reaction energy of 0.13 eV.
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Figure 3.9 The second lowest energy water oxidation pathway-4 on the fully saturated
Mn,03+7H20 structure 18.

The manganese atom with two activated oxo groups in structure 27 has a Mn(VI) formal
oxidation state. The lowest energy spin multiplicity changes from quintet in structure 27 to a
septet in structure 28, which would be a spin-forbidden process. The septet state of structure 27
(structure 27' in Figure 3.9) is 1.00 eV higher in energy than the quintet state and the quintet
state of the structure 28 (structure 28' in Figure 3.9) is 0.64 eV higher in energy than the
respective septet state.

In the next step, the first water addition results in the breaking of one Mn-O bond. This

generates structure 29, where O-O is bound to one manganese atom with one Mn-O bond. The
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vacant site left from this bond breaking is now occupied by the incoming water ligand. The
multiplicity does not change in going from structure 28 to 29. This water addition reaction is
endothermic by 0.31 eV. The oxygen molecule is released from structure 29 with the adsorption
of the second water molecule, yielding nonet structure 30. The second water molecule
coordinates to the vacant site left by the oxygen. Structure 30 then rearranges back to the resting
state of the catalyst with an energy of -0.49 eV. Similar to structure 24 in the lowest energy
pathway, structure 30 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 step. In pathway-4, 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-O bond is formed after all four dehydrogenation steps have
occurred. Similar to previous reaction pathways, the O-O is seen to form on one manganese atom
in a Y, fashion with two Mn-O bonds. The water oxidation process on the Mn,0O3*7H>O complex
initiates with a slightly higher dehydrogenation energy of 0.84 eV compared to 0.73 eV on the
Mn;03°6H>O complex. The calculated free energies are given in Table 3.4. In general, the
magnitudes of the AG values for the reactions are somewhat lower than the AE values, with the

exception of AE30-29).
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Table 3.4 Calculated reaction energies and free energies for pathway-4 of Figure 3.9.

Reaction Processes

(Pathway-4, Figure 3.9) AR (V) AG W)
AE19-18) 0.84 0.70
AE(20-19) 0.66 0.57
AE(21-20) 1.66 1.54
AE@7-21) 1.53 1.40
AE@7-21) 2.53 2.38
AE(28-27) 0.13 0.10
AE(28'-27) 0.77 0.74
AE(29-28) 0.31 0.30
AE30-29) 0.37 0.42
AE@s-30) -0.49 -0.47

3.5 General Discussion

In general, Mn20O4 and Mn2Os3 clusters can adsorb up to six or seven water molecules to
form Mnz(p-OH)(pn-O)(H20)3(OH)s and Mnz(pu-OH)2(H20)4(OH)4 complexes, respectively. The
water oxidation process on Mn204+6H>O proceeds via a nucleophilic attack from a solvent water
molecule to the Mn(IV2)O group. The lowest energy pathway on the Mn,03°6H>0 complex is
embedded in the third lowest energy pathway from the Mn204°6H>0O complex, where it proceeds
through an attack of the activated Mn(VI)O geminal oxo group to a surface hydroxo group.

The water oxidation process on the fully saturated Mn2O3+7H20 complex initiates with
only 0.11 eV higher reaction energy (AG = 0.11 eV) compared to that of water oxidation on
Mn203+6H20. 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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molecules on Mn>O3 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
pathway-1 for the water oxidation process with Mn;O4°6H20, 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'52)O group, whereas for the Mn>O3*6H>O complex, the water
oxidation initiates with dehydrogenation of a geminal aqua and proceeds via an attack of
Mn(VI)O group to the surface hydroxo group. In reaction pathway-3 for the Mn,O3+7H>O
complex, the reaction initiates with a geminal aqua dehydrogenation followed by two
consecutive geminal dehydrogenations of an aqua ligand 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, the O-O bond is formed on one manganese atom
with only a single Mn-O bond during nucleophilic attack pathways, whereas a p, bond is formed
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 formal oxidation 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 all the 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 study we revisited the water oxidation process on the fully saturated Mn2O4¢6H>O
(Mn2(pn-OH)(n-0O)(H20)3(OH)s) complex and investigated the saturation and water oxidation
processes on Mn2Os3. Using the six and seven water saturated Mn2O36H2O (Mna(p-
OH)>(H20)3(OH)4) and Mn,03°7H20 (Mn2(pu-OH)2(H20)4(OH)4) 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 5x107 are
generally 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 lowest energy pathway on the
Mn>04°6H>O complex occurs through a nucleophilic attack from a solvent water molecule to a
Mn(IV?2)O group. This reaction initiates with a 1.77 eV (AG = 1.65 eV) dehydrogenation. The
highest thermodynamic barrier for this pathway is 1.77 eV (AG = 1.65 eV), which is the same as
that of the Mn03*6H>0 complex. In comparison, the lowest energy pathway on the
Mn20O3°7H20 complex proceeds with a nucleophilic attack of a solvent water molecule to a
Mn(V)O group whereas the lowest energy pathway starting on Mn,O3°6H>O occurs via an attack
of Mn(VI)O to the surface hydroxo group. The lowest energy water oxidation pathway on the
fully saturated Mn2O3+7H>O complex initiates with a dehydrogenation with a 0.84 eV (AG =
0.70 eV) reaction energy that is only 0.11 eV (AG = 0.11 eV) higher than on Mn,03*6H0.
Based on the reaction pathways studied here, we observed that the first and second lowest energy
pathways 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 notable that catalytic

cycles on the seven and six water saturated complexes exhibit nearly similar thermodynamic
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barriers for dehydrogenation (AE and AG values are 1.66 eV, 1.77 eV and 1.54 eV, 1.65 eV
respectively). The formation of an oxo group is an essential step in all these pathways as it
corresponds to the highest thermodynamic step; this 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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Chapter 4 - Theoretical Investigation of Water Oxidation Catalysis

by a Model Manganese Cubane Complex

Amendra Fernando and Christine M. Aikens
4.1 Abstract

Manganese is selected by nature for the water oxidation process. In this study, we use an
in silico approach to study a manganese cubane complex MnsO4(H20),(OH), x = 4-8, y = 8-4
with water-derived ligands. We investigate oxidation state configurations ranging from all
Mn(IV) to all Mn(IIl) states. Understanding these simplest architectures for water splitting is
essential for the bottom up design of commercially viable electrocatalysts. Both ps-oxo and p;3-
hydroxo versions of the catalysts were examined; p3-hydroxo versions are generally higher in
energy in all the oxidation state configurations except for the Mng(III III III III) state (this
rearranges to a Mny(II III III IV) state). Out of all the oxidation state configurations we studied,
we observed that Mns(IV IV IV IV), Mng(III IV IV 1V), and Mny(III III 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 energy 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 efficient water splitting catalysts.
4.2 Introduction

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

This active complex catalyzes the water oxidation process, where it converts water into
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molecular oxygen, protons and electrons. The catalytic core consists of a CaMnsO4 structure
with a CaMn304 cuboidal core and a dangling Mn atom.! Understanding 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 this artificial water
splitting is a clean and sustainable way to produce hydrogen. Consequently, a large number of
experimental and theoretical studies have been devoted to achieve this understanding with the
OEC and models of the OEC,!?* as well as other biomimetic complexes.?>? However, the
catalysts developed so far other than some of the ruthenium catalysts are a couple of orders of
magnitude different from the natural system.*® Ruthenium is a rare element and use of it on a
large scale is not favorable. In contrast, manganese is a common element. The activity of
manganese-based 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.e. Nocera’s catalyst,>* and other cobalt catalysts reported by McAlpin
et al.,*® McCool et al.,’® and Evangelisti et al.’”).

Reporting a complete review of the large number of experimental and theoretical studies
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. Ruettinger et al.*® reported the synthesis of the first MnsOx
cubane core in 1997. This synthesized Mn4O4(PO2(Ph)2)s complex was a fusion of two dimer

Mn,0>*" units. There have previously been several other manganese complexes synthesized with

39, 40 41, @2

distorted cubane-like cores or with incomplete core structures or as part of a larger
cluster.® The core of this MnsO4(PO2(Ph)2)s complex consists of [MnsO4]®* and the highest

oxidation state observed in this family of complexes contains a [Mn4Og]’* core. There have been
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many reports of this MnsO4(PO2(Ph)2)s catalyst and its variants tested as electrocatalysts and
photocatalysts in the past few years after the first proposal.

In 2011, Kanady and coworkers® reported two cubane clusters where one complex has a
Mn4O4 cubane core unit and the other has a CaMn304 unit. The MnsO4 complex contains a tri-
nucleating 1,3,5-triarylbenzene ligand architecture. This complex was later investigated with Ca
and Sc to understand mechanistic studies of reactivity and incorporation of p3-oxido moieties.**
It was found that Mn'V3CaO4 and Mn'V3ScO4 were unreactive toward trimethylphosphine (PMe3)

whereas Mn",Mn'v,04 cubane reacts with PMe; readily to generate a new Mn'"

403 partial
cubane plus MesPO. These authors also used theoretical calculations to investigate the reaction
pathways for oxygen atom transfer to phosphine from cubane cluster. In related work, Lee and
Aikens® reported a theoretical study of water splitting process on model compounds of these
synthetic clusters. The ligands were truncated with simpler ones to reduce the computational
time. It was found that the model complex with Mn4O4 architecture is thermodynamically more
favorable for water splitting than a CasMnsOs complex. Yamaguchi and coworkers*® reported a
computational study of a mixed valance Mn(II1)4.xMn(IV)xO4 cluster to investigate the Jahn-
Teller (JT) effects of Mn(IIl) ions. The optimized geometries of the cubane demonstrated an
acute triangle for Mn(II1)Mn(X) (X = III, IV) indicating JT effects. It was found that JT effects
are not significant for Mn(IV),Mn(IIl) cores showing an obtuse triangle geometry. JT effects are
further diminished for the Mn(IV); core, which forms an equilateral triangle. It was found that
Ca doping suppresses the JT effects even for the Mn(IIl),Mn(X) (X = III, IV) case.

There are only a few studies reported with ligand-free or with water-derived architectures

of pure manganese cubane complexes. Recently in 2013, Lang et al.*® demonstrated the water

splitting process on singly charged Mn,O," and MnsO4" species. These authors used gas phase
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ion trap measurements together with Born-Oppenheimer spin density functional molecular
dynamic calculations. They found that a two-dimensional ring-like ground state structure of
Mn4O4" undergoes a dimensionality change to a three-dimensional cuboidal octahydroxo
complex when it was hydrated. These authors further investigated this MnsO4" system with
D,'%0 and H>'%0 in gas phase ion trap experiments.*® Their 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 water via hydroxylation

1.°° also demonstrated interaction of water with the MnsO4* complex

of the oxo bridges. Lang et a
using IR spectroscopy in conjunction with spin density functional calculations. It was found that
hydroxylation of p-oxo bridges is an essential part of the dissociation of the O-H bond water.
This hydroxylation continues until all the p-oxo bridges are hydroxylated. Additional water
molecules then bound molecularly with a favored preference for the hydrogen-bridge-bound
H30: units involving hydroxylated bridges. It was found that an open cuboidal structure emerge
when n > 3 for Mn4O4'(H,0),, and for n > 6 the Mn4O4" cluster transforms into a closed
cuboidal structure.

The objective of this study is to investigate manganese cubane complexes
(Mn4O4(H20)(OH), x = 4-8, y = 8-4) that primarily incorporate water-derived ligands. We
investigated these systems with oxidation state configurations ranging from all Mn(IV) to all
Mn(III). Herein, we report a comprehensive study of electronic properties, structures, reaction
mechanisms for 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 model catalyst

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 species can help 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 are carried out with the Amsterdam Density Functional
(ADF) program.’’ We have employed the BP86°% > exchange 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 also plays an 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 intermediate states have been calculated in order to predict the lowest
energy step.

For each structure, the charge and the multiplicity are shown in parentheses in the figures.
Green circles around atoms are used to highlight areas of the cluster where reactions are
occurring between the calculated intermediate states of each structure. All oxidation states
discussed in this work are formal oxidation states. We use the terms "surface", "bottom", and
"geminal" when discussing the aqua and hydroxo ligands bound to manganese atoms above,
below, and to the side of the plane of the Mnx(pu-OH): units, respectively; these terms are used to

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

on manganese dimer complexes as well as cobalt dimer and cubane complexes.?” 3

products reactants

Reaction energies are presented according to AE = Z v.E — Z V.E,, where 1, is the

stoichiometric coefficient and E; is the electronic energy (plus nuclear repulsion energy)
calculated for each reactant or product. We have also accounted for the zero-point 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 rotation and 3/2 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 from the ideal gas equation, pV/n = RT. The Gibbs free energy is then

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

products reactants

according to AG = z V.G, — Z v,G,, where v, are the stoichiometric coefficients. Unless

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

tables.
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The experimental AGaog value for the overall water splitting reaction (2H2O = 2H; + O»)
at pH = 0 with reference to the normal hydrogen electrode is given as 4.92 eV. We have
calculated AGaos of 4.56 eV for the overall water splitting reaction for the BP86/TZP 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 values are not given in this paper.
4.4 Results and Discussion

In this work, we examine the water splitting process on a MnsO4 cubane complex with
oxo, hydroxo, and aqua ligands (Mn4O4(H20)(OH), x = 4-8, y = 8-4). Formal oxidation states
ranging from Mns(IV IV IV 1IV) to Mny(III III III IIT) 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 three psz-oxo groups. We have also investigated
protonated versions of the p3-oxo groups (in which a p3-oxo group is replaced with a ps-hydroxo
group and a terminal aqua ligand becomes a terminal hydroxo ligand) for each oxidation state
configuration; one to four protonated p3-oxo groups are considered (new ps-hydroxo 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 thus may elucidate 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 oxidation configuration and its respective lowest p3-hydroxo versions are

described below.
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4.4.1 Mn4(IV IV IV 1V) configuration with pz-oxo groups

The lowest energy water oxidation reaction mechanism (pathway-1) on the manganese
cubane catalyst with all manganese atoms in the Mn(IV) oxidation state is given in Figure 4.1.
The reaction initiates with a dehydrogenation from a surface hydroxo species on structure 1. This
first dehydrogenation requires 1.93 eV of energy (1.83 eV free energy, Table 4.1) and produces
structure 2 that contains a Mn(V)O species. Although 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 form. However, it should be noted that the appropriate description of this

group is a topic of research interest,? 345
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Figure 4.1 Proposed lowest energy reaction pathway-1 from structure 1 with Mn4(IV IV IV 1V)
configuration. AE values are shown in the figure; AG values are presented in Table 4.1.

Notably, the formation of the oxo group is the highest energy intermediate step in this

reaction pathway. This is a reoccurring theme in the other 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 dimers.”” We have investigated 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 with a -OOH group. We have observed that water
remains in molecular form hydrogen-bound to the cluster. The coupling reaction of the oxo
group with a p3.oxo species is also not observed. Coupling of the oxo species to a geminal
hydroxo group generates structure S1 (pathway-B1 is shown in Figure Bl in the Appendix B).
This coupling is a chemical step and it is a highly endothermic reaction requiring 1.64 eV of
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 catalyst choice, 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 a high-energy electrochemical step in the
reaction pathway. In pathway-B1, the first water addition and the oxygen removal processes are
endothermic reactions.

The most likely fate of structure 2 is a consecutive second dehydrogenation requiring
1.73 eV of energy. An applied overpotential that is sufficient to overcome the initial
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 group on structure 3. The oxidation
state of the other manganese atoms remains Mn(IV) throughout the catalytic cycle. Structure 3
now undergoes an exothermic nucleophilic attack from a solvent water molecule to produce

structure 4; the lowest energy state for structure 4 has multiplicity 13. This attack dissociates one
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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 exothermic by -0.40 eV. The
formation of structure 4 with multiplicity 11 (given as 4') 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 spin-forbidden reaction, we also considered
the energy of formation of structure 3 with multiplicity 13 (3') from structure 2. This is
calculated to be 1.09 eV higher in energy than the generation of structure 3 with multiplicity 11,
which is thus unlikely.

Structure 4 with an -OOH group undergoes a third dehydrogenation reaction requiring
0.98 eV of energy. (Dehydrogenation from structure 4' also yields structure 5.) This
dehydrogenation occurs at the hydrogen of the -OOH group on structure 4. Oxygen removal
from structure 5 is an endothermic process by 0.81 eV, which is a high-energy chemical step.
The resulting structure 6 has a multiplicity of 14. It exothermically coordinates with water to
form structure 7 with Mn4(III IV IV 1V) oxidation states. This coordination process yields -0.90
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 exoergic by -0.09 eV.

The catalyst can be regenerated from structure 7 with dehydrogenation of the coordinated
second water molecule. The dehydrogenation reactions require less energy as the pathway
progresses, and this fourth dehydrogenation requires only 0.84 eV of energy. Notably, structure 7
is the starting structure for the reaction pathway with the Mna(III IV IV IV) configuration, so the
reaction pathway for the system with these starting Mn oxidation states is embedded in pathway-

1, as discussed below. Interestingly, a recent study by Yang 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 Mny(III IV IV 1V) oxidation state configuration.

The calculated free energy values for pathway-1 are given in Table 4.1. There were no
significant differences in energy with respect to the absolute reaction energy values. However, in
general for pathway-1 we noticed a decrease in magnitudes of the AG values for the reactions
compared to the AE values.

Table 4.1 Calculated reaction energies and free energies for pathway-1 of

Figure 4.1.
Reaction Processes
AE (eV) AG (eV)

(Pathway-1, Figure 4.1)
AE@) 1.93 1.83
AE@32) 1.73 1.57
AE@3-2) 2.82 2.65
AE@4-3) -0.40 -0.28
AE@'-3) -0.13 -0.05
AE5-49) 0.98 0.82
AE-5) 0.81 0.73
AE7-6) -0.90 -0.82
AE@-7) 0.84 0.72

Overall in pathway-1, the two water addition reactions are exothermic by -0.40 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 formation of the oxo species and the highest energy
chemical step is the oxygen removal process. After the formation of the -OOH bond in structure

4, the next thermodynamically favorable step is the dehydrogenation of the hydrogen of -OOH

group.
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4.4.2 Mn4(IV IV IV 1V) configuration with ps-hydroxo groups

The pws-hydroxo versions of the Mns(IV IV IV 1V) oxidation state configuration
are found to be higher in energy than the ps-oxo structure 1. Structure 8 with a single ps-hydroxo
group is the lowest energy isomer in this category and it is found to be 0.41 eV higher in energy
than structure 1 with ps3-oxo groups. This protonation, which replaces a pz-oxo group with a ps3-
hydroxo group and replaces a terminal aqua ligand with a hydroxo ligand, changes the formal
oxidation states of the Mn atoms to IV% IV III% III. Each protonation of the ps-oxo groups
results in higher energy isomers. Isomers with two, three, and four ps-hydroxo groups are 0.43
eV, 0.93 eV, and 1.21 eV higher in energy than structure 8, respectively. The water splitting

reaction pathway-2 on structure 8 is given in Figure 4.2.
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Figure 4.2 Proposed lowest energy reaction pathway-2 from structure 8 with Mn4(IV% IV% 11174

IIT) configuration (8 is the lowest energy cluster of the structures with ps-hydroxo groups that are
related to 1). AE values are shown in the figure; AG values are presented in Table 4.2.
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Similar to pathway-1, the reaction initiates with a dehydrogenation. This step has an
endothermic energy of 1.72 eV (and an endoergic free energy of 1.73 eV, Table 4.2) compared to
the first dehydrogenation in reaction pathway-1 that requires 1.93 eV. This dehydrogenation also
takes place from a surface hydroxo group and results in the generation of a Mn(V?%)O group on
structure 9. Similar to pathway-1, this manganese oxo formation step is the highest energy step
in this reaction pathway. This oxo group can undergo different reaction steps similar to those of
structure 2.

The most probable step after formation of structure 9 is electrochemical dehydrogenation,
which will be described in more detail below. Coupling to the geminal hydroxy group, which
results in formation of a p-OOH group, is found to require 2.03 eV of energy. We also found a
lower energy structure for this oxo-geminal hydroxy coupling reaction where the hydrogen of the
w-OOH group is abstracted by the adjacent hydroxo group of the bottom manganese atom. This
structure formation is endothermic by 1.18 eV. The coupling reaction of the oxo group with the
pz-oxo group requires 1.99 eV of energy. The lowest energy step is the nucleophilic attack from
a solvent water molecule resulting in generation of structure S7 shown 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 reaction pathway and included it in the Appendix B.

The most likely possible fate of structure 9 is electrochemical dehydrogenation. This
consecutive second dehydrogenation occurs at the pz-hydroxo group. This step requires 1.40 eV
and forms structure 10 with a Mn(VI)O group. In comparison to structure 3, structure 10 has the
same stoichiometry and very similar energy values (structure 3 is 0.09 eV lower in energy than
structure 10). However, structure 3 has Mn4(VI IV IV 1V) oxidation states and structure 10

possesses Mng(VI V III IV). We also calculated a higher multiplicity version of structure 10
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(structure 10'"), which requires 2.26 eV to be generated from structure 9; however, this structure
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 structure 11 with a -OOH group. Structure 11 also has the same stoichiometry as structure 4
of pathway-1 with different oxidation states for the manganese atoms (structure 4 is 0.004 eV
lower in energy than structure 11). This reaction step has an exothermic energy of -0.48 eV,
which is similar to the reaction energy of -0.40 eV for nucleophilic attack leading from structure
3 to 4. Structure 11 prefers a multiplicity of 13 whereas formation of a structure with multiplicity
11 (structure 11') is endothermic by 0.22 eV. This change in multiplicity for the lowest energy
states is also seen between structures 3 and 4 in pathway-1. In the next step, hydrogen is
removed from the aqua ligand geminal to the -OOH group, which results in an intramolecular
hydrogen atom transfer to a ps-oxo group. This step requires 1.51 eV in energy; compared to the
structure 4 to 5 dehydrogenation, it is 0.53 eV higher in energy.

Oxygen is extracted from structure 12 to produce structure 13, and in the next step second
water molecule is added to complete the coordination of manganese left vacant by the oxygen
removal. This water-coordinated structure 14 has a slightly longer bond (2.47 A, which is 0.30 A
longer compared to typical manganese-aqua bond distances of 2.08 - 2.15 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 by -0.41 eV. If we couple these reactions
together as described in pathway-1, we have a net energy of 0.14 eV. The fourth hydrogen is
removed from the coordinated aqua ligand (requiring 0.70 eV of energy) to regenerate the resting

state of the catalyst.
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We have calculated the reaction free energies for pathway-2; these values are given in
Table 4.2. For most of the reaction steps (except for the first dehydrogenation where the
calculated 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 free energies for pathway-2 of Figure 4.2.

Reaction Processes

(Pathway-2, Figure 4.2) AR (eV) AGEY)

AE(9-8) 1.72 1.73
AE@0-9) 1.40 1.25
AE@0'-9) 2.26 2.08
AE@1-10 -0.48 -0.42
AE@1'-10 0.22 0.26
AE@2-11) 1.51 1.39
AEa3-12) 0.55 0.51
AE@4-13) -0.41 -0.33
AE-14) 0.70 0.42

Overall, in pathway-2, the two water addition reactions are exothermic by -0.48 eV and -
0.41 eV, respectively. The oxygen removal process is endothermic by 0.55 eV and this is the
highest energy chemical step. The highest energy step overall is the first dehydrogenation to
generate the oxo species. In comparison to reaction pathway-1, pathway-2 has a lower
overpotential by 0.21 eV. Once the -OOH 1is formed in structure 11, the hydrogen of the geminal
aqua ligand is dehydrogenated simultaneously as the hydrogen of the -OOH group is transferred
to the psz-oxo group. The oxygen extraction process (combined oxygen extraction and water
coordination) from pathway-1 is exothermic by -0.09 eV and in pathway-2 it is endothermic by

0.14 eV. Both pathway-1 and pathway-2 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 O-O bond.
4.4.3 Mn4(III IV 1V 1V) configuration with ps-oxo groups

The lowest energy structure with Mng(III IV IV IV) configuration is found to be structure
7 of pathway-1. A related structure 15, with a Mny(IIT III IV V) configuration, is similar in

energy with the latter oxidation state configuration being 0.01 eV lower in energy.
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Figure 4.3 Proposed lowest energy reaction pathway-3 from structure 15 with Mny(III III IV V)
configuration. AE values are shown in the figure; AG values are presented in Table 4.3.

The lowest energy pathway starting from structure 7 with Mns(III IV IV 1V) is embedded

in pathway-1, so in this section we examine the water splitting mechanism on structure 15 with
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Mny(IIT II TV V). The reaction pathway using structure 15 is given in Figure 4.3 (pathway-3).
Compared to the first dehydrogenation of pathway-1, the first dehydrogenation reaction in
pathway-3 is 1.05 eV lower in energy. This occurs at a surface aqua ligand on a Mn(III) atom
which then changes to Mn(V) with an intramolecular hydrogen atom transfer from the bottom
Mn(V) atom. The resulting structure 16 is similar in stoichiometry to structure 1 of pathway-1.
However, structure 16 has a Mny(III IV IV V) configuration and it is 0.03 eV higher in energy
than structure 1 with Mng(IV IV IV 1V). This suggests that structure 16 possibly connects to
pathway-1 if it undergoes intramolecular hydrogen atom transfer reactions. We investigated the
reaction pathway for the water oxidation process via structure 16 as it is comparable in energy.

Structure 16 undergoes a consecutive second dehydrogenation requiring 1.92 eV energy
(1.78 eV free energy, Table 4.4) to produce structure 17 with a Mna(III IV IV VI) configuration.
This is the thermodynamically highest energy step in reaction pathway-3. Like in the previous
pathways, this step corresponds to the generation of the manganese oxo species. In structure 17,
it is for the formation 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 water molecule to the oxo
species requires 0.61 eV. The reaction pathway that proceeds via a nucleophilic attack is given in
Figure B3 of the Appendix B.

Dehydrogenation from structure 17 requires 1.60 eV of energy. This leads to the
formation of two oxo species on a single 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 species 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 by -0.29 eV. The resulting structure 19 has a lowest
energy spin state with a multiplicity of 13 and possesses an -OOH group. A similar structure 19'
with a multiplicity of 11 lies 0.71 eV higher in energy; this structure would be spin-allowed from
structure 18. For comparison, we examine an isomer of structure 18 with a multiplicity of 13
(given as 18'), but it requires 2.61 eV to be generated from structure 17 and is thus unlikely to be
formed. The hydrogen removal from the -OOH group to yield structure 20 is the next
thermodynamically lowest step, which is 1.09 eV in energy from structure 19. We have seen this
pattern with cobalt species®® as well, where once the -OOH group is formed the hydrogen may be
removed via a dehydrogenation reaction or transferred to another ligand via an intramolecular
hydrogen transfer reaction.Molecular oxygen can be extracted from structure 20 to produce
structure 21. Structure 21 readily coordinates with a water molecule to complete the octahedral
coordination of manganese and regenerate the resting state of the catalyst. The oxygen removal
process from structure 20 is calculated to be endothermic by 0.74 eV and the subsequent water
addition is exothermic by -0.95 eV. Overall, this yields an exothermic energy of -0.21 eV for a
combined process. This suggests a more favorable oxygen extraction process compared to
pathway-1 and pathway-2.

Overall, the favorability of this pathway depends on the highly endothermic second
dehydrogenation forming the oxo species, which will be responsible for the overpotential of the
reaction pathway. This dehydrogenation of 1.92 eV is similar to the 1.93 eV dehydrogenation
energy in pathway-1, and is larger than the dehydrogenation energy of 1.72 eV required in
pathway-2. Reaction pathway-3 consisting of structures 15-21 has structures with the same

stoichiometries as structures 7 and 1-6 in pathway-1, but with different oxidation state
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configurations. The thermodynamic energy values and preferred steps are similar to pathway-1
(i.e. processes like dehydrogenations and water additions occur in the same stage of the catalytic
cycles). Calculated free energy values are typically lower in magnitude than the respective AE
values (Table 4.3) except for the AE(19-18) step where we see 0.04 eV increase.

Table 4.3 Calculated reaction energies and free energies for pathway-3 of Figure 4.3.

Reaction Processes

(Pathway-3, Figure 4.3) AR (V) AGEY)
AE@6-15) 0.88 0.76
AE@7-16) 1.92 1.78
AE@s-17) 1.60 1.48
AE@s'-17) 2.61 2.48
AE@19-18) -0.29 -0.22
AE@9'-18) 0.42 0.46
AE(20-19) 1.09 0.95
AE@21-20) 0.74 0.66
AE@s-21) -0.95 -0.85

Both water addition steps in pathway-3 are exothermic (by -0.29 eV and -0.95 eV)
respectively. The lowest endothermic chemical step is the oxygen removal process requiring 0.74
eV. In this reaction pathway-3 we see a higher oxidation state buildup of Mn(VII) before the
formation of the O-O bond. The highest thermodynamic energy of pathway-3 is similar to the
highest energy of pathway-1. However, the net oxygen removal process is more favorable than
both pathway-1 and pathway-2.

4.4.4 Mny(II1 IV 1V 1V) configuration with ps-hydroxo groups
The ps-hydroxo versions of the Mny(IIl IV IV IV)-based structures are found to be

higher in energy, similar to what was observed with the Mns(IV IV IV 1V) structures. Structure
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22 with one ps-hydroxo group is found to be the lowest in energy among the ps3-hydroxo
versions. Structure 22 is 0.44 eV higher in energy than the lowest energy structure 15 with ps3-
oxo groups. Structures with two, three, and four ps-hydroxo groups are 0.51 eV, 1.06 eV, and
1.13 eV higher in energy than structure 22, respectively.
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Figure 4.4 Proposed lowest energy reaction pathway-4 from structure 22 with Mny(I135 1V
11?5 IV) configuration (22 is the lowest energy cluster of the structures with p3-hydroxo groups
that are related to 15). AE values are shown in the figure; AG values are presented in Table 4.4.

The structure with a single ps-hydroxo group has a Mn4(I1%5 IV% 11135 1V) oxidation state
configuration. Structure 22 first undergoes dehydrogenation (pathway-4 in Figure 4.4) requiring

0.44 eV of energy; this is half of the first dehydrogenation energy from structure 15 with only ps-

oxo groups in the system. This dehydrogenation occurs at the ps-hydroxo bridge and forms
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structure 16 of pathway-3. The catalytic cycle continues through structure 19, which has an -
OOH group formed from a solvent water molecule attack to the oxo group. From structure 19 the
hydrogen of the -OOH group can transfer to the ps-oxo group endothermically (requiring 0.75
eV) to produce structure 23. This is a high-energy chemical step and may not be
thermodynamically favorable. However, we continued the cycle to understand the behavior of
the water splitting 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 structure 24. Oxygen is extracted from structure 24 with 0.78 eV and in the next step water
coordinates with structure 25 exothermically with -1.33 eV of energy to regenerate the catalyst.
The net energy of these two steps is exothermic by -0.55 eV. The calculated free energies are
given in Table 4.4. In general, the magnitudes of the AG values for the reactions are somewhat
lower than the AE values, with the exceptions of AE(19-18) and AE(23-19).

The highest energy step in this reaction pathway also corresponds to the formation of the
oxo species. Both water addition steps are exothermic energy by -0.29 eV and -1.33 eV
respectively. The net reaction energy for the oxygen extraction is -0.55 eV. There are two
chemical steps with comparatively similar energy values: the intramolecular hydrogen atom
transfer reaction to the psz-oxo bridge (0.75 eV) and the oxygen extraction process (0.78 ¢V). By
analyzing the ps-oxo and the ps-hydroxo versions of this oxidation state combination, we can say
that the ps-oxo version is thermodynamically favorable. Both pathway-3 and pathway-4 require

around 0.20 eV higher of a potential than pathway-2.
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Table 4.4 Calculated reaction energies and free energies for pathway-4 of Figure 4.4.

Reaction Processes

(Pathway-4, Figure 4.4) AR (V) AGEY)
AE@6-22) 0.44 0.31
AE17-16) 1.92 1.78
AE@s-17) 1.60 1.48
AE19-18) -0.29 -0.22
AE@9'18) 0.42 0.46
AE(@23-19) 0.75 0.75
AE@23"-19) 0.94 0.96
AE(24-23) 1.12 0.98
AE(25-24) 0.78 0.74
AE(22-25) -1.33 -1.26

4.4.5 Mny(III III IV IV) configuration with p3-oxo groups

T
s = G3re
h’( %Y/ 0.61 eV Q/ 1 \'

26 (0,15) 7(0,14)

Figure 4.5 First dehydrogenation reaction of pathway-5 from structure 26 with Mn4(III 111 IV
IV) configuration.

Structure 26 is the lowest energy isomer for the Mny(IIl III IV IV) oxidation state
configuration (Figure 4.5). The two manganese atoms with a Mn(IIl) oxidation state are located
on the top of the cubane complex and they show slightly elongated bonds between manganese
and one aqua ligand as well as between manganese and one p3-oxo group on each side. This may

be due to the fact that Mn(IIl) atoms are known for strong Jahn-Teller effects that lead to
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distortions from octahedral geometries.’® The initial step is the first dehydrogenation that takes
place at one of the aqua ligands attached to the manganese atom on top with the Mn(III)
oxidation state. This step is endothermic by 0.61 eV (the reaction free energy is similarly
endoergic at 0.48 eV) and generates structure 7 of pathway-1. Structure 15 of pathway-3 is
similar in energy to structure 7 as discussed above, so pathway-1 and pathway-3 could
potentially both be possible after structure 26. However, both pathway-1 and pathway-3 have
four additional dehydrogenations required before molecular oxygen is generated; thus, reactions
from structure 26 would involve five dehydrogenations, and the cycle would not be catalytic.
Since structure 26 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 a non-regenerative reaction is
observed when the starting cubane complex includes more than one manganese atom with a
Mn(III) oxidation state.
4.4.6 Mny(III III IV IV) configuration with p3-hydoxo groups

The versions of structures with ps-hydroxo groups are found to be higher in energy than
structure 26 with ps-oxo groups. Versions of structures with one and two ps-hydroxo groups are
found to be 0.13 eV and 0.53 eV higher in energy than the ps3-oxo version, respectively. The

structure with a single p3-hydroxo group is given as structure 27 in Figure 4.6.

A A o
,5; B S ugu; s y@)&i
/ E ,’ \z"‘ 0.50 eV b’& \‘L

27 (0,15) 28 (0,14) 1(0,13)

Figure 4.6 First two dehydrogenation reactions of pathway-6 from structure 27 with Mn4(IV%
1124 111%5 11I) configuration (lowest energy structure containing ps-hydroxo groups related to 26).
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Structure 27 has a Mn4(IV% 11?5 111%5 III) formal oxidation state combination. The first
step from structure 27 is a dehydrogenation from an aqua ligand at the bottom manganese
Mn(IIl) atom. This step requires 0.82 eV (AG = 0.69 eV) in energy and is 0.20 eV higher in
energy compared to the first dehydrogenation on 26. The resulting structure 28 undergoes a
consecutive second dehydrogenation requiring 0.50 eV (AG = 0.21 eV) of energy to generate
structure 1 of pathway-1 (in comparison, as discussed above structure 26 generates structure 7 of
pathway-1). This dehydrogenation occurs on a pz-hydroxo group. This suggests that ps-oxo and
ws-hydroxo versions act similar and are not capable of regenerating 27 as the resting state of the
catalyst.

4.4.7 Mny(I11 I1I I1I IV) configuration with ps-o0xo groups

The Mny(III IIT IIT IV) oxidation state configuration is found to be 0.48 eV higher in
energy than the Mny(II III IV IV) oxidation state configuration (structure 29). Both of these
oxidation state combinations have elongated bond lengths (around 0.30 A longer bond lengths
than average manganese aqua ligand bond distances) between the manganese atoms and the aqua
ligands. The reaction pathway starts from a dehydrogenation on an aqua ligand attached to
Mn(II) atom on the lowest energy structure 29 (pathway-7, Figure 4.7), which then abstracts a

hydrogen atom from the adjacent bottom manganese atom.

’1*‘ HY, e ?v’ H, & ..9 "
‘f J’i" a"’i o=t "“Y §d
’:r ll31 eV Q’(r 0.61 g\ br -‘

¢
29 (0,16) 26 (0,15) 7 (0,14)

Figure 4.7 First two dehydrogenation reactions of pathway-7 from structure 29 with Mn4(II IV
IIT IV) configuration.
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It should be noted that in all previous structures with pz-oxo groups with at least one
manganese atom in the Mn(IIl) oxidation state, the first dehydrogenation occurred from an aqua
ligand attached to a Mn(IIl) atom; however, in this Mng(Il III IV IV) oxidation state
configuration the dehydrogenation proceeds on an aqua ligand attached to the Mn(Il) atom,
which is the most reduced atom in this system. This first dehydrogenation step is calculated to
require 0.31 eV (AG = 0.18 eV) in energy, which is the lowest energy dehydrogenation we
calculated. The resulting structure rearranges aqua and hydroxy ligands to yield a Mny(III III IV
IV) configuration, which is similar to structure 26 of pathway-5, indicating that this reaction
could eventually proceed through pathway-1 (note: structure 7 and structure 15 are nearly similar
in energy so pathway-3 is also a competitive option). This means that 29 would not be
regenerated as the resting state of the catalyst in this pathway as well.

4.4.8 Mny(I1I I1I I1I IV) configuration with ps-hydroxo groups

‘é’ , u e F"‘ H, e .:v’

s./ ‘\.« d
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30 (0,16) 31(0,15) 7(0,14)

Figure 4.8 First two dehydrogenation reactions of pathway-8 from structure 30 with Mn4(11%3
1Y 111'5 111%4) configuration (lowest energy structure containing p3-hydroxo groups related to
29).

The Mny(IIT IIT IIT IV) versions with p3-hydroxo groups are higher in energy compared to
29 with ps-oxo groups. We found that the system with two ps-hydroxo groups is the lowest
energy version for the Mny(III IIT III IV) combination and this change in ligands changes the

formal oxidation states to Mna(II1%5 I11'5 11125 1125). The two ps-hydroxo structure 30 (Figure 4.8)

is 0.12 eV higher in energy than structure 29. The first dehydrogenation from structure 30 takes
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place at one of the ps-oxo groups with 0.55 eV (AG = 0.44 eV) of energy to produce structure
31. This is 0.28 eV higher in energy than the first dehydrogenation of pathway-7 from structure
29. Consecutively, the second dehydrogenation occurs at the next p3-hydroxo group in structure
31 with 0.62 eV (AG = 0.48 eV) and generates structure 7 with a Mny(IIl IV IV 1V) oxidation
state combination. The regeneration of the catalyst with p3-hydroxo groups is not favorable.
4.4.9 Mny(I1I III III III) configuration with ps-oxo groups

The all Mng(III III IIT III) version with ps-oxo 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(III) oxidation state. The lowest structure we found rearranges to

the Mn4(II III IIT IV) configuration (structure 32 of pathway-8, Figure 4.9).

vy Nood
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Figure 4.9 First two dehydrogenation reactions of pathway-9 from structure 32 with Mn4(II I1I
IIT IV) configuration.

The first dehydrogenation from structure 32 takes place at an aqua ligand attached to the
Mn(IV) atom and forms structure 29 of pathway-7. The reaction energy of this step is 0.22 eV
(AG = 0.06 eV). The manganese atom with Mn(IV) oxidation state has retained its oxidation
state by abstracting a hydrogen atom from a bottom manganese atom with Mn(III) oxidation
state. The oxidation state of bottom manganese shift from Mn(IIl) to Mn(IV). Structure 29

eventually continues to pathway-1 or 3 and does not regenerate the catalyst.
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4.4.10 Mny(IIT ITI IIT III) configuration with ps-hydroxo groups

e “ L .y P
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Figure 4.10 First two dehydrogenation reactions of pathway-10 from structure 33 with the
Mny(I1'5 1115 11Y5 V) configuration (lowest energy structure containing p3-hydroxo groups
related to 32).

The Mny(III IIT IIT III) versions with pz-hydroxo groups are lower in energy than the
corresponding pz-oxo version unlike the other ps-hydroxo structures we discussed above. We
have calculated one, two three and four ps-hydroxo versions and they lie -0.42 eV, -0.54 eV, -
0.55 eV, and -0.48 eV in energy compared to structure 32. We used the lowest energy isomer
structure 33 (pathway-10 of Figure 4.10) with three ps-hydroxo groups and investigated the
water splitting process. After three consecutive dehydrogenation reactions, the hydrogen atoms
on the three ps-hydroxo groups from structure 33 are removed with energies of 0.52 eV, 0.55 eV,
and 0.62 eV, respectively (AG values are 0.41 eV, 0.44 eV, and 0.48 eV respectively). After the
first dehydrogenation reaction, it connects to pathway-8, which connects to structure 7 of
pathway-1 with three dehydrogenation reactions. This means that after four dehydrogenations
from structure 33, the system has not produced any active oxo species for the water oxidation
process. After the formation of structure 7, the reaction continues via pathway-1 or 3 but does

not regenerate the resting state structure 33.
4.5 General Discussion

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

configurations of the manganese cubane complex, we found three reaction pathways that
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correspond to resting states with Mng(IV IV IV 1V), Mng(IlIl IV IV 1IV), and Mny4(I1I III IV V)
configurations are thermodynamically viable for water oxidation. All these three reaction
pathways proceed via nucleophilic attack 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 helpful in designing manganese-based 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 complexes.?” The formation of the oxo
group is the most important step as it subsequently leads to O-O bond generation in the reaction.
The highest energy step determines the overpotential of a particular catalyst so the feasibility and
the efficiency of a catalyst can be determined.

In some cases we noticed rearrangement of investigated oxidation state configurations.
For example, Mny(IIl IV IV IV) rearranges to Mny(IIl III IV V) which is nearly similar in
energy. The Mny(III III III V) state changes to a Mny(II III IV V) state and the Mng(I1I 1T 11T
III) rearranges to a Mng(II III III IV) oxidation state configuration. 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(VII) oxidation state during the progress of reaction
pathway-3 and pathway-4. We also noticed that similar to our studies with cobalt complexes,?®
after the formation of -OOH species the thermodynamically favorable step is to dehydrogenate
the hydrogen on the -OOH group. Sometimes this is seen as an intramolecular hydrogen atom
transfer reaction or dehydrogenation of the nearby aqua or hydroxo groups, which eventually

results in the hydrogen of the -OOH group transferring to a nearby ligand.
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We observed that ps-hydroxo versions are generally higher in energy in all the oxidation
state configurations except for the Mny(III III III III) state (this rearranges to the Mng(II IIT III
IV) state). In contrast, in cobalt cubane complexes it has been noticed that p3-oxo protonation to
form ps-hydroxo groups leads to lowering of the energy of the complex.?® > In the lowest energy
pathway from Mng(IV IV IV IV) and Mny(IIl IV IV IV) (both pathways are embedded in
pathway-1), we observed that protonation of the ps-oxo group lowers the overpotential of the net
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 also note that compared to the complex with all Mn(IV) oxidation
states, the dehydrogenation reactions for systems with Mn(III) oxidation states tend to be lower
in energy. When a structure possesses more than one Mn(III) 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 four atoms in the

Mn(III) oxidation state.
4.6 Conclusions

In summary, we have employed density functional theory to investigate the water
oxidation mechanism on manganese cubane complexes with water-derived ligands. We have
investigated oxidation state configurations ranging from Mns(IV IV IV 1V) to Mn4(III III III III).
Understanding the water oxidation 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

catalysts with 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 the Mn-O group and thus this
energy can be used as a descriptor to screen efficient water splitting catalysts.

We demonstrated that both p-oxo and p-hydroxo versions of Mns(IV IV 1V 1V), Mny(111
IV IV IV), and Mny(III III IV V) configurations are thermodynamically favorable for the water
oxidation process. Note that these three reaction pathways show a common mechanistic feature
where they undergo nucleophilic attack from a solvent water molecule to the manganese oxo
species. In both p-oxo and p-hydroxo versions of Mng(IV IV IV 1V) and Mny(Ill IV IV 1V)
structures this nucleophilic attack takes place on a Mn(VI)O group whereas in both p-oxo and p-
hydroxo Mny(IIl III 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 regenerate the 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 found. In each oxidation state configuration ranging from
all Mn(IV) to all Mn(III), we investigated two types of structures: one with pus-oxo groups and
one with ps-hydroxo groups. The latter ps-hydroxo versions of the oxidation state configurations
generally tend to be higher in energy than the p3-oxo bridged versions except for the Mng(I1I III
III IIT) state. The highest formal oxidation state for any manganese atom in the resting state
configurations was Mn(V). During the progress of the catalytic cycle, the Mn(VII) oxidation
state was formed in reaction pathway-3 and pathway-4. When a structure has more than one
Mn(IIl) 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 splitting catalysts

102



and will be essential for the bottom up design and engineering of efficient water splitting

catalysts in the future.
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Chapter S - Ab initio electronic structure study of a model water

splitting dimer complex

Reproduced by permission of the PCCP Owner Societies:

Fernando, A; Aikens, C. M. Phys. Chem. Chem. Phys. 2015, 17, 32443-32454.

5.1 Abstract

A model manganese dimer electrocatalyst bridged by pu-OH ligands is used to investigate
changes in spin states that may occur during water oxidation. We have employed restricted open-
shell Hartree-Fock (ROHF), second-order Mgller-Plesset perturbation theory (MP2), complete
active space self-consistent field (CASSCF), and multireference second-order Meller-Plesset
perturbation theory (MRMP2) calculations to investigate this system. Multiconfigurational
methods like CASSCF and MRMP2 are appropriate methods to study these systems with
antiferromagentically-coupled 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(IV)O' radical moieties has been observed in
this catalytic pathway. Multiple nearly degenerate excited states were found close to the ground
state in all structures. This suggests competing potential energy landscapes near the ground state
may influence the reactivity of manganese complexes such as the dimers studied in this work.

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 cyanobacteria, the oxygen evolving
complex (OEC) of photosystem II (PSII) catalyzes the water oxidation reaction. The active site

of the OEC consists of a CaMnsOs cuboidal structure and there have been many extensive
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theoretical and experimental studies related to determining its electronic structure, properties,
oxidative activation and mechanism of water oxidation.!'"!2

Inspired by this cuboidal structure, many synthetic and model catalysts have been
proposed that contain high-valent multinuclear manganese p-oxo bridged complexes.'*>* The
first reports of water oxidation by a dimanganese complex date back to 1985 when Ashmawy
and coworkers'® synthesized a [{Mn(salpd)(H20)}2][ClO4]> [salpd = propane-1,3-diylbis
(salicylideneiminate)] complex that evolves oxygen when irradiated in the presence of a p-
benzoquinone. Watkinson and coworkers'* also reported a dinuclear manganese complex that
evolves O> in the presence of a p-benzoquinone in 1994. The first functional model of a p-oxo
bridged manganese dimer ([H2O(terpy)Mn(O).Mn(terpy)OH2](NO3)3) was reported by Limburg
et al."® This compound is capable of catalyzing the oxygen evolution reaction similarly to the
OEC. Collomb and coworkers'® synthesized this compound independently at the same time as
Limburg and coworkers. Formation of a Mn(V)=0 species during O-O bridging was first
reported by Naruta ef al.!” with a porphyrin type Mn(III) dimer. A four electron water oxidation
reaction catalyst ([Mn2(mcbpen)2(H20)2](ClO4)2) (mcbpen = N-methyl-N’-carboxymethyl-N,N -
bis(2-pyridylmethyl)ethane-1,2-diamine) synthesized by Poulsen et al.'® has been reported to
generate oxygen with the presence of a tert-butylhydrogenperoxide as an oxidant. These p-oxo
bridged manganese complexes for water oxidation have been reviewed thoroughly by Mullins,"
Liu,? Yagi,?! Mukhopadhyay,?? and Wu et al.?

Electronic structure, charge distribution, and spin coupling of manganese p-oxo
compounds surrounded by triazacyclonoane and acetate have been studied in detail by Zhao and
coworkers.>* Their calculated charge distribution showed strong metal-ligand covalency.

Blomberg et al.® reported a theoretical study of a number of model manganese compounds
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including p-oxo bridged manganese complexes. With hybrid density functional theory (DFT)
calculations even without using formally correct spin coupling, they were able to reproduce the
experimentally known preference for antiferromagnetic coupling between manganese spins. One
interesting finding is that because of the small difference in electronic structure between high
spin and low spin states, the optimized geometries for these two states were identical.”> McGrady
and coworkers?¢ studied the structural and electronic properties of reduction and oxidation of a
peroxo-bridged Mn dimer (Mn2(p-O)2(p-02)(NH3)s2 ). They reported that reductive cleavage of
the O-O o bond is favorable when the manganese centers are antiferromagentically coupled and
that ferromagnetic coupling of the manganese centers favors the oxidative formation of the n
component of the O-O bond.?® Lundberg et al.*’ have also investigated the p-oxo bridged
manganese dimer ([H2O(terpy)Mn(O)>Mn(terpy)OH2](NO3)3) to find out the requirements for O-
O bond formation in manganese complexes. They determined that the active synthetic catalyst
forms a stable Mn(IV) oxyl radical state rather than the Mn(V)-oxo state.”” A very recent paper
by Zhou et al.?® indicates that the aqua ligand environment has an almost symmetric influence on
the Mn(I1I) and Mn(IV) centers even with the hydrogen bonds considered explicitly.

It is known that some 3d transition metals such as Mn show a poor overlap between the
3d and ligand orbitals.”® This results in orbital near degeneracies and nondynamical
correlations.?’ So, the applicability of DFT methods to account for these electron correlations
remains questionable. The systems with 3d orbitals also give rise to several low-lying excited
states of various multiplicities, which results in surface crossing effects. Such systems with near
degenerate electronic states may have antiferromagnetic coupling of Mn atoms.?’ Busch et al.*°
have studied a system based on high spin states in a ferromagnetic arrangement that can be

treated by standard DFT methods. However, the potential antiferromagnetic coupling in these
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systems can be most appropriately described by multi-determinantal wave function
representations. Multi-configurational wave function-based methods like complete active space
self-consistent field (CASSCF) and multireference 2™ order Moller-Plesset perturbation theory
(MRMP2) are methods that can be used in this type of calculation. Choosing the active space for
this type of calculation is very important. Electrons and orbitals involved should include those
necessary to treat all the important bonding features yet should not be unnecessarily large
because they need to remain computationally tractable.

Very few studies have been reported using CASSCF calculations on ligated manganese
compounds. Among them, Mn(salen) complex is a popular system that has a high-yield catalytic
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.
Sears et al.* and Ivanic et al.’! reported a CASSCF study of a model oxoMn(salen) complex to
address this issue. Ivanic et al®' first studied the system with 12 electrons in 11 active space
orbitals (CASSCF(12/11)); later, Sears and coworkers?’ used CASSCF(8/7) to study this system.
This smaller active space was chosen after examining the unrestricted Hartree-Fock (UHF)
natural orbital occupation numbers. Their reports indicated a closed shell singlet as the ground
state and that the triplet states are around 3 kcal mol™! higher in energy whereas a quintet state
lies at a little more than 40 kcal mol™!. The relative energies calculated using different active
spaces differed by 0.5 kcal mol™! for all the states except for the quintet state whose difference
was 1.4 kcal mol™!. It is noteworthy that their UHF solutions to the calculations were highly spin-
contaminated. In 2014, Wouters and coworkers** studied this system with the density matrix
renormalization group (DMRG) method with 28 electrons in 22 orbitals. Inclusion of such a

large active space is feasible with the DMRG numerical technique. In comparison with previous
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results, they found that the triplet is 5 kcal mol! more stable than the singlet state whereas the
quintet lies 12-14 kcal mol™! higher than the singlet state.

With recent advances in the DMRG method, Kurashige and coworkers*® computed the
many-electron wavefunctions of the OEC of PSII with more than 10'® quantum degrees of
freedom. They confirmed that the S; state of the OEC is in the Mn"™! Mn!Y Mn!"Y Mn'" oxidation
state that has been established previously; furthermore, they identified multiple low-lying energy
states near the S; state. The active space they chose for the DMRG-CASSCF calculations is 44
electrons in 35 orbitals.

Other work has also been performed on manganese and manganese-calcium cubane
systems related to the OEC of PSII. Numerous recent studies have examined the electronic
structure of these systems using high-spin and broken-symmetry DFT calculations. For example,
Yamaguchi and coworkers** employed UB3LYP and UBHandHLYP calculations to investigate
the mixed valance CasMnsO4X(H20)4 (X=OH or O) complex. The authors indicated that the
degree of symmetry breaking of the Mn-O-Mn bond is not significant with these levels of theory
whereas it is predicted to be higher with other hybrid DFT methods. Yamaguchi et al.’® also
reported a study of the mixed valance configurations of MnsOs, CaMnsOs, and CaxMn30s
complexes with UB3LYP calculations. The computational results with MnsOs demonstrated the
instability of the uniform-valance structure of Mn(Il[)sOs due to the Jahn-Teller effect of
trivalent Mn ion affording a mixed-valance configuration. Krewald et al.’® investigated a high-
valent Mn(IV);Ca0O4 complex and demonstrated that the these systems have a ground state with
spin 9/2. Recently, Krewald®’ and coworkers have shown that only a high-valent scheme with
Mn(II)sMn(IV) for the So state up to Mn(IV)4 for the S3 state can account for the observed

spectroscopic data of the semi-stable intermediate states.
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These studies with DFT (high spin and broken symmetry approaches) as well as
multireference and multiconfiguration methods show the complexity of orbital configuration in
manganese and how the surrounding ligand environment plays a major role in describing the
chemistry of these systems. These complexes are capable of releasing oxygen electrochemically,
photochemically, and in the presence of primary oxidants. In the present study we examine a
model catalyst proposed by Busch et al.’** The model catalyst consists of two manganese atoms
with a simplified version of the acetylacetonate ligand (in which methyl is replaced by hydrogen)
on each atom (structure 1 in Figure 5.1). The purpose of the selection of this model compound is
valuable as the two manganese atoms are surrounded by six oxygen atoms, which is similar in
that regard to a bulk MnO> surface. Capping the manganese atoms with the acetylacetonate
ligand ensures that the catalyst is governed towards a direct coupling 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 conclude that the selected model system is capable of mimicking the
actual bulk oxide surface to a satisfactory degree. A synthetic organometallic compound with a
similar skeleton to this model catalyst has also been reported as an enhanced magnetic cooler by
Manoli and coworkers.*® The resting state of the catalyst exhibits two water molecules ligated to
Mn(III) atoms and these Mn atoms are bridged by hydroxyl groups to balance the neutral charge
of the catalyst. The catalytic mechanism proposed* is a general direct coupling pathway through
Mn-O" radical species that consists of electrochemical steps and chemical steps. It should be
noted this radical species is predicted in our current work to be a Mn(IV)-O" group. This will be
discussed in detail in the results and discussion. Each electrochemical step experiences a proton

coupled electron transfer (PCET) reaction similar to the OEC of PSII. This type of direct
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39, 40 and

coupling reactions via adjacent oxo radicals has been proposed in ruthenium blue dimer
cobalt oxide catalyst*! water oxidation systems. A reference system of TyrOH/TyrO" has been
used, which has a reduction potential of 0.94 V relative to the normal hydrogen electrode (NHE).
The theoretical water oxidation potential value is around 1.23 V with respect to the NHE. This
simplified theoretical catalyst system mimics the water oxidation process in a Mn 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 that contribute to the
catalyst cycle. The primary focus of this study is to observe the orbital configurations that
contribute at different stages of this direct-coupling pathway and provide detailed understanding
of the electronic states at each stage of the catalytic 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 with current computational power it is not feasible to include all the valance
electrons in this system. Nonetheless, we believe our investigation of electronic excited states
and orbitals involved in such reaction pathway may helpful to increase the knowledge base of

catalytic water oxidation systems. We find that many nearly degenerate excited states with

different spin are present in these systems.
5.3 Computational Methods
All the restricted open-shell Hartree-Fock (ROHF),*> second-order Moller-Plesset
h43—45

perturbation theory (MP2) using the z-averaged perturbation theory (ZAPT2) approac

CASSCF,**% and MRMP2°%-> calculations in this work employed the code implemented in the
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General Atomic and Molecular Electronic Structure System (GAMESS) program.’® 57 We have
selected an active space with 8 electrons distributed among 10 orbitals CASSCF(8/10), which is
physically motivated for the 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 around the two Mn atoms in the structures. We have examined
expanding the active space to 12, 14, and 16 active orbitals by adding the doubly occupied ring «t
orbitals and corresponding ring w* orbitals to the active space as described below, but the natural
orbital occupation numbers obtained were at least 1.95 for the doubly occupied orbitals.
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 of at least 1.98, so they are well represented when included in
the doubly occupied space. The CASSCF(8/10) active space is used throughout the calculations
unless otherwise mentioned.

Since accuracy and the convergence of CASSCF calculations depend on the initial input
orbitals, choosing a good set of orbitals is always important. In order to improve SCF orbitals as
good starting molecular orbitals, several methods available in GAMESS have been used. For
example, generating valance virtual orbitals (VVOs), getting a more localized set of occupied
orbitals while retaining symmetry using a Boys localization procedure®® using a symmetry
localization approach implemented in GAMESS, or a combination of these methods have been
used. The initial set of orbitals was carefully analyzed and reordered as necessary to find the
optimal set of orbitals for each structure. All the calculations executed in this study use a triple
zeta valance basis set with d and p polarization functions (TZVP).>* % Single point MRMP2

calculations have been performed in order to get better estimates of the relative energies where
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necessary. Orbital diagrams reported in all the figures have been calculated with a contour value

of 0.03.
5.4 Results and discussion

All the intermediate states in the reaction pathway are initially optimized with ROHF for
high-spin states using a TZVP basis set (Figure 5.1). This catalytic cycle was previously reported
in Ref. 30 using the B3LYP/6-311++G level of theory. The cycle consists of four
electrochemical steps, in which a proton and electron are removed from the Mn complex, and
three chemical steps. The two aqua ligands attached to the top of the structure 1 undergo four
consecutive dehydrogenations in four electrochemical steps to form structure 5 with two
Mn(IV)-O° radical groups. The two radical oxo groups attack each other and generate the O-O
bridge on structure 6. With two consecutive water addition reactions we can break the two Mn-O
bonds and extract O, from the catalyst. Structures 1-5 have 86 doubly occupied orbitals and

structures 6 and 7 possess 85 and 90 doubly occupied orbitals, respectively.
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Figure 5.1 ROHF/TZVP optimized structures for the mechanism reported in Ref. 30. 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
spheres represent manganese atoms. Carbon and oxygen atoms are represented by black and red
spheres. This color code is used in all figures.
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We have employed MP2 level single point energy calculations on the high spin states of
ROHF optimized structures of the catalyst. A comparison of these reaction energies is given in
Figure 5.2. The reaction energy pattern for the catalytic cycle shows similar behavior with both
levels of theory. After the formation of Mn(IV)-O" bonds (structure S), the chemical step of
forming the O-O bond (structure 6) is a downhill reaction. The most positive reaction energy
difference of the cycle is found between structures 6 and 7, where attack of a water molecule on
the peroxo bridged structure occurs. The reaction energies between structures 4, 5, and 6 hints at
the flexibility of the direct coupling of the oxo radicals. Except for the catalyst regeneration step
(7 to 1), ROHF calculations generally overestimate the relative energies of the structures

compared to 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 have C; symmetry and possess a pseudo-octahedral geometry
around the Mn atoms. The ligands around the manganese atoms show either bent or twisted
conformations in structures 1 - 7 and they are not in plane with the p-hydroxo bonds. With
previous B3LYP/6-311++G and BLYP/6-311++G results, the highest thermodynamic energy
gap was observed between structures 3 and 4.%° In that work, the reaction goes uphill until the
formation of structure 5 and then goes downhill to regenerate the catalyst whereas in the current
work with ROHF and MP2, the reaction goes uphill to form structure 3 and then proceeds
downhill to structure 4. The next sections provide detailed descriptions of the electronic states
and orbitals for each structure together with a comparison of the ROHF, CASSCF, and previous
DFT calculations.

5.4.1 Structure 1

In structure 1, the eight unpaired electrons in the nonet state occupy eight d-based orbitals
of the two Mn atoms with two Mn d-based LUMOs. The singly occupied molecular orbitals
(SOMOs) are very important as they depict the chemistry occurring around Mn. Orbitals 87 - 94
represent these singly occupied d orbitals optimized with ROHF (Figure 5.3). We also
investigated the unrestricted Hartree-Fock (UHF)®! orbitals for structure 1 (Figures C1 to C4 in
Appendix C). In the UHF calculations, singly occupied alpha electrons with a high percentage of
manganese d orbitals were seen in the lower energy occupied space (orbitals 50-62).
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 Lowdin partitioning schemes. Overall,
differences in orbital occupation were noted for the structures examined in this work. The S?
value for structure 1 was found to be 20.121 (compared to the idealized value of 20), indicating

some spin contamination. Spin contamination was also found to be an issue in previous UHF
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calculations on Mn complexes,?’ so the unrestricted calculations will not be further discussed in

this work.

93 94

Figure 5.3 ROHF/TZVP SOMOs of structure 1.

Core orbitals 85 and 86 (Figure 5.4) also have a significant role in the electronic
structure. In structure 1 they are doubly occupied orbitals; in structure 2 and onwards we see that
these orbitals change their occupancy. These orbitals represent a ring  orbital delocalized over
three carbon atoms with contributions from the p orbitals of the two oxygen atoms in the ligand.
These orbitals are hereafter labeled as Rmi and Rnz (ring © orbitals). This type of ring © orbital

29, 31

exhibits a key role in oxo-Mn(salen) complexes where electron transfer occurs in ring ©

orbitals to non-bonding axial Mn-O = orbitals in excited states.
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Figure 5.4 ROHF/TZVP doubly occupied Rn; and R, orbitals of structure 1.

Initial orbitals for CASSCF(8,10) calculations were taken from the ROHF orbitals. In this
case convergence was obtained without difficulty. A different spatial distribution of orbitals with
the CASSCF wave function is observed. These eight singly occupied Mn d natural orbitals are
shown in Figure 5.5. The two unoccupied natural orbitals in the active space, 95 and 96, also
show d orbital character (Figure 5.5). Doubly occupied orbitals 85 and 86 have Rn; and Rm
character similar to the ROHF orbitals shown in Figure 5.4. The natural orbital occupation

numbers (NOONSs) are essentially 1 or 0 for singly occupied or unoccupied orbitals, respectively.
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Figure 5.5 CASSCF(8,10)/TZVP active space natural orbitals of structure 1 (natural orbital
occupation numbers (NOONSs) are given in parentheses).
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The structure did not change drastically in going from the ROHF to the CASSCF level of
theory. All eight Mn-O bonds around the two Mn centers changed within a 0.001 A range.
Structure 1 was optimized with different multiplicities. The same initial SCF orbitals were used
for other multiplicities as the nonet orbitals are similar between ROHF and CASSCF. There were
no structural differences observed in these multiplicities within 0.001 A. Relative energies of
these multiplicities are given in Table 5.1.

Table 5.1 Relative CASSCF energies of electronic states for structure 1.

Multiplicities CASSCF
kcal mol! cm’!
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 low-lying excited states. A
CASSCEF calculation at the optimized nonet geometry yields the high spin nonet state as the
lowest energy state. The previous DFT results also predict the high spin nonet as the lowest
energy state.>® A CASSCF septet calculation at the optimized septet geometry yields an energy
of 0.020 kcal mol! above the nonet state. A CASSCF calculation at the optimized quintet state
gives a relative energy of 0.028 kcal mol™', and a similar CASSCF calculation for the triplet state
yields 0.035 kcal mol™!. Even though the high spin electronic state with 8 unpaired electrons is
predicted to be the ground state, all of these other states are essentially degenerate. It should also
be noted that the orbitals for these 8 unpaired electrons arise 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 structure 1 and the other structures

discussed below. To account for contributions 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 treated in the doubly occupied
space.

This degeneracy of the electronic states can be observed in other structures of the reaction
mechanism, producing competitive potential energy landscapes. Existence of these multiple
nearly-degenerate potential energy landscapes near the ground state for the OEC of PSII have
been shown recently with DMRG calculations, thus giving a very reactive environment for the
manganese water oxidation systems.*® For all of the lower spin multiplicities, the NOONs are
essentially 1 or 0, indicating that the electrons remain unpaired.

5.4.2 Structure 2

Dehydrogenation leads to a Mn(IV) oxidation state in one of the manganese atoms in
structure 2. CASSCF optimization of structure 2 with different multiplicities reveals a low-lying
sextet as the ground state. The octet is calculated to be 0.333 kcal mol™! higher in energy than the
sextet state. The natural orbitals used in the active space of the sextet state of structure 2 are
provided in Figure 5.6 and those used in the octet state are given in the Appendix C, Figure C5.
The doublet and quartet states are 0.414 and 0.056 kcal mol! higher in energy than the sextet
state, respectively (Table 5.2). There are no apparent differences in the structures of these states.
As seen for structure 1, the four spin states are essentially degenerate. To check the effect of the
active space on the state ordering, we also performed CASSCF calculations without the three
essentially unoccupied orbitals 94-96, leading to a (7,7) active space. Again, the sextet state was
found to be the lowest in energy. Even though CASSCF calculations are capable of accurately
addressing electronic exchange and nondynamical correlations, they do a poor job of accounting

for dynamical electron correlations. To see if the system is drastically affected by these
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dynamical correlations, we employed MRMP2(7,10) calculations on structure 2. In comparison,
previous DFT calculations have predicted the octet state as the lowest energy state.

Table 5.2 Relative CASSCF and MRMP?2 energies of different states for structure 2.

Multiplicities CASSCF MRMP2
kcal mol’! cm’! kcal mol™! cm’!
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 0.014 4.9

MRMP?2 single point energies (Table 5.2) 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 states decrease somewhat.
MRMP?2 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 prediction. It is interesting to note that the
CASSCF and MRMP2 calculations do not agree with predictions from a phenomenological
Heisenberg-Dirac-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 with a spacing of E(S-1)-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 structure 1,

the singlet and quintet states were predicted to lie above the nonet state with the triplet highest in
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energy, and for structure 2, although the octet was predicted to lie lowest in energy, the other
states were not arranged according to HDVV predictions.*°

Interesting orbital configurations were observed when hydrogen was abstracted from
water ligated on Mn to form an O-H bond in structure 2. A singly occupied d orbital has now
lowered its energy to the doubly occupied core orbital space. (This d orbital 69 is given in the
Appendix C (Figure C6) and it has been compared with a range of orbitals in structure 1 to check
the existence of this d orbital. We did not observe a similar kind of d orbital in structure 1 and
attribute this to a lowering of a singly occupied d orbital into the doubly occupied core orbital
space.) In addition, a higher energy ring m (Rm2) orbital on the side of the molecule that has
undergone hydrogen abstraction is now singly occupied. We have also examined active spaces in
which both ring 7 orbitals are active orbitals; however, one always remains doubly occupied
(NOON > 1.97) and one stays singly occupied (NOON ~ 1.00). We hypothesize that removal of
electron population in this ring 7 orbital is the cause for out-of-plane bending of the respective
ligand that has been observed in this structure. The doubly occupied ring m orbital 86 and the
singly occupied ring © orbital along with the remainder of the orbitals are given in Figure 5.6.
Singly occupied orbitals 87 and 92 show a very small p orbital contribution from the
dehydrogenated aqua ligand. We also observed that there is very little contribution from bridged
OH groups. CASSCEF calculations were able to find the remaining unoccupied d orbitals in the
active space. In comparison to the active space orbital configurations observed with the 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 the ring m orbital to the active space indicates that ligand framework and its

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 systems cannot be directly compared.
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Figure 5.6 CASSCF(7,10)/TZVP natural orbitals 86-96 in the sextet state of structure 2. Orbital
86 is a doubly occupied core orbital, and the other ten orbitals are included in the active space.

5.4.3 Structure 3

This species has had two hydrogens abstracted from the resting state of the catalyst and
two manganese atoms are now in the Mn(IV) oxidation state. As mentioned earlier, when the
multiplicities were changed in structures 1 and 2, there were no geometric differences within
0.001 A. The CASSCF geometry optimization of the septet state and a single point CASSCF
energy calculation at the ROHF geometry for the septet state of structure 3 gave essentially the
same energy. Similarly, the geometries for the structures with different multiplicities are not
expected to vary greatly. Thus, we used CASSCEF single point energies for all the multiplicities
of structure 3 at the optimized CASSCF septet geometry to compare in Table 5.3. The previous
DFT results predicted the stability order with the BLYP functional as Eseptet<Esinglet<Equintet<Etriplet

and with the B3LYP functional as Eseptet<Equintet<Esinglet = Euiplet, Where the septet state is
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predicted to be the most stable state with both of these functionals.?° In contrast, the CASSCF
calculations suggest the low spin triplet state as the most stable ground state with the septet being
0.28 kcal mol™! higher in energy. These energy values also suggest near degeneracy among these
electronic states.

Table 5.3 Relative CASSCF energies of different states of structure 3.

Multiplicities CASSCF
kcal mol! cm!
Singlet 0.012 4.2
Triplet 0.000 0.0
Quintet 0.071 24.8
Septet 0.276 96.5

CASSCEF natural orbitals reproduced the orbital configuration from ROHF except for
reordering and mixing of the orbitals. Orbitals 87 and 88 both now represent Rnl and Rn2 singly
occupied orbitals (NOONs of 1.0000) on each side of the ligands (Figure 5.7). This suggests,
consistent with our previous observation, another singly occupied orbital has lowered its energy
into the core orbitals leading the doubly occupied Rz orbital to become a higher energy singly
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 7 orbitals in structure 3 cause them to bend out of plane as we hypothesized before for

structure 2.
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Figure 5.7 CASSCF(6,10)/TZVP active space natural orbitals of structure 3.

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 to the electronic
structure of structure 3.

5.4.4 Structure 4

An important structure in the catalytic cycle is formed when the third hydrogen is
abstracted from the initial structure to form an oxo group directly attached to a Mn atom.
Formation of an oxo species plays a crucial role in this direct coupling catalytic pathway as the
two oxygen atoms combine to form the bridged peroxo group. The BLYP and B3LYP
functionals predicted the sextet/quartet and sextet/octet (both spin states are degenerate: sextet
and quartet in BLYP and sextet and octet in B3LYP) as the lowest energy states respectively.>
CASSCEF single point energy calculations on structure 4 revealed that the sextet state is not the
ground state. The low spin doublet state is the ground state for structure 4 and the sextet state is
5.805 kcal mol™! higher in energy than the doublet state (Table 5.4). With the formation of this
radical Mn(IV)-O" group, low spin states tend to be lower in energy compared to the high spin

electronic states.
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Table 5.4 Relative CASSCF energies of different states of structure 4.

Multiplicities CASSCF
kcal mol’! cm’!
Doublet 0.000 0.0
Quartet 0.285 99.7
Sextet 5.805 2030.3

Our study shows that the oxygen in the Mn-O bond has radical character, in line with a
prediction of Mn(IV)-O" character rather than Mn(V)=0. This is evident from the oxo p orbital
contribution in orbital 89 (Figure 5.8). The singly occupied orbitals 87, 89, 90, and 91 all show
contributions from the p orbital of the oxo group. Orbitals 90 and 91 show d orbitals of
manganese and ©* orbitals between manganese and oxygen. Orbitals 92-96 show LUMOs of

structure 4 consisting of manganese d orbitals and ©* orbitals between manganese and oxygen

atoms.
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Figure 5.8 CASSCF(5,10)/TZVP active space natural orbitals of structure 4.
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5.4.5 Structure 5

Structure 5 possesses two Mn(IV)-O® species. Orbitals 87 and 89 are singly occupied ring
n orbitals similar to those in structures 3 and 4 but with more oxygen p orbitals mixing (Figure
5.9). We were not able to converge structure 5 with an active space of 10 orbitals due to low
occupation numbers in the last 4 orbitals. Thus, we selected a smaller active space of 4 electrons
in 6 orbitals. We observed a mixing of oxygen p orbitals and ring m orbitals. Generation of
another p orbital on the other oxo group can be seen in the active space. Orbitals 88 and 90 both
are now singly occupied oxo p orbitals with a slight contribution from ring © orbitals. From

structure 5 onwards, singly occupied oxygen p orbitals are also involved in the active space.
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Figure 5.9 CASSCF(4,6)/TZVP active space natural orbitals of structure 5.

Similar to structure 4, low spin states tend to be lower in energy with the formation of
these higher oxidation states on manganese atoms. Here in structure 5, the singlet state is the
ground state. Single point energy calculations show that the triplet state is 0.002 kcal mol’!
higher in energy than the singlet state so these two states are practically degenerate. The quintet

state is 0.466 kcal mol™! higher in energy than the ground state. When the structure is optimized
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at each respective multiplicity, we found the triplet state to be the ground state and the singlet to
be 0.009 kcal mol™! higher in energy. Overall, the singlet state and the triplet state of structure 5
are essentially degenerate. In comparison, the quintet state is predicted as the lowest energy state
with the B3LYP functional and BLYP predicts the singlet state as the ground state.*°
5.4.6 Structure 6

Going from structure 5 to 6 is a purely chemical step, and the reaction energetics suggest
that electrons in oxo p orbitals tend to react favorably to generate structure 6. This represents the
formation of the p-peroxo bridge between 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 ¢ bond between the two oxygen atoms is now fully formed, which means that this
orbital now lies in the doubly occupied subspace. In structure 6, we now have 85 doubly
occupied orbitals where orbital 85 is a ring m orbital similar to previous doubly occupied ring n
orbitals (Figure 5.10). Orbital 86 is a singly occupied ring m orbital. A singly occupied n* orbital
between the two bridging oxygen atoms can be seen in orbital 87. Electron filling in these n*
orbitals is required for formation of the oxygen molecule. The corresponding « orbital is located
in the doubly occupied space. In consequence, the bond order between the two oxygen atoms can
be considered to be approximately 1.5. The O-O bond length in structure 6 is around 1.283 A,
which is closer to an oxygen-oxygen double bond than a single bond. A CASSCEF relative energy
comparison reveals that the triplet state is the ground state for structure 6 (Table 5.5). This is the
same as for structure 5, so no change in the spin state is required for this chemical step (unlike
ROHF or DFT calculations examining high-spin states, which suggested a quintet-to-septet

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

Table 5.5 Relative CASSCF energies of different states of structure 6.

Multiplicities CASSCF
kcal mol’! cm’!
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 85-95 of structure 6.

5.4.7 Structure 7

Insertion of a water molecule into structure 6 will break a Mn-O bond but leave O=0 still
attached to the other manganese atom. The addition of the aqua ligand increases the number of
doubly occupied orbitals to 90. Orbital 90 in the septet state of structure 7 is a doubly occupied
ring 7 orbital (Orbital 90 is equal to the ring © orbital 86 in Figure 5.4). The previously observed

singly occupied * orbital on the bridging O=0 can now be seen in orbital 91 (Figure 5.11).
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Orbital 92 is a singly occupied ring © orbital. The remaining four electrons are present in singly
occupied Mn d orbitals and are shown in Figure 5.11 with the LUMOs used in the active space.
Relative energies for different spin states are given in Table 5.6, and show that the lowest energy

state of 7 is a triplet.

P

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 orbitals 91-100 of
structure 7.

Table 5.6 Relative CASSCEF energies of different states in structure 7.

Multiplicities CASSCF
kcal mol! cm’!
Singlet 0.395 138.2
Triplet 0.000 0.0
Quintet 0.353 123.5
Septet 2.278 796.7

An incoming water molecule can detach the superoxo group in structure 7 leading back to
structure 1, the resting state of the catalyst. This is a downhill reaction indicating the

regeneration of the model catalyst. A transition from 7 in its triplet state to 1 in its nonet state
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would be spin-forbidden, so it is possible that 7 would actually be present in a higher spin state
or that 1 may access a lower spin state. Since the differences in energy between the spin states
are small for each structure examined here, the actual spin state accessed may not be important in
this case. In comparison, for both structures 6 and 7, DFT predicted the septet state as the ground
state.>”

Overall, the low-lying electronic states presented in this model system are an important
factor to understand the reactivity of manganese. Nearby ligands also play a key role by
changing the singly occupied orbitals present in the system. We also observed that the low spin
states tend to be more stable 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(IV)-O" groups in structures 4 and 5 resulted 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 occupation in ©* orbitals is required
prior to oxygen removal from the catalyst. As described above, we see that the ligands tend to
change orientation with the occupation of the ring m orbitals. With two dehydrogenations
yielding structure 3 where two manganese atom are in the Mn(IV) oxidation state, the rings were
seen to bend out of the manganese dimer plane. This bend was more pronounced at structure 5
with two Mn(IV)-O" groups. When the oxygen-oxygen bridge is formed, the rings bend in the
same direction, making a butterfly-like structure in structure 6. With the detachment of the
oxygen bridge from one manganese atom, this symmetric structure distorts somewhat to yield

structure 7.
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5.5 Concluding Remarks

In conclusion, we used CASSCF theory to investigate a water splitting reaction
mechanism on a model manganese dimer electrocatalyst. Electronic details and contributions to
the water splitting from manganese and oxygen atoms involved can be obtained by examining
the occupied orbitals. Apart from the resting state of the catalyst, a singly occupied ring m orbital
on the ligands can be seen throughout the catalytic cycle. We also hypothesize that this ring &
population may be a reason for the out of plane orientation of the respective ligands. In structure
3 with two Mn(IV) atoms, an out of plane bend of both ligands in opposite directions was
observed. This became more pronounced upon formation of Mn(IV) oxidation states on two
manganese atoms in structure 5. However, with the formation of the oxygen-oxygen bridge
between the Mn(IIl) atoms on structure 6, these ligands tend to bend in the same direction
forming a butterfly-like structure, which later distorts with the detachment of the oxo bridge
from one manganese atom on structure 7.

Radical properties of a Mn-O moiety have also been observed in this direct coupling
pathway. The p orbital contribution to the active space is observed with the formation of the
Mn(IV)-O group and is much more obvious in structure 5 with two Mn(IV)-O’. For structure 5
with two Mn(IV) 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 structure 6. The n*
orbitals were seen to be occupied in the oxygen-oxygen bond in structures 6 and 7.

With the progress of the catalytic cycle, we also note that low spin states have an
improved stability in the later stages of the cycle. However, there are multiple nearly degenerate
excited states close to the ground state in all the structures studied here. This is an important

factor because spin-forbidden processes predicted from high-spin calculations may not truly be
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spin-forbidden. In addition, the reaction energies will 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 high-spin calculations may provide a reasonable approximation to reaction
pathways. Nonetheless, this should be verified for other systems. Overall, we believe this
detailed electronic investigation may helpful in explaining future studies of manganese-based

catalysis.
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Chapter 6 - Reaction pathways for water oxidation to molecular

oxygen mediated by model cobalt oxide dimer and cubane catalysts

Reproduced with permission from:

Fernando, A; Aikens, C. M. J. Phys. Chem. C, 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
thermodynamically lowest energy pathway on the dimer catalyst proceeds through a nucleophilic
attack of a solvent water molecule to Co(V)-O radical moiety. The lowest energy pathway on the
cubane catalyst involves a geminal coupling of Co(V)-O radical oxo group with bridging oxo
sites. Model systems were found to be very sensitive to the positions of ligands and to the

hydrogen-bonding environment leading to different isomer energies.
6.2 Introduction

Hydrogen is a very efficient energy source compared to the present carbon-based 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
1s water splitting into molecular oxygen, protons, and electrons by the oxygen-evolving complex
(OEC) of photosystem II (PSII). The active part of the OEC includes a metal oxide framework
that consists of CaMn4Og4 arranged in a cubane fashion. Inspired by this manganese oxide blue
print, many synthetic and model compounds have been proposed that have the ability to catalyze

the water oxidation process as photocatalysts, electrocatalysts, photo-electrocatalysts, etc.
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Currently, industrial water electrolyzers use platinum coated electrodes. Platinum is a very
efficient catalyst but it is rare and very expensive so the applicability in large-scale industrial
plants is limited. Noble metal oxide catalysts such as ruthenium and iridium oxides have also
been reported and are currently used as robust and efficient electrocatalysts.! However, these
noble metal oxide catalysts are also not abundant and therefore are expensive for large-scale
deployment. These reasons lead scientists to investigate metal oxide catalysts based on earth
abundant elements. Among these less expensive metal oxides, there have been many reports on
the catalytic activity of manganese oxides,”® nickel oxides,” '° and cobalt oxides''"!” 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 solution as cobalt oxides or
hydroxides.!? Cobalt oxide gained a wide popularity recently for its remarkable catalytic activity
towards water splitting after its reinvention by Nocera and coworkers.'* This 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 synthesize from readily available precursors, self-healing through a series of
linked equilibria, and shows high activity under neutral pH. Diffraction techniques cannot be
used to determine the structure of this highly amorphous cobalt oxide catalyst. X-ray absorption
spectroscopy (XAS) and extended X-ray absorption spectroscopy (EXAFS) are especially well
suited for the local structure analysis of the catalyst. Recent EXAFS studies'® !? reported that this
catalyst has similar structural features to a manganese cubane complex. They indicated that
C0404 units in the form of Co(III)Os octahedra are present in the catalyst. Multiple edge sharing
and corner sharing structures have also been proposed over the past years based on experimental

and theoretical evidence.!®?! During the last few years, Wang et al.,>° Mattioli et al.,*' Li et al.,**
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and Kwapien et al.?

reported theoretical investigations of the mechanism for oxygen evolution
on related cobalt oxide complexes.

Recently, McAlpin et al®* reported a [Co404(CsHsN)s(CH3CO2)s]" complex with a
C0404 unit that has the ability to catalyze the water oxidation reaction. A couple of months later,
McCool and coworkers!” also reported a neutral [C0o404(CsHsN)s (CH3CO,)4] molecular cubane
complex which catalyzes water oxidation activity efficiently with the presence of standard
photochemical or electrochemical oxidation sources. The structure of this molecular catalyst was
also found to consist of Co4O4 cubane shaped metal oxide units. Recently, Evangelisti and
coworkers'® also reported a Co4O0s complex, [Cos(hmp)s(u-OAc)(p2-OAc)2(H20)2], (OAc =
acetate, hmp = 2-(hydroxymethyl)pyridine) as the first Co(Il)-based cubane water oxidation
catalyst. This catalyst is a distorted cubane catalyst that increases its catalytic activity upon
photoirradiation with increasing pH through aqua ligand deprotonation. Rigsby and coworkers®’
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 oxide catalysts 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 Rigsby et
al.® This shows that catalytic activity 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 to improve them enough to be competitive for
commercial utilization.?” 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 experimentalists 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 cubane-like complex with aqua and hydroxo ligands
resembles the primary unit of the catalysts reported by Nocera et al., McAlpin et al., McCool et
al., and Evangelisti ef al. It has been shown experimentally for the Nocera catalyst 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 proposed.
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 (GAMESS)?3!: 32

program. We have
performed density functional theory (DFT) calculations using the B3LYP exchange correlation
functional. The B3LYP functional has been used previously by Wang et al.?° and Li et al.*>?? to
study the cobalt oxide water oxidation catalysts and has shown stable results. Kwapien et al.?’
performed coupled cluster (CC) calculations on model cobalt oxide surfaces to benchmark the
accuracy of the most popular exchange correlation functionals and found that B3LYP and PBEO
hybrid functionals are in fair agreement with CC results. A polarized Karlsruhe triple zeta

(KTZVP) type basis set was used for all atoms. The charge and the multiplicity of the structures

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 intermediate states are
highlighted in green circles (after reaction steps occurred).

All the reaction energies in the paper are zero-point energy (ZPE), heat capacity, and
entropy corrected for a temperature of 298 K and are given as Gibbs free energies. They are
calculated according to the standard E(products)-Ereactantsy concept. For a given reaction, the
enthalpy change at 0 K (AHo) can be calculated as AHo = A(Eproducts) - Ereactants)) + AZPE, the
enthalpy change at 298 K is computed as AH29s8 = AHo + A(Cp208 - Cp), and the free energy
change at 298 K (AGaes) is determined from AGa2os = AHa9g - TAS. The difference in zero point
energy (AZPE), constant pressure heat capacity (AC,), and entropy change (AS) are calculated
from DFT vibrational frequencies and correspond to (products) - (reactants). Rather than
expressing reaction energies with respect to the standard hydrogen electrode reaction (2H" + 2¢
- Hb»), which sensitively depends on the energy of a proton in solution which is challenging to
calculate accurately theoretically, the reference system was chosen as 2H" = Hb». This also has
the benefit of removing the strong pH and solvent dependence known for the former reaction.
Choice of our 2H" > H 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 2H" = H> is calculated to be -4.77 eV.

The experimental AGaos for the overall water splitting reaction of 2H,O->2H>+0; at pH =
0 with reference to the normal hydrogen electrode is given as 4.92 eV. The overall water splitting

reaction examined in this work (2H2O—>2H>+0,) has a AGagg of 4.31 eV at 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 reported in this work.

In this paper, we concentrate on the thermochemistry of the intermediate reactions. All
possible isomers have been considered for each step of the reactions. The reaction energy values
are calculated from the differences of the free energies of the intermediates. Kinetic barriers also
play a role but this is not considered in this work primarily because the dynamic nature of these
transition states is very sensitive to the hydrogen-bonding environment and there could be
multiple transition states for a given reaction. The thermodynamic reaction energies permit the
determination of whether or not these electrochemical and chemical reactions are

thermodynamically favorable.

6.4 Results and Discussion

6.4.1 Cobalt Dimer Complex

Initial calculations have been 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
state of the catalyst has two aqua ligands and two hydroxyl ligands attached to each cobalt
center. Two p-hydroxo groups link these Co(III)-Co(III) cobalt centers completing the octahedral
geometry. It should be noted that many isomers are possible with different positioning of these
two aqua and hydroxyl ligands around the cobalt atoms. Structures D1 - D10 in Figure 6.1 show
some of the lowest energy isomers. The hydrogen-bonding environment around these small
clusters also has a substantial effect on the stability of the structures. For example, isomers D10 -

D13 in Figure 6.1 represent four isomers of the dimer catalyst where ligands are located in the
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same position with different hydrogen orientations altering the hydrogen-bonding environments.
The energy difference between the isomers D10 - 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(IIl) species is
structure D1 with one aqua and one hydroxyl group each above (surface), below (bottom), and in
the plane (geminal to surface) of the central Co2(u-OH) unit. The D1 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 structure D10. Structure
D10 (0.89 eV higher in energy than structure D1) resembles a minimal unit of a monolayer
surface of cobalt oxide where surface and bottom sites are hydroxylated at the resting state of the
catalyst. This structure D10 also represents the top two cobalt atoms in the model cubane
structure reported by Wang et al.*°
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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 structure D1. The charge and
multiplicity of the structures are given in parentheses. Small 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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6.4.1.1 Pathway 1

The electrochemical oxidation reactions in the pathways are proton-coupled as shown by
experimental evidence and thus show a close relationship to proton-coupled electron transfer
(PCET) reactions in the OEC of photosystem I1.3 3% Such proton-coupled oxidation reactions
will be hereafter called dehydrogenation reactions. There are fourteen dehydrogenations possible
from the lowest energy isomer D1. All the possibilities were carefully screened and it was found
that removing hydrogen from the aqua ligand geminal to the surface aqua ligand is the most
favorable in energy. The reaction energy for this first dehydrogenation step is 1.72 eV (Figure
6.2). The resulting structure D14 has thirteen possible dehydrogenations. The lowest energy
hydrogen removal from D14 is 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 cobalt atoms. In order to remove oxygen from this dimer complex, a third consecutive
dehydrogenation is also considered. Similar to previous structures, D15 has twelve possibilities
for the third dehydrogenation. We found that the third dehydrogenation proceeds through a
geminal hydroxo group in the plane with a reaction energy of 1.75 eV. The multiplicity of
structure D1 changes from a singlet to a doublet in D14 and to a triplet in D15. Structure D16
formed after the third dehydrogenation has doublet and quartet states that are close in energy.
The doublet is only 0.04 eV lower in energy than the quartet. The quartet is shown in Figure 6.2

as D16'.
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Figure 6.2 Proposed lowest energy reaction pathway 1 for the cobalt dimer catalyst D1.

After the first three dehydrogenations, the intermediate structure D16 has a Co(V)-O

radical oxo group. This is a very reactive species that can couple with nearby hydroxo, bridged
hydroxo and solvent water molecules. We have investigated these three reaction scenarios
(pathways 1 - 3) for the water oxidation process. The lowest energy fourth dehydrogenation from
D16 is found to initiate at the cobalt atom that already has a Co(V) oxidation state. This reaction

is endoergic by 2.23 eV. This is thermodynamically not favorable compared to the three reaction

pathways reported here, so a geminal oxo radical coupling pathway is not considered.

The lowest energy reaction pathway from the cobalt dimer catalyst D1 proceeds with a

nucleophilic attack of a solvent water molecule to the Co(V)-O radical oxo species. The radical
oxo coupling reactions with bridged hydroxo and surface/geminal hydroxo groups are given

below in reaction pathways 2 and 3, respectively. The reaction energy for D16 to D17 is exoergic
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by -0.41 eV. Structure D17 favors a doublet state; this corresponds well with the slight
preference of a doublet state for D16. The oxygen of the water molecule binds with the radical
oxo species and one hydrogen atom of the water molecule transfers to the geminal hydroxo
group to form a geminal aqua ligand. In order to accommodate the attack of the solvent water
molecule, this hydrogen abstraction is a necessary step.

Structure D17 then undergoes the final dehydrogenation step of the reaction pathway.
The thermodynamically most favorable dehydrogenation is hydrogen removal from the -O-OH
group. This dehydrogenation step is endoergic by 0.59 eV. The dehydrogenated intermediate
D18 is a triplet state with an O-O group. Oxygen can be removed from this complex
spontaneously with a AGaog of -0.57 eV. During this process, an intramolecular hydrogen atom
transfer is observed from the bottom aqua ligand to the bottom hydroxo group. This hydrogen
transfer reaction leads to a return of the oxidation states of the two cobalt atoms to (III).

In comparison to the other intermediate states seen in this pathway, D19 has a distorted
geometry. The two cobalt atoms are not in plane with bridging hydroxo groups. This type of
distortion pattern is observed in other structures with vacant coordination sites in the present
study. The surface hydroxo group fills the vacant site left by oxygen removal, leaving behind a
vacant site on the surface of singlet D19. A second solvent water molecule spontaneously
coordinates to this vacant site with a AGagg of -0.56 eV. The other surface aqua ligand transfers
one hydrogen atom to the geminal hydroxo group, which lowers the energy for coordination of
the incoming water molecule. The resulting structure D2 is an isomer of D1. The surface and
bottom intramolecular hydrogen transfer reactions from the aqua ligand to the hydroxo group
with subsequent ligand rotation regenerates the resting state of the dimer catalyst D1. This

rearrangement step is a spontaneous process with a reaction energy of -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 addition reaction, and the
oxygen removal reaction are exoergic reactions. The water addition reactions in this study are
usually observed to be exoergic reactions.

Although most calculations presented in this work are performed in the gas phase, we
used the polarizable continuum model (PCM) to investigate the solvent effect on a subset of the
reaction energies. The PCM single point energy calculations on the optimized structures show
very little variation to the calculated reaction energies. These energy values for pathway 1 are
given in the Appendix D (Table D1) 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, so it is not further considered in this work.

6.4.1.2 Pathway 2
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Figure 6.3 Proposed second lowest energy reaction pathway 2 from the cobalt dimer catalyst D1.
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The second lowest energy reaction (pathway 2, Figure 6.3) begins from isomer D1 and
continues through isomer D16, as described in pathway 1. After D16, this pathway continues via
attack of the Co(V)-O radical oxo group to the bridging hydroxo group. The hydrogen on the
bridging hydroxo group transfers to the bottom hydroxo ligand with the attack of the oxo radical.
This step leads to D20, which is a doublet structure, with a reaction energy of -0.86 eV.
Compared to the nucleophilic attack, this process is 0.17 eV higher in energy. The -O-O- group
is not in the plane of the two cobalt atoms and the p—OH group of D20; one cobalt atom has a
vacant site. A solvent water molecule spontaneously adds to this vacant site to form doublet D21
with a reaction energy of -0.48 eV. This coordination returns the cobalt atoms and -O-O- bridge
to a planar geometry. An intramolecular hydrogen atom transfer is observed from the bottom
aqua ligand to a geminal hydroxo group.

In order to remove the oxygen from this complex, a second water molecule must
coordinate with one of the cobalt atoms. This coordination is endoergic by 0.94 eV and leads to
an open form of the cobalt dimer without two bridging units. Structure D22 is held together by
the hydrogen bonding between surface aqua and hydroxo ligands, the -O-O- group, and the
coordinated aqua ligand, together with the bridging hydroxo group. In solution, this complex
may break apart into cobalt monomers. As an example, Smith et al.?® experimentally
demonstrated that a dimer [(Co2(OH)2(OAc)s(py)s]” and a trimer [CosO(OH)2(OAc)s(py)s]*" of a
cobalt complex undergo decomposition during the Oz evolution process. However, since this
may or may not occur in our system we completed the reaction pathway.

The fourth dehydrogenation proceeds at the coordinated aqua ligand in the previous step.
This is exoergic by -0.26 eV. The hydrogen removal process leads to reformation of the second

hydroxo bridge in the complex, thus detaching the oxygen molecule from the complex. This
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detachment may largely contribute to the total exoergic energy of -0.26 eV. The resulting
structure D23 is a triplet. The direct oxygen removal from D22 leads to large structural
distortions, and the dehydrogenation and the detachment of oxygen is found to be preferable.
Oxygen removal from D23 is an exoergic reaction. The reaction energy of this step is -0.20 eV
and the generated structure D3 is an isomer of D1. An intramolecular hydrogen atom transfer
from the geminal aqua ligand to the geminal hydroxo group regenerates the resting state of the
catalyst.

In this reaction pathway 2, the highest positive energy step is 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.

6.4.1.3 Pathway 3
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Figure 6.4 Proposed third lowest energy reaction pathway 3 from the cobalt dimer catalyst D1.
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The reaction pathway 3 (Figure 6.4) proceeds with an attack of Co(V)-O oxo radical in
D16 to the surface hydroxo group. This leads to a quartet D24. The doublet state of D24 is 0.40
eV higher in energy compared to the quartet state. The transformation from quartet D16' to
quartet D24 may be preferable in this step. It should also be noted that oxo radical attack to the
geminal hydroxo ligand also generates the D24 intermediate structure. The D24 structure with
one vacant site has a distorted geometry as seen in previous reaction pathways where the
structure is slightly bent at the hydroxo bridge groups. This surface or geminal hydroxo coupling
is exoergic by -0.37 eV and it is 0.49 eV higher in energy than the hydroxo bridge coupling.

The vacant site left by the hydroxo group after formation of -O-OH in D24 can easily
coordinate with a solvent water molecule. The reaction energy for this coordination is exoergic
by -1.13 eV. Subsequently, the hydrogen on the -O-OH group transfers to the geminal hydroxo
group, leaving an -O-O bond in D25. In the next step, oxygen is removed spontaneously with a
AGaeg of -0.76 eV. We also calculated the dehydrogenation from the adjacent aqua ligand in
plane with the -O-O group and it is found to be endoergic by 0.80 eV; thus, this step is less likely
to occur than oxygen removal. The spin multiplicity changes from a doublet in D25 to a quartet
in D26. The generation of the doublet state of D26 is 0.66 eV higher in energy than the quartet
state. It is interesting to note that in both pathways 1 and 3, once the -O-O- bond is formed it is
spontaneously removed from the complex, whereas in reaction pathway 2 we have seen that
dehydrogenation of the coordinated solvent water molecule lead to reformation of the hydroxo
bridge and then detachment of the oxygen molecule from the complex.

The water molecule coordination to the vacant site in D26 is endoergic by 0.99 eV. In
previous reaction pathways, coordination of a water molecule to vacant sites is typically a

spontaneous process. D27 formed after the coordination of second water molecule possesses an
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extra hydrogen compared to the resting state of the catalyst. In the next step, this hydrogen is
removed to generate the D1 structure. This dehydrogenation is endoergic by 0.19 eV; it is the
lowest dehydrogenation and the lowest positive thermodynamic step in reaction pathway 3. The
highest positive energy step is the second dehydrogenation as seen in pathways 1 and 2. The first
water addition and the oxygen removal steps in this pathway are exoergic reactions whereas the
second water addition to a high spin quartet state is calculated to be endoergic.
6.4.1.4 Comparison of Pathways 1-3

The three reaction pathways (pathways 1, 2, and 3) discussed in this work with the D1
structure suggest three possibilities of oxygen generation via the formation of Co(V)-O radical
oxo species. The D1 catalyst preferentially removes the first two hydrogen atoms from aqua
ligands coordinated in the Cox(u-OH)> 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(III) oxidation state. It is also noteworthy that once the
-O-OH bridge is formed, its hydrogen tends to be removed via a dehydrogenation 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 removal of the second hydrogen in all three reaction pathways.
6.4.1.5 Pathways from Structure D10

We now investigate the water oxidation reaction from isomer D10. As discussed above,
structure D10 resembles a minimal unit of a monolayer surface of cobalt oxide where surface
and bottom sites are hydroxylated in the resting state of the catalyst. D10 also represents the top

two cobalt atoms in the model cubane structure reported by Wang et al.** This isomer has two
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hydroxo groups on top and bottom with two aqua ligands coordinated to each of the cobalt
atoms. After an intricate investigation of 8 reaction pathways from D10, we found that the lowest
energy pathway (Figure D1 in Appendix D) from structure D10 proceeds through coupling of a
bridging oxo group with a surface hydroxo group. This is also a complicated reaction pathway
similar to pathway 2, where at one step the dimer opens up to accommodate the incoming
solvent water molecule. After oxygen is removed from this reaction pathway, it forms a structure
(D5) that is lower in energy than the starting structure D10. In consequence, if a system contains
species similar to D10 with two hydroxyl groups on top, oxygen evolution may actually occur
via another reaction mechanism starting from D5 (or similar species) as the catalyst. This may
also suggest that D10 is not a good model on which to investigate the water oxidation reaction
mechanism from the dimer catalyst. It also implies that care should be taken in order to obtain
the lowest energy isomer of the model compound to be used in the investigation of reaction
pathways.

We also included a direct oxo coupling pathway D2 (highest energy out of 8 pathways
we studied) in the Appendix D. The direct removal of bridging -O-O-, which is formed after
coupling of two oxo radicals between two cobalt atoms, was found to be thermodynamically
unfavorable. The oxygen molecule removal from D36 has a reaction energy of 1.66 eV or a
reaction energy of 0.04 eV from D37. It is also necessary to point out that oxygen removal from
D40 leads to structural distortions. From D41, O; removal requires -0.19 eV, which is similar to
and potentially competes with the second water addition that is also exoergic by -0.19 eV. Step-
by-step water addition and oxygen removal is considered in pathway D2. All the pathways
studied with D10 are found to lead to a lower energy intermediate state than the 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 state. Structures with one hydroxyl and one aqua ligand are
preferred.
6.4.1.6 Comparison between pathways from D1 and D10

There are some similarities and many differences for the lowest energy reaction pathways
from D1 and D10. Overall, reaction pathway 1 from D1 proceeds with a nucleophilic attack of
solvent water molecule to the radical moiety, whereas in pathway D1 with D10, it proceeds via a
coupling reaction of a bridging oxo group with a surface hydroxo group. In reaction pathway 1,
dehydrogenation is preferred via a HO>OH>u-OH pattern, whereas in pathway D1 the pattern is
u-OH>OH>HO. The first three dehydrogenation steps are lower in energy in the lowest energy
pathway D1 from D10 than the lowest energy pathway 1 from D1. The highest positive energy
step from D1 in pathway 1 is the second dehydrogenation requiring 1.91 eV, whereas for D10 in
pathway D1 it is the first dehydrogenation that has a free energy change of 1.68 eV. The lowest
positive energy in pathway 1 is the fourth dehydrogenation requiring 0.59 eV, and in pathway
D1 it is the rearrangement of D5 to D10 which requires 0.54 eV. The water addition reactions
and oxygen removal reactions are exoergic in both of the lowest energy reaction pathways. The
D1 structure forms a Co(V)-O radical oxo species in the lowest energy pathway 1, whereas in
pathway D1 the Co(V) oxidation state was not observed. The O-O bond is formed after three
dehydrogenations followed by a nucleophilic attack of a water molecule in pathway 1 of D1,
while in the D10 of pathway D1, the O-O bond is formed after two dehydrogenations. The
generation of two oxo radical groups on one or two cobalt atoms for a direct oxo coupling type
reaction mechanism is found to be thermodynamically unfavorable for both D1 and D10. The
oxygen molecule is removed from the cluster once the oxidation of the -O-O attached cobalt

atom reaches the Co(IlI) oxidation state in D1 (pathways 1, 2 and 3), and in D10 (pathway D1).
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6.4.2 Cobalt 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 catalyst complex consists of four Co(Ill) centers, each coordinated with three ps-O
(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 to the dimer
complex, the cubane complex also possesses many isomers that are sensitive to both positions of
the aqua and hydroxo ligands and the hydrogen-bonding environment. We have chosen the
lowest energy isomer C1 together with isomer C7 that has two hydroxo groups on top (with
respect to the orientation given in Figure 6.5) similar to the dimer complex (D10) to investigate
the water oxidation mechanism. The p3-O sites are not protonated in our model compound and
the number of hydrogen atoms are similar to the model cubane complex proposed by Wang et
al.*® Our model compound C1 is 0.98 eV lower in energy than isomer C7, which is the lowest
energy version of the structure used in the Wang et al.*° model.

The lowest energy structure C1 prefers a ligand architecture where two aqua ligands are
coordinated at the surface and bottom of the cubane core (with respect to the orientation given in
Figure 6.5) and the other aqua and hydroxo groups are positioned perpendicular to aqua ligands
on top and bottom. In contrast to the lowest energy cubane complex C1, we have seen that the
lowest energy dimer D1 structure has one aqua and one OH group on top and bottom. It is
noteworthy that C1 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; on D1 these hydroxo groups are geminal to each other on
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one cobalt atom, whereas on D10 the 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 Li et al.?? with
two protonated p3-O sites. This structure is -0.69 eV lower in energy than the model we used.
However, protonation of the ps-oxo sites in the cubane complex changes the formal oxidation
state of the bottom cobalt layer. Our model contains a cubane core with all cobalt atoms in the

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

6.4.2.1 Pathway 4

Starting from the lowest energy isomer C1 we investigated all the possible
dehydrogenation reactions. The C1 cubane complex prefers a dehydrogenation from a geminal
aqua ligand. This is a similar characteristic to what we have seen with the lowest energy dimer
D1. The initial dehydrogenation from C1 is endoergic by 1.62 eV, which is 0.1 eV lower in
energy compared to the dimer D1. The resulting doublet structure C10 now has two geminal
hydroxo groups on one cobalt atom. The thermodynamically lowest second dehydrogenation

(1.34 eV) occurs from the hydroxo group that already lost one hydrogen atom in the first
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dehydrogenation step when it was coordinated as a geminal aqua ligand. In the case of dimer D1,

the second dehydrogenation is seen to favorably occur from an aqua ligand.
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C13 (0,3)
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Figure 6.6 Proposed lowest energy reaction pathway 4 from the cobalt cubane complex C1.

After the first two consecutive dehydrogenation steps, the cubane complex C11 possesses
an active Co(V)-O oxo radical. In contrast in the dimer complex, formation of the Co(V)-O
radical requires removal of three hydrogen atoms. The multiplicity changes from a doublet in
C10 to a triplet in C11. The lowest energy intermediate state with the Co(V)-O radical species in
the dimer complex is a doublet whereas in the cubane it is a triplet state. The generation of this
radical moiety results in an elongated bond length between the surface water molecule and the
cobalt atom in C11. The radical oxo group can potentially couple with nearby bridging oxo
species, geminal hydroxo species, and solvent water molecules. We have investigated the fate of
this oxo radical in all three possible scenarios. The reaction energies for these steps are endoergic

by 0.10 eV, 0.47 eV, and 0.52 eV, respectively. These energy values are competitive and lie in a
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thermodynamically reasonable range so a detailed description is necessary to fully understand
the system.

It should be noted that a Co(V)-O radical moiety has not been experimentally observed.
Wang and Van Voorhis?® suggested that the lowest energy pathway for water oxidation from the
cobalt cubane complex is a direct oxo coupling (between two cobalt atoms) pathway that
proceeds through 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 structure C11
with the Co(V)-O group may be so reactive that the existence of it may be rather difficult to
ascertain. In 2013, Li and Siegbahn?? in their model complexes suggested an attack of a water
molecule to oxygen radical coupled with Co(IV) state; however, they proposed that a state with
Co(V) formal oxidation state is needed for reactivity. Mattioli and coworkers®!' studied two
different models of cobalt catalyst with ab initio molecular dynamic simulations starting from a
system which four electrons had been removed. Similar to Wang?® et al., they found that a
Co(IV)-O species is the driving species of the reaction. They suggested that removal of two
electrons from a terminal Co-OH is sufficient to promote the formation of Co=0 moieties. Such
initial electron removals were not considered in our work; all the mechanistic pathways treated in
this study follow through neutral reaction intermediates via proton coupled electron transfer
reactions.

Our results indicate that the thermodynamically most favorable pathway follows through
coupling of the oxo radical with u3-O groups (pathway 4 in Figure 6.6). There are two u3-O
positions on top and bottom competing for this radical moiety where both of these coupling
reactions are endoergic by 0.10 eV and 0.09 eV, and the resulting species are given in Figure 6.6

as C12 and C12', respectively. We looked at the coupling reaction with the top u3-O site leading
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to C12. Even though the C12' structure is 0.01 eV lower in energy than C12, 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). The C12 intermediate state now has a vacant site left
by the oxo group. A solvent water molecule coordinates with this vacant site endoergically by
0.28 eV to generate C13. This water is relatively weakly bound, as shown by the elongated bond
length between this water molecule and the cobalt atom. To extrude the trapped oxygen molecule
in the core, a second water molecule coordinates with one of the surface cobalt atoms bound to
the -O-O- group and a hydrogen atom is removed with an overall endoergic reaction energy of
0.46 eV, leaving a pu3-OH group in the complex (similar to the dimer D21 to D22 and D22 to
D23 steps). The resulting structure C14 has a high spin quartet state. With the coordination and
dehydrogenation of an aqua ligand, the -O-O- group leaves the cubane core and occupies a
surface site on a single Co atom. Oxygen ejection from the C14 cluster is found to be the most
thermodynamically preferred option for the next step with a reaction energy of 0.40 eV.

From C14 to C15, intramolecular hydrogen atom transfer reactions may serve to increase
the oxidation state of the -O-O bound cobalt atom. Given that hydrogen atoms of both aqua
ligands in C14 are transferred to bottom cobalt atoms, the highest formal oxidation state the
cobalt atom with the -O-O bond can achieve is Co(IV 2/3). The generated cluster C15 is a
doublet state. The fourth hydrogen can be easily removed from the pu3-OH group forming the
starting structure C1. This dehydrogenation is exoergic by 0.11 eV. The formal oxidation states
of the bottom two cobalt atoms change to Co(II) Co(IIl) in C12, Co(Il) Co(IV) in C13, and
Co(IIT) Co(IV) in C14 and C15. The highest positive energy step in 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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w3-O groups (0.10 eV). The two water addition and the oxygen removal reactions are calculated
to be endoergic.

Our lowest energy D1 dimer and the C1 cubane complexes thermodynamically favor the
formation of the Co(V)-O radical. The lowest energy reaction mechanism for the dimer proceeds
through nucleophilic attack of a solvent water molecule to the radical moiety, whereas in the
cubane complex, the radical is seen to prefer coupling with the nearby p3-O groups. The O-O
bond formation with the dimer D1 is observed after three consecutive dehydrogenation steps
followed by a water addition. In the cubane complex, the O-O bond is formed after two
consecutive hydrogen removals. Removal of the first and second hydrogen atoms from aqua
ligands are preferred in the lowest energy dimer complex, whereas in the cubane complex the
first hydrogen is removed from an aqua ligand and the second is removed from a hydroxo 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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Figure 6.7 Proposed second lowest energy reaction pathway 5 from the cobalt cubane complex
Cl1.

The second lowest reaction pathway (pathway 5 in Figure 6.7) from the C11 structure
involves a coupling reaction of a Co(V)-O oxo radical with the geminal hydroxo ligand. The
generated structure C16 has an -O-OH bond and this step is endoergic by 0.47 eV. Coordination
of a water molecule to the vacant site left by the geminal hydroxo group is an exoergic process
by -0.01 eV. With this coordination, an elongation of the bond between surface aqua and cobalt
ligand is observed in C17. The oxidation states of the bottom two Co atoms are observed to
become Co(Il) Co(Ill), and this remains unchanged throughout the cycle after C17. The
thermodynamically lowest next step is dehydrogenation from the -O-OH group. This is

endoergic by 0.16 eV. We have observed this phenomenon (dehydrogenation from the -O-OH
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group) throughout all the reaction pathways in the dimer as well as in the cubane complex. The
spin multiplicity of the resulting structure C18 is a doublet state. The formation of the quartet
state is 0.53 eV higher in energy than the C18 and it is given as C18' in Figure 6.7. We also
looked at the direct oxygen removal from the C18 structure. This step is calculated to require
1.27 eV, which is 0.12 eV higher in energy than the fourth dehydrogenation step to yield C17.
The cobalt atom has to acquire a Co(IV) oxidation state in order to remove its oxygen molecule.
This higher oxidation state can also be achieved via intramolecular hydrogen atom transfer
reactions. However, the oxygen coordinated cobalt atom in C18 has a saturated ligand
environment blocking these transfer reactions. The fourth dehydrogenation with 1.15 eV free
energy change is seen at the aqua ligand adjacent to the -O-O group. This final hydrogen atom
removal resulted in an elongated bond between cobalt atom and the -O-O group in the triplet
structure C19.

The oxygen removal from the C19 intermediate state and the 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
nearby solvent water molecules to the thermodynamics of oxygen removal, we considered step-
by-step water addition and oxygen removal process through C20, C21, and C2. A direct oxygen
removal process also connects C19 to C2 via C22. All these steps are found to be
thermodynamically very favorable. The second water molecule approaches at the side of ps3-O
and coordinates to the core through hydrogen bonding exoergically by -0.12 eV to generate C20.
The second water coordination to C22 is 0.08 eV more favorable than the water addition to C19
and 0.09 eV more favorable than the combined steps of water addition and coordination to C19

(C19 to C20 and C20 to C21). The -O-O group is replaced with the solvent water molecule in
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the step leading from C20 to C21. This process is endoergic by 0.01 eV. The oxygen removal
from the triplet C21 is exoergic by -0.24 eV and gives rise to the singlet C2. Intermediate C2 is
an isomer of C1 and spontaneously rearranges back to the starting structure with intramolecular
hydrogen atom transfer reactions. This regeneration has a reaction energy of -0.13 eV.

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

6.4.2.3 Pathway 6
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Figure 6.8 Proposed third lowest energy pathway 6 from the cobalt cubane catalyst C1.

A nucleophilic attack from a solvent water molecule to the Co(V)-O radical in C11 with
0.52 eV energy is the third lowest energy pathway (pathway 6 in Figure 6.8) for the oxygen

evolution from the cubane complex. The oxygen from the solvent water molecule couples with
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the radical oxo species and simultaneously a hydrogen of the water molecule is transferred to the
geminal hydroxo group, forming structure C17 in pathway 5. This nucleophilic attack reaction is
an endoergic reaction, whereas for the D1 structure the nucleophilic 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 5.
6.4.2.4 Discussion of pathways 1-6

Overall, the oxygen removal process from the cobalt cubane core is a complicated
process. The thermodynamically lowest process involves the coupling of an oxo radical with p3-
O sites. The nucleophilic attack of a solvent water molecule and the geminal hydroxo coupling
reactions have nearly similar free energy changes (with a difference of 0.05 eV). Due to the
highly amorphous nature of the Nocera catalyst, several catalytic pathways may occur
experimentally from the coupling of these Co(V)-O and p3-O sites. The corners and edges of this
amorphous catalyst may favor geminal hydroxo coupling and nucleophilic attack reactions.
However, as seen with the dimer complex, 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
mechanisms. The oxygen removal process from D1 (after -O-O bond is formed) is seen once the
cobalt atom achieves the Co(Ill) oxidation state in pathways 1, 2 and 3, whereas in pathway 5
and 6 for the lowest energy cubane C1, it requires a Co(IV) oxidation state. In the lowest energy
pathway 4, the cobalt atom may acquire oxidation states of either Co(IV 2/3) or Co(IIl 2/3)

before oxygen removal. The water addition reactions are generally exoergic reactions, but are
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occasionally endoergic. The highest positive energy step in pathways 4-6 from C1 is the first
dehydrogenation reaction (1.62 eV), which is much smaller in comparison to the dimer, where
the second dehydrogenation is the highest energy step at 1.91 eV. Both the lowest energy dimer
D1 and the lowest energy cubane C1 form the Co(V)-O radical oxo species. Once the radical
moiety is formed, it couples with nearby hydroxo or bridging oxo groups and also undergoes
nucleophilic attack from a solvent water molecule. All six pathways from the lowest D1 dimer
and from the C1 cubane complex follow through this fundamental behavior. To understand more
about these competitive reactions, kinetic properties are also required. Given the dynamic nature
of these reactions with solvent water molecules as reactants, barrier heights obtained from DFT
calculations cannot be solely used to predict the final outcome.
6.4.2.5 Pathway 7 from C7 isomer

In addition, we have examined reaction pathways for the C7 structure (0.98 eV higher in
energy than C1, which is 0.09 higher than the difference between D1 and D10) as the resting
state of the cubane catalyst. The lowest energy reaction pathway 7 from C7 is given in Figure 6.9
and it is carefully screened from multiple reaction pathways. We also included a reaction
pathway that demonstrates a direct coupling of two surface oxo radicals (pathway 8 in Figure
6.10). These two reactions have the same property of finding a lower energy intermediate state
than the starting structure C7, as observed with the D10 dimer. However, since the C7 model has
been used in previous studies and the reaction pathways from the cobalt cubane complex are

currently under debate, we included a description of these two reaction pathways.
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Figure 6.9 The lowest energy reaction pathway 7 from structure C7.

The first step in pathway 7 is a geminal aqua dehydrogenation reaction similar to that of
pathway 4 (the lowest energy pathway from C1) and the reaction energy is 0.14 eV higher than
that from pathway 3. The second consecutive dehydrogenation from structure C23 requires 1.80
eV, which is 0.04 eV higher in energy than the first dehydrogenation; this step is found to be the
highest energy step for pathway 7. The C7 structure can be rotated in a fashion that the two aqua
ligands are located on top similar to that of C1. Both C1 and C7 prefer to remove first two
hydrogen atoms from sites with aqua and hydroxo groups. The first dehydrogenation from an
aqua ligand forms a structure with two hydroxo groups on one cobalt atom for both C1 and C7.
Subsequently, the second dehydrogenation is initiated from one of these hydroxo groups. These
two dehydrogenation reactions from the C7 isomer are higher in energy than the first two

dehydrogenations from C1. The resulting doubly dehydrogenated structure C24 carries a Co(V)-
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O radical center. This radical moiety is generated after the first two consecutive
dehydrogenations similar to that of C1.

Pathway 7 proceeds through a nucleophilic attack of a solvent water molecule to yield
C25. This nucleophilic attack is exoergic by -0.52 eV and the multiplicity remains unchanged in
the triplet state. The three possible reaction steps from the C11 radical oxo species generated
from C1 were all calculated to be endoergic, whereas nucleophilic addition in pathway 7 from
C7 is an exoergic reaction. Similar to pathway 5, the oxygen atom from the solvent water
molecule couples with the radical oxo species, and one hydrogen of the water molecule is
transferred to the nearby hydroxo group forming a -O-OH group on the surface of structure C25.

In the next step, the hydrogen on the O-OH group is dehydrogenated, requiring a reaction
energy of 0.73 eV. In order to remove the O-O group from the surface cobalt atom of C26, one
aqua ligand coordinated to this cobalt atom has to be dehydrogenated. The direct oxygen
removal from C26 is expected to be higher in energy as the ligand environment around -O-O is
similar to that of the 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 structure C27.
The reaction energy for this is 1.39 eV, and it is higher in energy than the third dehydrogenation.
The oxygen molecule is now at most physisorbed to the catalyst in structure C27.

The direct oxygen removal from C27 is calculated to be -0.29 eV, which is a more
favorable reaction compared to the second water addition to form C28 which is exoergic by -
0.17 eV. This is also observed in the C19 structure of pathway 5 where both have similar ligand
environments. We looked at both second water addition and direct oxygen removal steps to the
structure C27 in order to compare with pathway 5. All the reaction steps in these two branches

are found to be exoergic. From C27 to C28 the second water molecule approaches sideways to a

169



w3-O group; it then coordinates with the sixth vacant position left by the detaching oxygen
molecule. This coordination is also an exoergic reaction by -0.95 eV and generates structure C29
with a triplet spin state. From structure C29, oxygen is released exoergically with -0.21 eV to
produce a singlet state structure C3. Coordination of the second water molecule to the vacant site
of C30 is 0.87 eV more favorable than second water addition (C27 to C28). This also produces
singlet C3. This structure C3 is a lower energy isomer than structure C7 and requires 0.48 eV of
energy to regenerate C7. Even though water oxidation can occur from the C7 structure to evolve
oxygen, it does not regenerate the resting state. The highest positive energy in pathway 7 is the
second dehydrogenation that is 1.80 eV, and the lowest positive energy step is the C5
regeneration step with 0.48 eV free energy change.

There are multiple similarities observed in the lowest energy reaction pathways from C1
and C7. The dehydrogenation preference is similar where the first hydrogen removal from both
C1 and C7 occurs from a geminal aqua ligand and then the second hydrogen is removed from
one of the two hydroxo ligands on the same cobalt atom. The oxygen molecule is removed from
the cobalt atom in C1 and C7 once it reaches the Co(IV) oxidation state except for pathway 4.
Aside from these similarities there are also several differences. The overall lowest energy
reaction pathway from C7 involves a nucleophilic attack to a Co(V)-O radical whereas in C1 it
proceeds via a geminal coupling of a radical oxo group with bridging oxo groups. The
nucleophilic attack of solvent water, second water addition, and oxygen removal steps are found
to be exoergic in pathway 7 from C7, whereas in C1 we found that all these steps are endoergic.
The highest positive energy step for pathway 4 from C1 is the first dehydrogenation (1.62 eV),
whereas in the pathway 7 from C7 it is the second dehydrogenation (1.80 eV). This is reversed

for dimers D1 and D10.
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6.4.2.6 Pathway 8 from C7 isomer
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Figure 6.10 Direct coupling pathway 8 from structure C7.

The direct oxo coupling pathway 8 from C7 is given in Figure 6.10. This pathway has

some similar properties to the direct coupling pathway proposed by Wang et al. for the cubane

complex. This type of direct coupling pathway has been proposed earlier for other water

oxidation catalysts as well (e.g. ruthenium blue dimer®> *%). We found that this pathway is

thermodynamically the highest energy pathway from C7. The first two dehydrogenation

reactions, C7 to C31 and C31 to C32, have higher endoergic reaction energies of 2.12 eV and

2.33 eV, respectively, than any other reactions. In reaction pathway 8 for structure C32, broken

symmetry singlet calculations show that the cobalt atoms are antiferromagentically coupled; the

triplet spin state for this structure is nearly degenerate with the singlet state. The singlet state is

0.0015 eV higher in energy than the triplet state and it is given in Figure 6.10 as C32'. Two
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surface Co(IV)-O radical groups in structure C32 directly couple with each other to generate an
0O-O bridge in structure C33 that has a singlet spin state. This coupling reaction is exoergic by -
0.44 eV.

The direct oxygen extraction from C33 is endoergic by 0.62 eV. This is a
thermodynamically higher energy process as seen with the D10 dimer as well. In the next step, a
geminal aqua ligand in structure C33 is dehydrogenated to facilitate the incoming water
molecule in structure C34. The reaction energy for these processes is -0.15 eV and the spin state
changes from singlet to doublet in structure C34. With the incoming aqua ligand, the O-O bridge
disconnects and attaches to one cobalt atom via the transition state C35 (163.79i 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 structure C36 with an energy of -0.80 eV compared to the transition state, and
a -0.29 eV overall reaction energy from C34. The cobalt atom with the coordinated -O-O group
has a Co(III) oxidation state in C34 indicating less preference for oxygen removal according to
the previous pattern. However, we were not able to get a converged structure after oxygen
removal from C36.

The fourth dehydrogenation occurs from a geminal aqua ligand attached to the O-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 group in C27. With the formation of C27, the cycle
reconnects back to pathway 7 through two branches and eventually forms C3, which again is a
lower energy intermediate state than the resting state C7. The second dehydrogenation step is the
highest positive energy step with a reaction energy of 2.33 eV and the lowest positive energy
step is the catalyst regeneration that requires 0.48 eV. The oxidation states of the bottom two

cobalt atoms in all structures arising from C7 pathways 7 and 8 remain Co(III) Co(III), whereas
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in the pathways from C1 these oxidation states changed for different intermediates in the
reaction pathways.
6.4.2.7 Cubane Pathways Discussion

Reaction pathways 7 and 8 suggest many interesting characteristics even though C1 and
C7 differ by almost 1 eV in free energy. As discussed above, there are some similarities such as
the origin of first two dehydrogenations and formation of Co(V)-O radical species, etc. If small
cubane complexes with four cobalt atoms are components of the Nocera catalyst, there could be
multiple instances of these clusters. These clusters are very sensitive to the ligand orientations,
and there could be many competing orientations and rotations of hydroxo and aqua ligands
present due to the dynamic nature of the system. Energetically, instances with two hydroxo
groups on top for a cubane complex (similar to C7) as a component of the catalyst are likely to
be a higher in energy. However if this occurs, nucleophilic attack of a solvent water molecule is
favored. Water oxidation on these structures may lead to other lower energy structures, yielding
oxygen evolution from different pathways. The lowest energy C1 complex shows an instance
where two aqua ligands are on top (with reference to the orientation given in Figure 6.5). This
architecture may be the most probable scenario in the neutral pH condition as it is the
thermodynamically lowest isomer for the cubane systems examined in this work. In such cases,
the water oxidation pathway may proceed through geminal coupling to bridging oxo groups. If
the catalyst occurs primarily on an extended surface, it is possible that the only option is to
follows through a direct coupling mechanism between two oxo radicals since geminal
dehydrogenation would not be possible. The edges and corners of the catalyst may enhance the
oxygen evolution because of their susceptibility to lower energy dehydrogenations as seen by the

preference of geminal dehydrogenations for both the dimer and cubane complexes. Overall,
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oxygen evolution from the cobalt cubane catalyst is a 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 with water-derived (aqua and
hydroxyl) ligands that have been examined before. Several reaction pathways from two model
dimer and cubane catalysts were investigated to propose the thermodynamically lowest energy
pathways. The best thermodynamically favored mechanism found for both the lowest energy
dimer and cubane catalyst is initiated with the formation of Co(V)-O radical species. In the dimer
complex this is followed by a nucleophilic attack of a solvent water molecule to the radical
moiety, whereas for the cubane complex the lowest energy pathway involves a geminal coupling
with the p3-O. There is a higher probability that these are activated at the edges or defects of
cobalt oxide catalytic surfaces ligated with aqua ligands, suggesting that the amorphous nature of
the Nocera catalyst may enhance its water oxidation ability. The first dehydrogenations from the
lowest energy dimer (1.72 eV) and cubane complexes (1.62 €V) are nearly similar in energy. The
0O-O bond coupling on the dimer starts after three dehydrogenation reactions, whereas in the
cubane the O-O bond is formed after first two dehydrogenations. We also found that if an -O-OH
group is formed in a reaction pathway, the next thermodynamically lowest energy step is
dehydrogenation of its hydrogen atom,; if this step is competing for completion of the octahedral
geometry then the latter is seen to be preferred with both dimer and cubane catalysts. The cobalt

atom returns back to Co(IlI) in pathways 1, 2 and 3 for the lowest energy cobalt dimer D1 before
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oxygen is removed, whereas in pathway 5 and 6 of the lowest energy cubane C1, oxygen
removal occurs from Co(IV). In the lowest energy pathway 4, the cobalt atom may acquire
oxidation states of Co(IV 2/3) or Co(IIl 2/3) before oxygen removal. Based on the competitive
thermodynamic reaction pathways demonstrated by dimer and cubane complexes, we can
hypothesize that various condensed clusters in cobalt oxide catalytic systems may follow through

different pathways, collectively enhancing the oxygen evolution reaction.
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Chapter 7 - Conclusions

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 research. We learned the concept of artificial water splitting from nature. Natural water
splitting occurs during the process of photosynthesis in the oxygen-evolving complex of
photosystem II. The active core of this complex consists of a CaMnsOs core 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 complex families are 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 catalysts that 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 catalysts. To approach this, we started looking 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 including the aforementioned CaMn4Os4
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 cobalt atoms in a
dimer fashion, as well as a dimer of a dimer in a cubane fashion. We designed these model
systems to bear the essential features seen in actual catalysts, i.e. with p-oxo and p-hydroxo
groups. These model complexes are then coordinated with water-derived ligands. In this manner,

we can gain a vast knowledge 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 bottom-up approach.

In our manganese dimer studies with Mny(u-OH)2(H20)4(OH)4 and Mn(pu-OH)(p-
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 complexes we investigated oxidation
state configurations ranging from all Mn(IV) to all Mn(IIl) with both p-oxo and p-hydroxo
versions of these configurations. We noticed three reaction pathways that are thermodynamically
favorable for the water oxidation process. The p-oxo Mny(IV IV IV 1V) and Mny(1IT IV 1V 1V)
configuration states have the same reaction pathway for the water oxidation process and this is
competing with the reaction pathway from the Mny(III III IV V) configuration state. All these
reaction pathways follow through a nucleophilic attack from solvent water molecule to
manganese oxo species. In both p-oxo and p-hydroxo versions of Mns(IV IV IV 1V) and Mn4(I1I
IV IV 1IV) configurations, a Mn(VI)O group attacks a solvent water molecule. For both p-oxo
and p-hydroxo versions of Mny(III III IV 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 of their respective
manganese oxo species. Thus, this can be used as a descriptor to screen out water oxidation
catalysts based on the overpotential to form oxo species.

Our next step was to use higher level of theories to further investigate a manganese dimer
catalyst and extract electronic structure and properties relevant to the water oxidation process. In
this study, we used a Mnz(u-OH)2(H20)2(OH)2(O(CH)30)2 model complex with CASSCF and

MRMP2 level of theories. The reaction mechanism investigated follows through a direct
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coupling of adjacent oxo groups. The presence of a Mn(IV)Oe radical moiety has been observed.
The intermediate states in this catalytic pathway have multiple nearly degenerate excited states
that lie close to the ground state. This allows multiple oxidation state channels during the water
oxidation process. We also observed the contribution of certain orbitals to the structure of
intermediate states, i.e. structural distortions caused by a singly occupied ring « orbital.

Thermodynamically favorable 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 pathway in 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
manganese complexes we found that once the -OOH is formed in the progress of the catalytic
cycle, the thermodynamically lowest energy step is to remove the hydrogen of the -OOH group.
This is sometimes seen as a dehydrogenation reaction or as an intramolecular hydrogen atom
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 complex and understand 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 effects

on the water oxidation process from these atoms.
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Appendix A - Supporting information for “Theoretical

Investigation of Water Oxidation on Fully Saturated Mn:O3

and Mn204 Complexes”

Table A1 The lowest energy water oxidation reaction pathways for the fully saturated
Mn,04 and Mn>O3 complexes calculated with PBE/TZP level of theory.

Reaction Processes

(Pathway-Al,

Reaction

energies in eV

Reaction Processes

(Pathway-4, Figure

Reaction energies

in eV (PBE/TZP)

Figure A1) (PBE/TZP) 3.9)

AE@-1) 1.81 AE(19.18) 0.87
AEs-2) 1.37 AE(20-19) 0.70
AE@31-8) 0.57 AE(21-20) 1.69
AE@2-31) -0.25 AE @721 1.54
AE@33-32) -0.29 AE (2827 0.14
AE@7-33) 0.89 AE(29.28) 0.25
AE@34-17) 0.76 AE30-29) 0.39
AE@35-34) 0.86 AE(18-30) -0.50
AE@-35) -0.64

181



.,’ , ‘-’ﬂ'

K ’-‘ Koy ;
o kt 1.77ev .’ ‘,’}" b"}‘
"20 /Ms e\‘¥%lB 7) \‘*2_(0 6) 1 3":‘\\\ v’w_"’ ¢ i

239 eV
h’ bt F‘, 9(0.7) b\.’}‘
A b 8(0.5)
N k; :‘}- o 0.57 r\‘\‘
Hee o J13507) oy
)Ho.u eV Qﬂ-"’.’&
’ L ’ 31(0.7) -
‘ 024 ¢ / .L Q::&%
“./ &
Al . WA B
‘\ & ;,. .’X‘2£ 129 ¢V
.b ’t & 0.81 ¢V Py “.« i] 4eV 3300,7)
LSS TR S ee
¢ 0, &
17 (0,9)

33 0,7)

Figure A1 The third lowest energy reaction pathway-A1 on the fully saturated
Mn>04°6H>0 structure 1 and lowest energy pathway from Mn2O3+6H,0 starting with
structure 17 calculated using the BP86/TZP level of theory.
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Table A2 Calculated reaction energies and free energies for pathway-A1 of Figure Al.

Reaction Processes
(Pathway-Al, Figure Al) AR (V) AGEY)
AE@) 1.77 1.65
AE@s-2) 1.34 1.20
AE@g'-2) 2.39 2.23
AE@31-8) 0.57 0.57
AE@G1'-8) 1.29 1.30
AE@32-31) -0.24 -0.27
AE@33-32) -0.24 -0.18
AE@a7-33) 0.81 0.74
AE@34-17) 0.73 0.59
AE35-34) 0.84 0.75
AEq-35) -0.58 -0.50
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Figure A2 The second lowest reaction pathway-A2 from Mn,O3°6H>0 structure 17.

Table A3 Calculated reaction energies and free energies for pathway-A2 of Figure A2.

Reaction Processes
(Pathway-A2, Figure A2) AR (V) AG W)

AE@34-17) 0.73 0.59
AE35-34) 0.84 0.75
AE@-35) -0.58 -0.50
AE@-1) 1.77 1.65
AE@36-2) 1.86 1.89
AE37-36) -0.15 -0.30
AE@38-37) 0.56 0.48
AE@7-38) -0.04 -0.01
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Appendix B - Supporting information for “Theoretical
Investigation of Water Oxidation Catalysis by a Model

Manganese Cubane Complex”
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Figure B1 Proposed second lowest energy reaction pathway-B1 from structure 1 with
Mny(IV IV IV 1V) configuration.
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Figure B2 Proposed second lowest energy reaction pathway-B2 from structure 8 with
Mny(IV?5 IV% 11175 1) configuration (lowest energy structure of the structures with ps-
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Appendix C - Supporting Information for “Ab initio electronic

structure study of a model water splitting dimer complex”
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Figure C1 Occupied UHF/TZVP alpha orbitals 50-62 in the nonet state of structure 1
(Contour value = 0.05)
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Figure C2 UHF/TZVP alpha orbitals 87-96 in the nonet state of structure 1 (Contour
value = 0.05). Orbitals 87-94 are occupied and 95-96 are unoccupied.
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Figure C3 Occupied UHF/TZVP beta orbitals 79-86 in the nonet state of structure 1
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Figure C4 Unoccupied UHF/TZVP beta orbitals 87-96 in the nonet state of structure 1
(Contour value = 0.05).
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Figure C6 CASSCF(7,10)/TZVP natural core orbital 69 in the octet state of structure 2
(Contour value = 0.05).
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Appendix D - Supporting Information for “Reaction pathways for
water oxidation to molecular oxygen mediated by model cobalt

oxide dimer and cubane catalysts”

Table D1 Comparison of reaction energies with entropy and enthalpy correction at 298 K and
with solvent effect

Reaction energies Reaction energies Reaction
calculated from calculated from Gibbs | energies (AEo)
Reaction Steps
absolute energy free energy (AGa29s) with PCM

(AEo) (eV) (eV) (eV)
Structure D1 to D14 2.05 1.72 2.07
Structure D14 to D15 2.24 1.91 2.19
Structure D15 to D16 2.14 1.75 2.59
Structure D16 to D17 -1.06 -1.03 -1.55
Structure D17 to D18 0.95 0.59 0.97
Structure D18 to D19 0.02 -0.57 0.02
Structure D19 to D2 -1.26 -0.56 -1.31
Structure D2 to D1 -0.09 -0.12 0.005
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Figure D1 Proposed lowest energy reaction pathway-D1 from the cobalt dimer catalyst D10.
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