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CHAPTER 1: INTRODUCTION

1.1. Background to Global Demand for Alternative Energy

Global population increase and pollution of the environment are major concerns.!
According to the United Nations, about 89% of global energy sources are based on carbon sources.
The use of these fuels produces byproducts such as carbon dioxide (CO2) and other harmful
greenhouse gases. It is expected that, at the turn of the century, more than 13.3 gigatonnes of
carbon per year (GtC/yr) would be produced and have a harmful effect on our environment.? More
alarming is the fact that carbon-based energy sources are not renewable and their substantial use
will lead to their depletion by 2055 unless new sizable reserves are found.® This crisis, therefore,
requires the search for an alternative energy source.* Hydrogen production from water using the
Sun as an energy source is considered the answer to this looming global fuel crisis.®> Water splitting
involves a series of thermodynamically demanding redox reactions in which water is converted

into its basic components, namely, dihydrogen and dioxygen, as shown in equations 1 to 3.58

2H,0 — 2H, + O3 (1)
2H,0 — Op + 4H+ + 4e- E°=1.23V 2)
AH+ +4e- — 2H, EO=QV (3)

However, there is a thermodynamic barrier of 1.23 V for converting water into dihydrogen and
dioxygen.® In order to overcome this energy barrier, an efficient, robust and affordable catalyst
capable of offering a milder mechanistic pathway to obtain the desired products is needed. The
development of water-splitting catalysts incorporating transition metals is of immense scientific
interest. So far the most efficient water-splitting catalysts are noble metals such as ruthenium?112
and iridium.*® Yet, in the past decade, commercial availability and Earth-abundance have become

the overriding factors necessary to finding effective alternatives to these noble-metal catalysts. The



development of electrocatalysts based on low-cost materials made of Earth-abundant metals such
as cobalt,2*?! nickel,?2% copper,?-?" and iron,?%° is therefore perceived as an indispensable step
towards the generation of efficient photocatalysts.
1.1.1 Hydrogen as an Energy Source

It is expected that hydrogen will eventually reduce the Earth’s dependence on crude oil for
its energy needs due to its high efficiency and low polluting nature. 3132 It can be easily stored in
large quantities and transported with relative ease. Hydrogen can be obtained from the electrolysis
of water, or the steam reformation of hydrocarbons such as methane. While steam reformation is
currently the cheapest method of producing dihydrogen, it uses fossil fuels and contributes to
greenhouse effects. It is therefore not a sustainable alternative to the use of coal.

The electrolysis of water to produce hydrogen, however, involves using electric current to
‘split’ water into its constituent elements, dihydrogen and oxygen gas. This process is
unfortunately extremely expensive because it requires the use of electrical energy as well.
1.1.2 Oxygen as an Energy Source

To produce dihydrogen by electrolysis, water must be oxidized according to Equation 2.
This process is energetically unfavorable as it requires 238 kJmol ~ of energy to occur. The
scientific community has invested effort in solving this ‘bottleneck’ over the past two decades.'?
342 Nature, however, has perfected the process of oxidizing water to dioxygen through
photosynthesis. Plants oxidize water to oxygen by utilizing a series of proton-coupled-electron-
transfer (PCET) steps that include the formation of an essential O — O bond in the photosystem 11
(PS 11).43

In the (PS) 11, a central pair of chlorophylls, Pego is excited by energy from the sun and

transfers an electron to the acceptor system Qa, which subsequently reduces CO,. The oxidized



form, Pego™", which is a strong oxidant with an oxidation potential of ca. +1.2 V versus the normal
hydrogen electrode (vs NHE),* then recovers the electron from a MnsCa-cluster in the oxygen-
evolving complex (OEC) via a tyrosine bridge.

After four consecutive electron abstractions from the OEC, two molecules of H.O are
oxidized to generate one molecule of O, and four protons as shown in equation 3 above. Numerous
research efforts have been directed at mimicking this process. However, these efforts have been
quite daunting due to the non-trivial multi electronic nature of producing hydrogen through
photosynthesis, and the mechanistic intricacies associated with the photosynthetic process. There
is, therefore, an urgent need to focus attention on some persisting design and mechanistic questions
in order to develop a system optimized to support photocatalysis.

1.2. Methods of Water Splitting Catalysis

The process of converting water into dioxygen and dihydrogen, using a catalyst can be
broadly categorized into two main categories.
1.2.1 Water Reduction Catalysis

A) Electrocatalytic Proton/Water Reduction: The catalytic reduction of weak organic
acids in organic solvents, or of water, with a catalyst is known as electrocatalytic proton/water
reduction. Typical acid sources for proton reduction are CH3COOH and CF:COOH, while water
serves as the proton source for water reduction. An efficient proton/water reduction catalyst
undergoes successive electron reductions to attain a monovalent state when an appropriate
electrochemical potential is applied. The monovalent species is then nucleophilic enough to attract
a proton and form a metallo-hydride and subsequently, produces hydrogen.

B) Photocatalytic Water Reduction: Water reduction by a catalyst, and photosensitizer

in the presence of a sacrificial electron donor. Here also, the photosensitizer absorbs light radiation



of an appropriate wavelength, is excited, and quenched by the electron donor. The photosensitizer
subsequently transfers an electron to reduce the catalyst. Hydrogen is subsequently produced.
1.2.2 Water Oxidation Catalysis

A) Chemical water oxidation: This is a method of catalysis where a chemical substance
is used as a sacrificial oxidant. In this type of water oxidation, the catalyst of choice, the substrate
(water) and the chemical oxidant are reacted and the evolution of gas (oxygen) is observed and
quantified after a specified period of time. An efficient chemical oxidant must have a reduction
potential sufficient enough to oxidize the water oxidation catalyst.*> Chemical oxidants such as
cerium (IV) ammonium nitrate, Oxone (KHSOs), NaOCI, are the most commonly used in chemical
water oxidation The use of these oxidants is advantageous because it enables the study of oxidative
intermediates in solution. They also aid in the production of relatively large amounts of oxygen,
thereby making the screening of catalytic parameters for potential catalysts rapid and cost
effective. The main disadvantage of their use is that they do not perfectly mimic the conditions
that will be experienced by a catalyst and hence are considered preliminary at best.

B) Electrocatalytic Water Oxidation: In this method, the oxidation of water is achieved
at the surface of an electrode when an electrochemical potential is applied to a solution containing
an electrocatalyst.

C) Photocatalytic Water Oxidation: This process involves the use of a photosensitizer, a
catalyst, and a sacrificial electron acceptor. The photosensitizer absorbs radiation of an appropriate
wavelength and transitions to an excited state where the transfer of electron/s to the sacrificial
acceptor takes place. The catalyst then transfers its electrons unto the photosensitizer by sequential
oxidations until a high-valent electrophilic oxidation state is attained. Water then attacks and

produces oxygen.



1.3. Important Parameters for Electrocatalytic Water Splitting

A water-splitting catalyst must meet and be benchmarked against certain parameters that
are relevant water splitting electrocatalysis.
Those parameters are:
Turnover number (TON): The number of moles of hydrogen generated per mole of catalyst used

TON = number of moles of hydrogen/number of moles of catalyst
Turnover frequency (TOF): The turnover number per unit time. This parameter describes the
rate of efficiency of a catalyst.

TOF = TON/time
Faradaic efficiency (FE): The ratio of the number of moles of hydrogen generated (nw2) to half
of the moles of the number of electrons passed during the electrocatalytic experiment (ne/2).

FE = nu2/(ne/2)
An efficient molecular electrocatalyst should operate at a Faradaic efficiency of 80 — 100%.
1.4. Mechanistic Pathways for Catalytic Water/Proton Reduction

The production of H, from Co'"'-H follows either heterolytic or homolytic pathways shown
in Figure 1.1.#61847 The former mechanism relies on a single Co'"'-H- reacting with another H*,
while homolytic mechanisms involve two independent Co'"'-H moieties.*®

The reliance on a particular mechanism is governed by factors such as the concentration of
acid used,* catalyst design, applied potential,*®® the rate constants for hydride formation,® and
whether H; is evolved by hydride protonation or dimerization.®> Weak organic acids such as
trifluoroacetic acid (TFA),>*% acetic acid, and triethyl ammonium chloride, have been used as
proton source in electrocatalytic hydrogen production but are susceptible to concentration

degradation, and organic waste produced during the production of dihydrogen.®® The susceptibility



to degradation can limit the wide use of weak acids as suitable proton sources, therefore a more

benign source is desirable.

H' LM'H
Lm! LM
(S e-
H,
LMHI LMI LMIII
H,
e- c-
H+ LMI"_H + LMII
H
Heterolytic Homolytic

Figure 1.1. Generalized Catalytic mechanisms of H> generation.
1.5. Homogeneous Molecular Catalysts for Water/Proton Reduction

The efficient reduction of protons or water to form dihydrogen as shown in Equation 3
above is crucial to the use of hydrogen as the fuel for the future. Therefore Earth-abundant
molecular proton/water reduction catalysts have been of immense scientific importance in the past
three decades. Ideally, a transition metal-complex should be reduced to its monovalent state and
be sufficiently nucleophilic when it accepts an electron. This nucleophilic monovalent species
should then attract protons, reduce them to hydrogen and get oxidized to its original oxidation
state. The most efficient proton reducing electrocatalysts are based on platinum complexes.>’*8
platinum catalysts are however expensive and rare. First-row transition metals such as manganese,
iron,29-30.59-60 njckel,23-25 6164 and cobalt®? %5-5” have been explored as affordable replacements for

the platinum catalysts.



1.5.1 Molecular Water/Proton Reduction Catalysts based on Cobalt

1.5.1.1. Molecular Cobalt Oximes

Schrauzer and Holland®® observed hydrogen evolved hydridocobaloximes when working

on model analogs of Vitamin B12 (Figure 1.2a). This discovery led to the exploration of the field

of hydrogen generation led by Espenson and Connelly in 1986.1* During their work on an analog

of Schrauzer’s cobaloxime (Figure 1.2b), they found out that upon treatment of the complex with

Cr?* reductants under acidic conditions, hydrogen gas could be formed.

Peters et al,> and, Artero et al®® ® have studied cobalt-based oximes (Figures 1.2c,d)

extensively and found that they are excellent catalysts for proton reduction in organic media with

weak organic acids. These compounds require low overpotentials to generate hydrogen from acids.

Verani®* and coworkers performed an extensive study on cobalt oximes bearing hetero-axial

ligands (Figure 1.3) to evaluate the effect of coordination preferences on their mechanistic

pathways.

L= CH;CN, H,0

F L= CH;CN

(b)

()

Figure 1.2. Selected cobalt-based oximes for proton reduction.
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Figure 1.3. Selected heteroaxial cobalt oximes for proton reduction by the Verani et al.>

The variation of axial ligands has a significant effect on both the overpotential and TONs
of the catalysts, except in the case of pyridine substitution where TONs are affected but
overpotentials remain unchanged. The study provided experimental evidence for a five-coordinate
environment for the catalytically active 3d® Co' species.

A catalytic pathway was proposed for Hz production by the complex in (Figure 1.3b) in
the presence of TFA in CH3CN, where the catalytically Co''-H* intermediate undergoes either a
heterolytic or a homolytic pathway, with the latter mechanism more likely under low acidic
conditions (Figure 1.4).

The main drawback associated with cobalt oxime catalysts is ligand stability under harsh
acidic conditions;® therefore, pyridine ligands were introduced to provide some steric bulk and
robustness. Pyridines are aromatic and have strong bonds, hence tend to be hydrolysis resistant.
They are strong c-donors and are capable of m back-bonding as well, hence are capable of

stabilizing monovalent cobalt species.
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Figure 1.4. Proposed proton reduction catalytic mechanism of Hz generation by Verani et. al.>
1.5.1.2. Molecular Cobalt Polypyridyl Systems

Chang’® and coworkers studied the proton/water reduction catalysis of a [Co(Py4)CHsCN]
complex (Figure 1.5a) (Pys = 2-bis(2-pyridyl)(methoxy)methyl-6-pyridylpyridine). The pyridine
ligands gave an added advantage of solubility in water which improved the catalytic activity during
proton reduction with 99% Faradaic yields in organic solvent, and CH3CN : water (50 : 50).
However, the authors did not report any TONS, choosing instead to do a qualitative study. Zhao
et. al. ! studied the electro- and photocatalytic activity of a mononuclear Co complex, [Co(DPA-
Bpy)CI]CI and its Aqua analog [Co(DPA-Bpy)(H20)](PFs)s (1.5b), [DPA-Bpy = N,N-bis(2-

pyridinylmethyl)-2,2'-bipyridine-6-methanamine] and observed that the aqua complex catalyzed
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H> production from H* efficiently with an overpotential of 0.6 V in water. Seeking to investigate
the electronic effects of replacing the pyridines with a more basic isoquinoline ligand on catalytic
efficiency of the catalyst, the authors replaced the ligand moiety to yield [Co(DI1Q-Bpy)CI]Cl and
[Co(DI1Q-Bpy)(H20)](PFs)3 (1.5¢), [DIQ-Bpy = N,N-bis((isoquinolin-1-yl)methyl)(6-(pyridin-2-
yl)pyridin-2-yl)methanamine]. When a more basic and conjugated ligand moiety replaces
pyridines for their cobalt catalyst, the water reduction catalytic efficiency increased dramatically
with lower overpotential, improved TON and TOF, and a more robust and stable catalyst overall.

A detailed mechanistic study was undertaken by Muckerman, Fujita, and Polyansky,"
using Zhao’s 1% generation catalyst (Figure 1.5b). They relied on an array of experimental and
theoretical techniques such as cyclic voltammetry, bulk electrolysis, mass spectrometry, pulse
radiolysis, laser flash photolysis, and density functional theory (DFT), to track, and characterize
the relevant intermediates proposed in the catalytic cycle.

The results of their study indicated that the aqua axial ligand is strongly bound to the
trivalent cobalt center in an octahedral geometry. Upon one-electron reduction, the Co — O bond
weakens making the 3d’ [Co'-OH]J" species relatively stable. Upon a second one-electron
reduction of the [Co"-OH]" yields a 3d® Co' species in which the Co-O bond further weakens and
eventually breaks to form a five-coordinate [Co'-VS]" species (VS = vacant site). Interestingly,
they observed that there was a transient rearranged [Co'(x*-L)(OH.)]* intermediate species where
water is still bound and one pyridine is detached from the Co center instead. The results of this
study benchmarked the now widely accepted conclusion that the 3d® Co' species undergoes some
structural reorientation to form a preferred five-coordinate geometry prior to attracting a proton,

to form a cobalt hydride. This structural reorganization or transformation is considered the rate-
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determining step (RDS). Pentadentate ligand platforms have been designed for cobalt catalysts

after the study described to ensure a more efficient catalysis

_\2+ —\3+

(a) f”“3 (b) H H

Figure 1.5. Selected cobalt-based polypyridyl catalysts for water reduction.

The Verani group recently published a series of water-reduction catalysts (Figure 1.6)
based on pentadentate pyridine-rich ligand platforms of iminopyridine (Figure 1.6a),
amidopyridine (Figure 1.6b), methoxy-substituted (Figure 1.6c), and N-methyl substituted
pyridine (Figure 1.6d).”

The methoxy and amido catalysts resulted from the transformation of ligand scaffold in
imine complex by adventitious methanol and water solvents, respectively. The N-methylated
ligand analog prevented the transformation but increased the overpotential required for catalytic

water reduction because the ligand has lost its redox activity.
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Figure 1.6. Pentadentate cobalt-based polypyridyl catalysts by Verani et. al.”

The two catalysts, 1.6b and 1.6d, showed excellent water reduction activity with TONS1gn
of 7000 and 6000 respectively, placing them among the most efficient molecular cobalt catalysts
for hydrogen production. Based on experimental and DFT results, a detailed mechanism was
proposed (Figure 1.7), in which a nucleophilic five-coordinate 3d® Co' attracts a proton to form a
Co'"'-H, which undergoes further reduction to a Co'-H state before attracting another proton to

give hydrogen.
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Figure 1.7. Catalytic pathway for H,O reduction with cobalt amidopyridine by Verani et al.”
1.5.1.3. Molecular Bimetallic Cobalt Systems

Over the past 5 years, attempts were made to design and study the catalytic activity of
bimetallic cobalt proton reduction catalyst with the expectation of enhanced performance. The idea
of bimetallic catalysts being twice as efficient as their monometallic counterparts has led to the
design of bimetallic cobalt complexes (Figure 1.8). Peters™ and his group synthesized a dinuclear
Co2(dmgBF2).L> complex based on a bridging pyridazine backbone (Figure 1.8a). This complex
did not catalyze the production of hydrogen from protons but served to be a model for rich redox
chemistry of bimetallic cobalt complexes.

Fukuzumi*® and coworkers designed a bimetallic Co complex with bis(pyridyl)-pyrazolato

(bpp) and terpyridine (terpy) ligand platforms (Figure 1.8b) and studied its catalytic activity
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towards proton reduction by a combination of chemical and electrochemical techniques designed
to track the kinetics of the catalytic process. The parent [Co'"'Co'"] undergoes a three- or four-
electron reduction by cobaltocene in acetonitrile to produce [Co"'Co'] or [Co'Co'], respectively,
which they observed was in the protonation equilibrium with [Co"'Co'"-H] intermediate. The
hydride was further protonated by trifluoroacetic acid (TFA) to produce hydrogen. The authors,
however, did not see a cooperative mechanism suggested by Gray™ and coworkers. The catalyst
operates at an overpotential of 0.6 V. A heterolytic mechanistic pathway was proposed where
either cobalt center forms the hydride and produces hydrogen independent of the other.

Gray’® and his group investigated the proton reduction catalysis of two bimetallic
Co(dmgBF»). type catalysts; one with an eight-carbon (8C) chain bridge (Figure 1.8c), and the
other with a boron bridge (Figure 1.8d). When the catalytic activity of the long chain complex
was compared with a monometallic model, there was no improvement in catalysis, which suggests
that the long chain complex undergoes catalysis through a bimolecular heterolytic pathway. The
boron-bridged analog performed less efficiently than its monometallic analog operating at an
overpotential of 1 V). Dinolfo’” and his group studied the proton reduction catalytic activity of
two dicobalt tetrakis-Schiff base catalysts, [Co,LAc*] and [Co,L?*] (Figure 1.12¢), in CHsCN
using with TFA and CH3COOH as proton sources, [L = NsO2 Schiff base macrocycle; Ac = acetate
bridge].

Results of the study indicate that Co,L2" operates at an average Faradaic efficiency of 90%
in the presence of CH3COOH but requires a relatively high overpotential for catalysis. Hydrogen
production may be initiated by a bimetallic catalytic mechanism involving adjacent [Co'"'—H]. or

a heterolytic attack of an incoming proton on a [Co"'Co'"-H] due to the close proximity of the two
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Co ions in both complexes (3.2 A), but no evidence was provided by the authors to support the

proposed mechanism.
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Figure 1.8. Selected bimetallic cobalt-based catalysts for proton reduction.
1.6. Homogeneous Molecular Catalysts for Water Oxidation

Over the decades, scientists have tried to mimic the functions of the oxygen-evolving
complex (OEC) in Photosystem 11, thereby designing not only functional mimics but also structural
mimics for water oxidation. An efficient water oxidation catalyst is expected to allow the transfer
of four electrons at potentials greater than the thermodynamic potential of +1.23 V in one-electron
oxidation processes. The design of such a catalyst requires identifying and characterizing key

intermediates and the understanding of mechanistic pathways. The catalyst will have to stabilize
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various intermediates required to oxidize water to oxygen in order to lower the kinetic energy
barrier and hence result in quicker turnovers of oxygen from water. Many transition-metal
complexes have been developed as catalysts for water oxidation. These include but are not limited
to manganese, ruthenium, cobalt, iron, and iridium. Each of these elements has shown catalytic
efficiency with ligand platforms such as terpyridines,” 8 phenolates,” & and pyridines.*! 8! The
search for an efficient artificial catalytic water oxidation catalyst was started by Calvin® and
coworkers in the mid-1970s where, they performed photochemical evaluations on a dinuclear -p-
oxo bridged mixed-valent manganese polypyridine complex. However, their results were
inconclusive, as they later observed that the oxygen detected may have percolated through their
experimental set up from the atmosphere.

1.6.1 Molecular Water Oxidation Catalysts based on Ruthenium Complexes

Several studies based on ruthenium have been undertaken since that time (Figure 1.9)
Meyer® and coworkers are known to have developed the first ‘true” homogeneous water oxidation
catalyst [(bpy)2Ru"'(u-O-) Ru''(bpy)2]**, called the “Blue Dimer” (Figure 1.9a), utilizing a
bipyridine ligand platform and ruthenium.

The choice of ruthenium afforded the observation of key intermediates due to relatively
slower ligand exchange rates in ruthenium complexes. They observed the rapid evolution of
oxygen upon addition of four or more equiv of a one-electron chemical oxidant, ceric ammonium
nitrate (Ce'V), suggesting that the catalytic-active species is a four-electron oxidized intermediate.
The authors, therefore, proposed a mechanism involving an initial four-electron oxidation to give
a pentavalent dimeric rutenyl intermediate, which in turn gives Oz in a concerted four-electron
step. Llobet et. al. 8 reported on a bimetallic Ru catalyst bearing a Hbpp type bridging ligand

(Figure 1.9b). This terpy-Ru-bpp dimer [Ruz"(bpp)(terpy)2(H20)2]*" (Hbpp = 2,2'-(1H-pyrazole-
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3,5-diyl)bis(pyridine), which had the two ruthenium ions in close proximity thus avoiding the Ru-

O-Ru bridge that was present in the blue dimer.

SCH;,

Figure 1.9. Selected homogeneous ruthenium-based catalysts for water oxidation.

The unique modification of the p-oxo bridge in the terpy-Ru-bpp dimer enhanced the
activity of the catalyst for homogeneous oxygen evolution and avoided decomposition.
Thummel®>858¢ and coworkers introduced a new type of binuclear and a variety of single site
ruthenium derived water oxidation complexes They proposed a mechanism involving a seven-
coordinate Ru'v species which suggested the O — O bond formation occurs at an electrophilic
RuV'=0 bond. However, a detailed and critical evaluation of the mechanistic pathways for these
catalysts is either lacking or are solely based on DFT computations. Verani'?> and coworkers

studied substituent effect on water oxidation for a series of [Ru''(terpy)(phen)CI]* catalysts
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(Figure 1.9c). When the authors compared the effects of substituted phenanthroline with electron-
donating and electron-withdrawing groups on the catalytic activities of their catalysts, they
concluded that catalytic activity was enhanced by the presence of electron-donating groups on the
phenanthroline moiety, while the presence of electron-withdrawing substituents impedes the
catalytic activity. They also observed an induction period for catalysis and ruled out a ligand-
exchange mechanism. Based on their findings, they proposed a mechanism of water oxidation
involving a seven-coordinate ruthenyl (Ru'V=0) similar to the mechanism proposed by Thummel,
supported by experimental evidence.
1.6.2 Molecular Water Oxidation Catalysts based on Manganese Complexes
Manganese-based water oxidation catalysts (Figure 1.10) have unique relevance because
this ion has a broad range of oxidation states and is abundant in the Earth’s crust.®” Manganese is
also the main transition element that constitutes the OEC in Photosystem 11, and therefore, has

been used extensively.

Figure 1.10. Selected homogeneous manganese-based catalysts for water oxidation.
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Brudvig®® and coworkers, reported the so-called “terpy-dimer” (Figure 1.10a), a di-
terpyridine di-manganese complex, [(terpy)(H20)Mn(u-O)Mn(terpy) (H20)]**, in 1997 with a
3d* Mn'" as one of the metal centers and a 3d®> Mn'V as occupying the other center. The oxygen
evolution activity of this catalyst in the presence of sodium hypochlorite was studied, utilizing
ceric ammonium nitrate (Ce'V), and observed a low (TON) of 4 after six hours of catalysis. This
was due to the decomposition of the Mn dimer to form permanganate ions in solution.8®

However, when Oxone (HSOs") was used as the chemical oxidant, continuous water
oxidation activity was observed. They proposed a mechanism (Figure 1.11) where Oxone first

binds to the Mn(lll, 1V) dimer
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Figure 1.11. Proposed mechanism by Brudvig et al for the reaction between [(terpy)(H20)Mn(u-
0)Mn(terpy) (H20)]** and chemical oxidants XO (XO = NaOCI or KHSOs).

After binding there are two mechanistic pathways possible due to the presence of two
manganese centers, one in which no oxidation occurs when (HSOs") binds to Mn(IV), because a
two-electron oxidation would give a Mn(V1) which is inaccessible in that ligand environment. The

second pathway involves the (HSOs") binding to the Mn(lll) and produces oxygen. The bound
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sulfate (SO4*) from the (HSOs) is released, resulting in a two-electron oxidation of the
manganese(l11) to form the key high—valent manganese(V) necessary for the formation of the O—
O bond. The highly reactive manganese(V)—oxo or manganese(lV)—oxyl intermediate involve in
these pathways could be due to trans influence. The Collomb® group tried unsuccessfully to
perform electrochemical water oxidation of the same Mn-terpy dimer because the complex
transforms into an inactive tetranuclear analog.

It has been proposed by various reports that the incorporation of phenolate moieties into
manganese species could lead to enhanced catalytic activity.®%992 Akermark®** and coworkers
has shown impressive progress in this design, incorporating bimetallic [Mn2] and multimetallic
[RuMn]® and studying charge, and electron transfer rates between photosensitizer and electron
donor moieties. The study of electron-transfer rates in the [RuMn] triads, for instance, were
conducted in an effort to mimic the photosynthetic process. The study revealed that the manganese
ion has intrinsic properties that are favorable for creating and maintaining a long-lived charge
separated state for electron transfer to occur from the Mn electron donor to the Ru ion. A similar
approach based on modifications of the triazacyclononane ligand was undertaken by Wieghardt®
and collaborators who found out that Mn'"', Mn"!, and Mn'V redox states in their complexes were
accessible and Ru(ll) centers could be reversibly oxidized to Ru'"". Interestingly enough, it was
also observed that the coordinated phenolate ligand could be oxidized to a phenoxyl radical. Fujii"
9798 et al. have also studied examples of Mn'V stabilization using [N20-] salen platforms (Figure
1.10b). These systems build on an equilibrium between [Mn""/phenoxyl] and [Mn'V/phenolate]
species relying on the energy of their frontier orbitals. It was initially suggested by Akermark et
al® that formation of Mn'V leads to a Mn"""/phenoxyl species where radical decay is prevented by

coordination to the metal center (Figure 1.10c), but Fu;jii*® proposes that the [Mn'""/phenoxyl]
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state is favored upon coordination with water and the metal-centered high oxidation is only
achieved by water deprotonation or formation of a Mn'V=0 moiety. A study from Anxolabéhére-
Mallart et al.®% proposed that an alternative and milder mechanism for water oxidation might
involve the formation of Mn'""-oxyl species in pentadentate ligands similar to those developed by
the groups of Pecoraro®* and Akermark.*®
1.6.3 Molecular Water Oxidation Catalysts based on Cobalt Complexes

Though the cobalt ion plays no significant role in photosystem |1 to aid water oxidation, it
has become a reliable water oxidation catalyst over the past decade because it can effectively
stabilize multiple oxidation states, from 3d® Co' through 3d® Co'v. Whilst several heterogeneous
cobalt oxide water oxidation catalysts have been reported in the literature, only a few molecular
cobalt-based water oxidation catalysts have been reported (Figure 1.12). Berlinguette?* and his
group, in 2010, reported on the electrocatalytic water oxidation of a homogeneous cobalt catalyst,
([Co(Pys)(OH2)]*") in basic medium (pH 9.2) with an overpotential of 0.5 V [Pys = 2,6-(bis(bis-
2-pyridyl)-methoxymethane)pyridine)] (Figure 1.12a). They observed that their catalyst
undergoes a series of (PCET) steps during catalysis to yield a 3d° Co' intermediate, which is then
attacked by a molecule of water under basic conditions producing oxygen. The catalyst remains
stable at neutral through mildly basic pH conditions of 7-10. Under strong alkaline conditions,
however, it was observed that there was deposition of CoOy on the surface of the electrode. The
authors concluded that whilst the catalyst is a molecular catalyst under mildly basic conditions,
the catalyst transforms to nano-particulate cobalt oxide under harsh basic conditions. This
phenomenon was attributed to the possibility of the metal-ligand bond trans to the M—O bond
being “compromised at higher redox levels”?! hence the decomposition of the molecular catalyst.

Nam?%? and coworkers observed similar results when they studied [Co'"(Mestren)(OH)]?* and
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[Co"(Cp*)(bpy)(OH2)]** [Mestren = tris(N,N’,N"-dimethyl aminoethyl) amine, Cp* =n°-
pentamethylcyclopentadienyl] in water over the 6-10 pH range.

Llobet® modified a known Ru-bpp water oxidation catalyst shown in Figure 1.9b, with
cobalt and studied its catalytic activity towards water oxidation.'® Several attempts to just replace
the metal center and maintain the aqua axial ligands proved unsuccessful, producing an end-on
peroxo bridge between the two cobalt centers (Figure 1.12b), which remained stable in aqueous
0.1 M, pH 2.1 phosphate buffer over a period of several hours with no signs of degradation or
decomposition. Its redox behavior during catalysis suggests that the Co'"'Co""" dimer undergoes a

2-electron oxidation before catalytic current enhancement is observed.

Figure 1.12. Selected homogeneous cobalt-based catalysts for water oxidation.

A mechanistic pathway was proposed by the authors in which the Co'"'Co"" parent dimer
undergoes a one-electron oxidation to form a peroxo-bridged Co'"'Co'V species which then follows
two PCET steps to yield a dioxo-Co'VCo'V intermediate, attacked by water, followed by the
formation of an O—O bond to yield oxygen and regenerates the peroxo-bridged Co"'Co'"' complex,
suggesting that both bpp-ligated Co and Ru complexes appear to catalyze water oxidation by

“similar mechanisms”.
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1.7. Outlook and Prospects

Efficient water splitting using energy from the sun is central to efforts toward a future based
on a renewable and sustainable energy supply. For the development of a system that can harvest
the energy of the sun and use it to split water, there must be a systematic effort targeted at the
design and evaluation of catalytic systems which can utilize the photons to mediate the multi
electronic processes involved in water splitting. Whilst significant progress has been made,
questions persist as to how to identify and characterize key intermediates, as well as optimize the
efficiency of these catalysts in order to utilize energy from the sun to split water. The prospect of
designing a bonafide molecular catalyst that can efficiently use energy from the sun to split water
remains the ultimate goal of achieving a sustainable hydrogen economy for the future. The Verani
group at Wayne State University has focused its research interests towards achieving that goal.

The results discussed in this dissertation constitute part of the research efforts.

1.8. Research Statements and Objectives

It is essential to understand the mechanistic processes governing water oxidation and
water/proton reduction to achieve efficient electro- or photocatalysis. In the Verani group, we
design ligands containing redox-active frameworks for the formation of metal complexes capable
of water reduction and water oxidation. Cobalt and manganese complexes are important as water-
splitting catalysts to generate dioxygen and dihydrogen stabilizing highly nucleophilic reduced
species, and high-valent oxidative species respectively.

The focus of this dissertation was to design, and evaluate the redox, electronic, catalytic,
and mechanistic properties of cobalt, and manganese complexes in various redox-active ligand
frameworks towards efficient electrocatalytic water oxidation and reduction. These systematic

studies are geared towards the eventual design of excellent photocatalysts based on affordable
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Earth-abundant metal complexes. To obtain this objective, the following specific goals have been

pursued.
. Goal # 1: Probing the Versatility of a Quinoline-based Pentadentate Co(ll)
Complex for Electrocatalytic Water Splitting. The primary focus was to synthesize,
characterize and evaluate the stability and robustness of the cobalt(ll) complex of a
pentadentate quinoline-based polypyridine ligand towards water splitting. |1 hypothesized
that modifying the ligand architecture by incorporating a more rigid quinoline ligand,
which has increased aromaticity, stabilized by mesomeric and inductive effects, yielded a
robust catalyst capable of efficient catalysis. The results of this goal are addressed in
Chapter 3 of my dissertation.
. Goal # 2: Evaluating Electronic Communication and Cooperativity in a Dicobalt
Complex for Proton Reduction. The principal objective is to study whether distance and
topology enhance the electronic communication and thereby cooperativity between two
cobalt centers in a dicobalt complex towards efficient proton reduction. I hypothesized that
cooperativity will be dependent on (i) the distance between the Co centers, (ii) the relative
topology of the coordination environments, and (iii) the degree of orientation and overlap
between redox-active orbitals. Chapter 4 of my dissertation discusses the results.
. Goal # 3: Investigating Valence Tautomerism on Coordination Preferences in
Manganese Complexes for Water Oxidation. The principal objective is to investigate
whether the coordination environments around a manganese center can determine high-
valent states relevant for electrocatalytic water oxidation. The hypothesis is that, by
incorporating redox-active ligands such as phenolates and a redox-active metal ion such as

Mn, valence tautomeric transitions can occur through intramolecular electron transfer,
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yielding two different valence tautomers or redox isomers. This valence tautomerism can
lead to the formation of Mn(IV) species, and support catalytic water oxidation. The results

of this project constitute Chapter 5 of my dissertation.
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CHAPTER 2: MATERIALS, METHODS, AND INSTRUMENTATION

2.1. Materials

The research described in this dissertation consisted of the organic synthesis of ligand
precursors, ligands, inorganic transition metal complexes, and where possible their intermediates.
Chemical reagents were purchased from various commercial sources such as Sigma-Aldrich,
Oakwood Chemicals, and Alfa Aesar. Safe and appropriate reaction protocols were strictly
followed to obtain ligands and their complexes. Solvents and reagents were received and used
from commercial sources without further purification unless otherwise stated.

2.2 Methods and Instrumentation

All the ligands and complexes used in the dissertation described in this dissertation were
synthesized and characterized using a variety of synthetic, spectroscopic, and spectrometric
methods and techniques to study the composition, electronic structure, redox properties, catalytic
behavior, and mechanistic pathways.

These methods and techniques include, but are not limited to, proton nuclear magnetic
resonance spectroscopy (LH-NMR), Fourier transform infrared spectroscopy (FTIR), electrospray
ionization mass spectrometry (ESI-MS), elemental analysis, UV-visible spectroscopy, cyclic
voltammetry, electron paramagnetic resonance spectroscopy (EPR), gas chromatography (GC),
scanning electron microscopy (SEM), single crystal x-ray diffraction analysis (SC-XRD), and
energy-dispersive electron microscopy (EDS).

2.2.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR is a widely used method of characterization in organic compounds, because it affords

a versatile way to determine the structure of the organic compound. It has gradually become an

effective technique in inorganic chemistry for providing valuable structural information about
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diamagnetic metal complexes. The nuclei of various atomic isotopes each possess a unique spin
(), which in turn is associated with nuclear magnetic resonance. Some of these spins are fractional,
such as I =1/2, 3/2, 5/2. Isotopes such as 'H, *C, '°F and *'P all have I = % and hence magnetic
moment. They act as subatomic magnets and therefore can be analyzed by NMR spectroscopy.
The resonance produced when these isotopic nuclei are placed in an external magnetic field can
be detected and converted into an NMR spectrum. Generally, the peak positions in an NMR
spectrum are reported relative to a standard signal, like that of tetramethylsilane (TMS). This
ensures uniformity in signal output. The position and multiplicity of an NMR peak is dependent
on the local chemical environment of the isotope. Peak integration is used to determine the number
of isotopes (i.e. protons) present in a particular compound. In this dissertation, "H-NMR was used
predominantly to identify organic ligands, ligand precursors, and metal complexes when
appropriate, such as 3d® SCo™ and 4d°® “SRu"" due to their diamagnetic nature. 'H NMR spectra
were obtained in deuterated solvents such as CDCI3, CD3CN, and DMSO-d6 at room temperature,
using a Varian 400 MHz instrument.

2.2.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is an important technique used in identifying functional groups in organic compounds
and in some cases inorganic complexes. This technique relies on the principle of infrared
transmittance. For instance, when a sample is placed in an IR beam, some radiation is absorbed by
the sample and some of it is transmitted. The detected signal is converted into a spectrum from
which functional groups can be identified as well as the unique ‘fingerprint’ region of the sample.
The utility of infrared spectroscopy is derived from different molecules’ different FTIR
fingerprints.1® FTIR samples are prepared liquids or as potassium bromide (KBr) pellets for

analysis by the spectrophotometer. In this dissertation, FTIR was used to confirm the presence of
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the following major functional groups; C=N, C=0, C=C, and inorganic counter ions such as the
perchlorate (ClO4~), and the hexafluorophosphate (PFs ~). The FTIR data was measured from 4000
to 400 cm™ as KBr pellets on a Bruker Tensor FTIR spectrophotometer, with spectra plotted as
percent transmittance (% T) of IR radiation against centimeter wave numbers (cm™).

2.2.3 Electrospray lonization Mass Spectrometry (ESI-MS)

Electrospray mass spectrometry (ESI-MS) is an essential analytical tool used to quantify
known compounds, but also to elucidate structural and chemical properties of unknown
compounds within a sample. The principle of MS includes the ionization of a sample into gaseous
ions. These ions are then categorized according to their mass to charge ratios (m/z) and relative
abundances.® Since ESI ionization techniques preclude the fragmentation of gaseous ions, this
method is useful in identifying molecular ion peaks of organic ligands and inorganic complexes.
ESI-MS was used extensively in this dissertation to ascertain the identity of ligands, inorganic
metal complexes, post-catalytic species, or transformed catalytic intermediates. A typical sample
for ESI-MS analysis is dissolved in polar solvents such as acetonitrile or methanol. The sample is
then bombarded with high-energetic electrons to produce charged species. Low-resolution modes
are convenient for organic compounds, whereas for inorganic metal complexes, the high resolution
modes with isotopic distribution capabilities are more useful. Low resolution ESI-MS data was
obtained on a Nexera X2 LC system with a LC-MS 8040 triple quadrupole mass spectrometer, and
high resolution data on a Waters Micromass LCT Premier TOF (time of flight) instrument with a
Waters HPLC 2695 Alliance LC system. These analyses were performed with the help of Drs.
Lew Hryhorczuk, from 2012- 2013, Yuri Danylyuk, from 2013-2014, and Nicole Lenca 2014-
2017 at the Lumigen instrument center (LIC) of the Department of Chemistry at Wayne State

University.
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2.2.4 Electron Paramagnetic Resonance Spectroscopy (EPR)

Electron paramagnetic resonance (EPR), is a spectroscopic tool which employs microwave
radiation to analyze species with an odd number of electrons, such as organic radicals, radical
cations, and metal cations such as 3d° Cu'"', 3d” Co", 3d® Co'", 3d® Fe'" in an applied external
magnetic field.1% The basic principles of this technique are analogous to the NMR technique
described in section 2.2.1. Electrochemically generated catalytic intermediates during the research
described in this dissertation, were characterized using the EPR technique. EPR samples are
usually prepared under inert conditions depending on the nature of the species under study. A 10
3 M aliquot of the sample is then put in suprasil quartz capillary EPR tubes which are then frozen
in liquid N2. Continuous wave (CW) X-band (9-10 GHz) EPR experiments are then performed on
a Bruker ELEXSY'S E580 EPR spectrometer (Bruker Biospin, Rheinstetten, Germany), equipped
with a Bruker ER 4102ST resonator or a Bruker ER 4122SHQ resonator. A temperature-controlled
device equipped with a helium gas-flow cryostat (ICE Oxford, UK) and an ITC (Oxford
Instruments, UK) helps keep the samples at low temperature. Data is processed on Xepr (Bruker
BioSpin, Rheinstetten) and Matlab 7.11.2 (The MathWorks, Inc., Natick) software. Simulated
spectra are generated using the EasySpin software package (version 4.5.5).1% These analyses were
done in collaboration with Dr. Oleg Poluektov and Dr. Jens Niklas of Argonne National
Laboratory (ANL).

2.2.5. Ultraviolet-visible Spectroscopy (UV-visible)

UV-visible spectroscopy is a technique used to analyze the electronic transitions of
complexes absorbing radiation. The absorption of UV or visible radiation is associated with the
excitation of valence electrons. There are three main types of electronic transition: (i) transitions

relating to z, o, and n electrons; (ii) charge-transfer transitions — the transfer of an electron from
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the orbital of an electron donor moiety to an orbital associated with an electron acceptor; (iii) d-
d transitions — electron transfer from d-orbital in a metal complex to another d-orbital of higher
energy. When a compound absorbs radiation, valence electrons get excited and are promoted from
the ground state energy level to an excited state energy level. These transitions can be spin and
Laporte allowed, or forbidden, depending on selection rules. Transition metal complexes typically
exhibit electronic transitions such as intraligand-charge transfers (ILCT), ligand-to-ligand charge
transfers (LLCT), metal-to-ligand charge transfers (MLCT), ligand-to-metal charge transfers
(LMCT), and d-d transitions. The ligand-based transitions usually occur in the ultraviolet region,
at low wavelengths with intense molar absorptivities (¢ ~ 20000 - 60000), whereas the charges
transfer transitions occur in the mid-visible region with medium molar absorptivities (€ ~ 5000 -
20000). The d-d transitions are usually weak as they are forbidden transitions according to the
selection rules described, and hence have notably low absorptivities (¢ ~ 50 - 1000). In this
dissertation, UV-visible spectroscopy was used to track the electronic behavior of ligands and
metal complexes. UV-visible spectra were typically obtained at room temperature using a
Shimadzu 3600 UV-visible-NIR spectrophotometer operating in the range of 190 to 3600 nm with
samples prepared in quartz cells as methanolic solutions. Other solvents used are dichloromethane,
acetonitrile, and dimethyl formamide as needed. Spectral data is plotted as absorbance, or molar
absorptivity (g) in Mt cm™ when concentration is known, versus wavelength in nanometers.
2.2.6. Elemental Analyses (EA)

The technique of elemental analysis operates on the principle that during combustion, at
elevated temperatures, all available carbon will easily decompose to become carbon dioxide, all
hydrogen will decompose to become water and all nitrogen will decompose to nitric oxides. This

will enable the determination of any compound's relative percent of carbon, hydrogen, and
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nitrogen. These elemental analyses (C, H, and N) for metal complexes used during this dissertation
were performed on an Exeter Analytical 440 elemental CHN analyzer by Midwest Microlab:
Indianapolis, Indiana. Elemental analysis values are presented as percentages. A CHN elemental
analysis sample calculation is shown:

Anal. Calc. for [C30H31CoCINsOs]: C, 50.22; H, 4.36; N, 11.71%. Found: C, 50.37; H,

4.32; N, 11.57%.

c H N
50.37 g/12.00 gmol* 4.32 g/ 1.00 gmol™? 11.57 g/ 14.00 gmol™*
=4.19 moles = 4.32 moles = 0.83 moles

Now dividing through by the lowest number of moles;
4.19/0.83 4.32/0.83 0.83/0.83
=5.04 =52 =1
Now multiply by 6 (number of nitrogen atoms in the formula above)
=30.24 =31.20 =6
Hence the CHN formula is CsoH31Ne.
In order to get a good elemental analysis result, purity is important. All samples must be pure and
thoroughly dried. The following are sources of impurities and must be avoided at all cost.
1. Inorganic salts
2. Water of hydration
2.2.7. Single Crystal X-Ray Crystallography (SC-XRD)
Single crystal X-ray diffraction (SC-XRD) is one of the most authoritative techniques for
obtaining detailed insight into the structure-to-function relationship of transition metal complexes

in the solid state.1% In the research reported in my dissertation, the single crystal X-ray structures



34

of inorganic complexes were obtained whenever possible. X-ray quality crystals were grown by
either vapor diffusion, slow evaporation, or solvent layering when applicable. Diffraction patterns
were measured on a Bruker X8 APEX-111% kappa geometry diffractometer with Mo radiation and
a graphite monochromator SAINT collection suite. The OLEX2!! structure solution suite was
used to solve various structures with refinements and absorption correction techniques utilized
using SHELX!'? and SADABS!®3 software. Dr. Mary J. Heeg, and Kenneth K. Kpogo solved all
the crystal structures.

2.2.8. Cyclic Voltammetry (CV)

Cyclic voltammetry was extensively used in the course of my dissertation. It has become
an indispensable analytical tool in studying electron transfer phenomena. In the context of this
dissertation, cyclic voltammetry was used predominantly to evaluate the effects of ligand design
on metal-centered redox potentials as well as probe the mechanistic details of electrocatalytic water
splitting. In a typical CV experiment, the potential at a working electrode immersed in a solution
containing a sample and a supporting electrolyte is scanned linearly with time; the current is
monitored and plotted as a function of either time or potential. The use of CV as a successful
technique depends on a few parameters such as choice of solvent, supporting electrolyte, choice
of working electrode, reference electrode, and choice of standard reference material. CV
experiments were conducted using a three-electrode setup comprised of a glassy carbon working
electrode (W.E.), a saturated Ag/AgCl as reference electrode (R.E.), and a Pt wire as an auxiliary
electrode (A.E.) on a BASI 50W potentiostat. Typical organic solvents used to obtain cyclic
voltammograms were dichloromethane (CH2Cly), acetonitrile (CH3CN), and N,N’-
dimethylformamide (DMF) when possible. Supporting electrolytes such as 0.1 M of n-BusNPFe

or n-BusNBF4 were used. CV experiments were conducted under an inert atmosphere at room
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temperature. The ferrocene/ferrocenium (Fc/Fc*) couple (E° = 400 mV vs NHE)* was used as a
standard reference material (SRM) and added as an internal standard. Usually, E1/> = (Epc + Epa)/2
are reported for reversible redox couples, whereas Epc (cathodic peak potential) and Epa (cathodic
peak potential) are used to designate irreversible process. Peak-to-peak redox potential separations
(AEp = |Epc — Epa|) and |ipa / ipc| values are often measured to assess reversibility of redox
processes [ipa = anodic peak current; ipc = cathodic peak current].

2.2.9 Spectroelectrochemistry (SEC)

Spectroelectrochemistry is an electroanalytical technique which combines electrochemical
reactions with species-focused spectroscopy. Spectroelectrochemistry (SEC) gives a more detailed
analysis of single and multiple electron-transfer processes during an electrochemical experiment.
Spectroelectrochemical experiments were conducted in an optically transparent cuvette (ca. 0.1
mm) using a procedure described as follows:!*® a flat platinum wire (W.E.) in a “U” shape is
sandwiched between two indium-tin oxide (ITO) (8-12 Q/sq) coated glass slides. Redox potentials
were measured vs. Ag/AgCl (R.E) and a second platinum wire (A.E.). Potentials were applied
using a BASI 50W potentiostat, and the accompanying UV-visible spectra collected on a Varian
Cary 50 spectrophotometer at 25 °C, over a period of time.

2.2.10. Bulk Electrolysis (BE)

Controlled potential electrolysis or bulk electrolysis is a technique where either a constant
current or constant potential is applied to an electrochemical cell in order to assess significant
changes in oxidation states or evaluate electrochemical robustness of a redox-active sample.!® The
total charge consumed by the system during electrolysis is obtained by plotting the current versus
time.1!® Products of catalytic bulk electrolysis experiments are typically identified and quantified

by gas chromatography. Other methods such as EPR, NMR, and sometimes ESI-MS, are used in
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the case of complete or partially oxidized/reduced species. Bulk electrolysis was done based on a
modified method” 7 in a custom-made airtight H-type cell with two chambers separated by a
frit. A mercury-pool (Hg-pool) W.E. and Ag/AgCI R.E. were placed in the larger, major chamber,
while a Pt wire A.E. was placed in the minor auxiliary chamber. Tetrabutylammonium
hexafluorophosphate (TBAPFe) was used as a supporting electrolyte. The major chamber was
filled with the electrolyte solution and the sample. The auxiliary chamber contained only
electrolyte solution.

In a typical experiment, the cell is evacuated with N2 gas for approximately 15 minutes,
after which the headspace is sampled with gas chromatography (GC) to ensure an O free
environment before applying a potential. A blank solution containing only supporting electrolyte
was then electrolyzed over a period of time, at an appropriately applied potential (i.e. -1.7 V vs.
Ag/AQCI). After electrolysis, the headspace gas was again sampled to measure the amount of
dihydrogen generated. The cell was subsequently degassed with N2 gas for another 15 minutes and
the experiment repeated, this time containing the catalytic sample.

2.2.11 Gas Chromatography (GC)

Gas chromatography (GC) is an analytical technique which analyses the content of a
gaseous compound. In a typical experiment, a sample is injected into a gas chromatograph, then
enters a gas stream which transfers the sample into a column. A carrier gas (helium or nitrogen)
aids this transfer. Separated components in the column are detected and quantified. To analyze an
unknown sample, standard samples are injected, and their peak retention times and areas are
compared to the unknown sample to determine its concentration. Gas chromatography was used
to analyze and quantify electrocatalytic products of water splitting such as hydrogen (H2), and Oa.

A Gow-Mac 400 equipped with a thermal detector and an 8 x 1/8” long 5A molecular sieve
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column working at 60°C was used, with N> as the carrier gas for hydrogen, whilst He was used as
carrier gas for Oa.
2.2.12. Scanning Electron Microscopy and Energy Dispersive Spectroscopy (SEM-EDS)

Scanning electron microscopy (SEM) is one of the most versatile techniques available for
analyzing the morphology of surface materials.!!® Images are formed from signals generated when
the surface of a sample is scanned with a focused electron beam.!'® The electron beam and
specimen interactions produce many signals that are processed to obtain useful information about
the surface topography and composition of the sample.*'® Energy dispersive spectroscopy (EDS)
supplements SEM by identifying particular elements in a scanning electron micrograph and
determining their relative proportions.'?® EDS analysis involves the generation of X-ray spectra
from the scanned SEM and plotted as number of X-rays processed by the detector vs the energy
level of the X-rays.'?! SEM and EDS were used to characterize the nature and composition of post-
catalytic electrodes in this dissertation to determine if catalyst deposition has occurred. Data was
taken on a JSM-7600 FE SEM instrument, equipped with a Pegasus Apex 2 integrated EDS and
EBSD system.

2.2.13. Density Functional Theory Calculations (DFT)

Density functional theory (DFT) finds utility in almost every aspect of science.'?> DFT
effectively complements experimental studies and provides a theoretical approach to determining
electronic structures of molecules. DFT can also provide insight into a great variety of molecular
properties such as relative energies of molecular orbitals, reaction pathways, and reaction
dynamics as a support for experimental reactions and design. DFT computations were used to
predict the nature of catalytic intermediates that are often difficult to isolate experimentally, as

well as predict energetically favorable reaction pathways. Calculations ultimately aimed to
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elucidate plausible mechanistic pathways based on experimental observations. DFT calculations
were performed in collaboration with the Schlegel group at Wayne State University, using the
Gaussian suite with revisions H.31,'2 using B3LYP/6-31G(d,p)**'%, and the BPW91!%
functional with SDD,*?1%" and the 6-31G(d,p)!?® basis set by Dr. Shivnath Mazumder, and Dr.

Bishnu Thapa, for different projects described in my dissertation.
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CHAPTER 3:
VERSATILITY OF A QUINOLINE-BASED PENTADENTATE Co(ll)
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7x10°

—— Co-Qpy

5
6x10° 7 — Blank

5x10°

3x10”
2x10°

1x10®
° —

T T T T T T T d
0.00 -0.25 -0.50 -0.75 -1.00 -1.25 -1.50 -1.75 -2.00

Ei"vAg/AgCI




40

CHAPTER 3: VERSATILITY OF A QUINOLINE-BASED
PENTADENTATE Co(ll) COMPLEX FOR ELECTROCATALYTIC
WATER SPLITTING

3.1. Introduction

Earth-abundant transition metals like cobalt, nickel, and iron have attracted attention due
to their ability to generate H, and O from water.1291759130 Among these, cobalt is particularly
relevant because it can effectively stabilize the catalytically active species 3d® Co' and the
cobalt/hydride intermediate Co'"'-H~ which is pivotal for H* reduction to Hy.14131:46.132133 The
production of H2 from Co'!'-H follows either heterolytic or homolytic pathways shown in Figure
3.1.%61847 The former mechanism relies on a single Co''"-H- reacting with another H*, while
homolytic mechanisms involve two independent Co''-H moieties.*®

The reliance on a particular mechanism is governed by factors such as the concentration of
acid used,* catalyst design, applied potential,*° the rate constants for hydride formation,* and

whether H: is evolved by hydride protonation or dimerization.>
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Figure 3.1. Generalized Catalytic mechanisms of H> generation.
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Cobalt-based catalysts are also expected to oxidize water to dioxygen in basic media
undergoing a well-defined PCET steps (Figure 3.2) to a tetravalent intermediate which is

electrophilic enough to be attacked by a nucleophilic water molecule.
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Figure 3.2. Generalized Catalytic mechanisms of Oz generation.
For this step, two main mechanisms have been generally reported: (i) The water nucleophilic attack
(WNA) pathway, where water attacks an oxo ligand bound to a high valent species,!3413521.136.137
and (ii) The radical homo-coupling (RC) pathway, where two metal-oxo species having radical
character predominantly on the oxo group.'®

Other mechanisms have been proposed, such as the expanded coordination sphere (seven-
coordinate Ru).2%2 The ability to isolate, identify and track key intermediate species during
catalysis using analytical and spectroscopic techniques such as EPR and UV-visible
spectrophotometry enables a systematic study of the various interactions that occur during

catalysis and guide the design of better catalysts.
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Finally, photocatalytic water splitting is viewed as the ultimate goal of developing a
sustainable hydrogen economy. The ability of a well-studied electrocatalyst to work in tandem
with a requisite photosensitizer to produce hydrogen from water, using solar energy is therefore
highly desired.

In a recently published report on cobalt catalysts with pentadentate pyridine-rich ligands
catalysts for proton and water reduction, The Verani group discussed how ligand architecture
influences catalytic activity.”® In that report we observed that one of the aminopyridine ligands
transformed into an amido derivative through a hydroxy intermediate formed from addition of
adventitious agueous solvent to the imine moiety.”® | therefore hypothesize that modifying the
ligand architecture by incorporating a more rigid ligand, which has increased aromaticity,
stabilized by mesomeric and inductive effects, will yield a robust second generation catalyst
capable of efficient catalysis.

3.2 Experimental
3.2.1 Synthesis of N,N’-Mono(8-quinolyl) bispyridine-phenylenediamine (HL)

The synthesis of the pentadentate quinolyl-bispyridine ligand, HL®®, with a
phenylenediamine backbone was adapted from the literature!®® and modified by treating one
equivalent of 8-hydroxyquinoline with an equivalent of ortho-phenylenediamine in the presence
of sodium metabisulfite (Na2S20s), triethylamine, and water under reflux for 7 days. The resulting
orange solution was extracted with dichloromethane.

The pale yellow crystalline solid obtained was reacted with an aqueous solution of 2-
(chloromethyl) pyridinium chloride (two equivalents) in the presence of sodium hydroxide and
catalytic amounts of hexadecyltrimethyl ammonium chloride under inert conditions for 24 hours.

Yield: 56%. ESI (m/z+) in CHsOH for [HL»+ H*]* = 418, H NMR (CDCls): & 8.90 (d, 1H,
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QnH), 8.46 (d, 2H, 2-ArH), 8.17 (d, 1H, QnH ) 7.78 (d, 2H, ArH), 7.62 (m, 4H, QnH), 7.41 (m,
4H, Ar H), 7.15 (m, 3H, ArH), 6.88 (m, 1H, Ar H), 4.53 (s, 4H, CH>), 1.24 (s, 1H, sec-amine), IR
(KBr, cm™) 3350(vn-+), 1610 (ve=c, aromatic), 1580 (vn-H,) 1589 (vc=n), 1342 (vcn aromatic), 750
(Ve-H).
3.2.2 Synthesis of [Co'!(LPY)H20]ClO4

A water-soluble Co(Il) complex was prepared from the pentadentate HL?PY ligand. The
complex was obtained by treating one equivalent of HLOY with one equivalent of
Co(ClO4)2-6H20 in the presence of triethylamine in methanol under inert conditions for three
hours at room temperature. Yield: 49%. ESI (m/z+) in CH3OH for [Co'"(L??)H20]CIO4]H* =
476 (100%), Anal. Calc. for [C30H31CoCINsOs]: C, 50.22; H, 4.36; N, 11.71%. Found: C, 50.37;
H, 4.32; N, 11.57%. IR (KBr, cm™) 1610 (vc=c, aromatic), 1580 (VN-H,) 1589 (vc=n), 1342 (vcn
aromatic), 1090 (vcios), 665(vc=c, aromatic).
3.2.3 X-Ray Structural Determinations

Yellow colored hexagonal X-ray quality crystals of (HL®?PY) precursor were grown by
vapor diffusion of the complex dissolved ina 1 : 1 dichloromethane : pentane solvent mixture. A
suitable crystal was selected and mounted on a mitogen loop, and diffraction data was collected
on a Bruker X8 SMART APEX Il CCD° diffractometer using a monochromatic graphite-Mo Ka
radiation source (0.7107 A) and SMART/SAINT!® software. The crystal was kept at 100.1 K
during data collection and a total of 87619 reflections were measured, with 4402 unique
reflections. Using the Olex2 structure solution suite,*'* the structure was solved with the Shel X T2
structure solution program using Intrinsic Phasing and refined with the ShelXL!!? refinement
package using Least Squares minimization.!*? Hydrogen atoms were calculated using the riding

model.
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For the 2[Co"(L°?)H20]CIO4 complex, pink colored oblong X-ray quality crystals of
were grown by vapor diffusion of the complex dissolved in a1 : 1 methanol : isopropanol solvent
mixture. A suitable crystal was selected and mounted on a mitogen loop, and diffraction data were
collected as described above. The crystal was kept at 100.1 K during data collection and a total of
83673 reflections were measured, with 23563 unique reflections.

Using the Olex2 structure solution suite,!*! the structure was solved with the ShelXT!!2
structure solution program using Intrinsic Phasing and refined with the olex2.refine refinement
package using Gauss-Newton minimization.!*! Hydrogen atoms were placed in calculated
positions. There are two independent dimeric octahedral complexes in the asymmetric unit. Each
dimer has a trans-peroxo bridge connecting the monomeric units through the axial position.

Each of the dimers has two perchlorate anions consistent with the solid state oxidation of
+2 for the cobalt center in each of the monomeric units. Selected crystallographic data for both the
precursor and complex are shown in Table 3.1.

Table 3.1. Summary of Crystallographic Data for (HL?") and 2[Co"(L°?)H,0]CIO..

(HLQPY) 4[Co''(LYP)O]CIO4
Formula CisHi13N3 C113HgsC14C04N19020
M 235.28 2409.62
Temperatur 100.1 100.1
e/K
Crystal Orthorhombic Monoclinic
system
Space group Pca2; P2;
alA 10.6800(5) 13.5658(14)
b/A 11.0757(5) 30.847(3)
c/A 10.0873(5) 13.6410(13)
a/° 90 90
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B/ 90 90.009(7)
y/° 90 90
Volume/A3 1193.21(10) 5708.3(10)
z 4 2
Deac/ g cm® 1.310 1.4018
n/ mm! 0.080 0.740
R(F) (%) 3.68 8.28
Rw(F) (%) 10.38 18.99

RF) =Y || Fo|-| Fe|| /Z| Fo|; RW(F) = [Sw(F? - F2)?/ Sw(F2)Y2 for I > 20(1)
3.2.4 Computational Details

The electronic structure calculations were performed in collaboration with the Schlegel
group at WSU, by Dr. Bishnu Thapa, using the BP86 density functional*-*4? implemented in the
Gaussian 09 (revision E.01) suit of package.!* SDD basis set and an effective core potential
(ECP)¥414 was used for cobalt atom, and 6-31+G(d,p) basis set**6-1%0 was used for all the other
atoms. All the structures were optimized in aqueous environment, modeled by using SMD implicit
solvation.®™! The optimized structures were confirmed to be the minima on the potential energy
surface by performing harmonic frequency calculations and had no imaginary normal mode
frequency. Wave functions were tested for their stability. GaussView!>? was used to visualize the
isodensity plot of canonical and biorthogonal orbitals, and spin density.
3.2.5. Electrocatalytic Studies

Electrocatalytic water reduction was performed in the previously described custom-made
air-tight H-type cell (Chapter 2) under inert conditions,” " 130 where one side of the frit the
working (mercury pool) and reference electrodes (Ag/AgCl) were placed, while the auxiliary

electrode (coiled 12 inch Pt wire) was placed on the other side. During electrocatalysis the cell was
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purged with N2 gas for 10-15 minutes followed by sampling of the head space gas (100 pL) to
ensure an O free environment in the gas chromatograph.

The amount of hydrogen generated was determined in a Gow-Mac 400 gas chromatograph
(GC) equipped with a thermal conductivity detector, and an 8 ft. x 18 in., 5 A molecular sieve
column operating at a temperature of 60<C. Nitrogen was used as a carrier gas at a flow rate of 30
mL/min. The amount of H> produced was quantified using a calibration curve of moles of hydrogen
versus peak area. Turnover numbers and the Faradaic efficiency of the metal complex were
calculated from the amount of H> released and the charge consumed.

For water reduction, a 1.0 M phosphate buffer was prepared by mixing NaH2PO4 (0.454
mol, 27.24 g) and Na2HPO4 (0.545 mol, 38.695 g) in ultrapure water. Then, the pH was adjusted
to 7 by adding suitable amounts of NaOH or HCI. For the bulk electrolysis experiment, the main
chamber was filled with 20 mL of phosphate buffer solution and mercury-pool electrode (working
electrode) whereas the glass-fitted chamber was filled with 5 mL of solution. Bulk electrolysis was
performed with an appropriate potential (i.e. -1.7 Vagagci) applied in the presence of the same set
of electrodes to generate Ho.

Electrocatalytic water oxidation was performed under similar conditions as described for
water reduction, but in borate buffer (0.1 molsL?, pH 8) using a fluorine-doped tin oxide (1.27
cm?) glass working electrode, a Pt wire as the auxiliary electrode and Ag/AgCl as the reference
electrode.

3.2.6. Photocatalytic Studies

Samples for photocatalytic water reduction were prepared in 15 mL clear cylindrical vials

with gas tight screw caps fitted with septa. All the samples were filled with a 10 mL aliquot of 0.1

M pH 4 acetate buffer containing the [Ru(bpy)s] 2* photosensitizer (5.0 x 10™* M), ascorbic acid
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(1.1 M) and catalyst [Co"(LOP)H20]CIO4 (1.0 10*M). The vials and their contents were then
thoroughly degassed with nitrogen gas, and verified by GC prior to light irradiation. The vials were
then placed in a water-jacketed beaker with a constant temperature of 20 °C.*3 The contents of
the vials were irradiated by an 18 module blue LED strip (Amax = 460 nm) wrapped around the
beaker and connected to a 12 V power controller.

The headspace gas was analyzed in triplicates at 30 minute intervals over 4 hours by a
GOW MAC GC with a TCD detector to determine the amount of hydrogen produced over time.
Nitrogen was used as the carrier gas at a flow rate of 30 mL/min. The amount of H> produced was
quantified using a calibration curve of moles of hydrogen versus peak area.
3.2.7. Electron paramagnetic resonance (EPR) studies

All samples were prepared under inert conditions atmosphere. A 10 M solution of the
(MSCo"", d” S = 3/2) parent [Co"(L°?)H20]CIO4 complex was transferred into a suprasil-quartz
EPR capillary tube having a 4 mm outer diameter and frozen in liquid nitrogen. A series of one-
electron and 2-electron electrochemical oxidation experiments were conducted to generate (-°Co'"!,
d® S =0) and ("SCo', d®S = 5/2) species, respectively.

Continuous wave (CW) X-band (9.48 GHz) EPR experiments were carried out by Drs.
Oleg Poluektov and Jens Niklas at Argonne National Laboratories, with a Bruker ELEXSYS E580
EPR spectrometer (Bruker Biospin, Rheinstetten, Germany), equipped with a Bruker ER 4102ST
resonator or a Bruker ER 4122SHQ resonator. The temperature was controlled using a helium gas-
flow cryostat (ICE Oxford, UK) and an ITC (Oxford Instruments, UK). Data processing was done
using Xepr (Bruker BioSpin, Rheinstetten) and Matlab 7.11.2 (The MathWorks, Inc., Natick)

environment.
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3.3 Results and Discussion
3.3.1 Synthesis and Characterization

An asymmetric, pentadentate quinolyl-bispyridine ligand, HL®", with a
phenylenediamine backbone was synthesized and characterized by spectroscopic and
spectrometric techniques (Scheme 3.1). The ligand synthesis was adapted from the literature!3
and modified by treating one equivalent of 8-hydroxyquinoline with an equivalent of o-
phenylenediamine in the presence of sodium metabisulfite, triethylamine (TEA) and water under
reflux for 7 days. The resulting solution was extracted with dichloromethane yielding a pale-

yellow crystalline precursor.

A
; @0
NHz NH (j\/Cl HCl
CO(C104)2 6H2
11
MeOH/rt/Ar CO H,0

N
l

N]—[2 reflux 110 °C/7d SN NaOH/H,0

Na,5,0+/H,0 H Ar/rt/24h (E

Yield =87 %  CetMe;NCI

Yield = 56 %
1€ ° Yield = 49 %

Scheme 3.1. Synthesis of the complex [Co"(L°?)H,0]CIO..

The pale yellow crystalline solid was reacted with an aqueous solution of 2-(chloromethyl)
pyridinium chloride in the presence of NaOH and catalytic amounts of hexadecyltrimethyl
ammonium chloride under inert conditions for 24 h to generate the crude ligand. The pure ligand
was obtained by column chromatography on silica using a 3 : 1 EtOACc : hexanes solvent mixture.
The *H-NMR spectrum of the ligand recorded in deuterated chloroform is shown in Figure 3.3,

and the proton assignments detailed in section 3.2.1 above.
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Figure 3.3. 'H-NMR of HL®?Y showing proton peaks with integration.

The water-soluble 3d” HSCo'' complex was obtained by treating one equivalent of the

pentadentate LOPY ligand with one equivalent of Co(CIQ4) salt in presence of triethylamine (TEA)

in methanol under inert conditions for 3 h. The "Co'' aqua complex was characterized by FT-IR,

ESI-MS, and elemental analyses. The disappearance of the N-H peak at 3350 cm ! in the FT-IR

spectrum indicates the deprotonation of the secondary amine proton in the ligand from

coordination to cobalt Figure 3.4. A sharp peak near 600 cm™ and a very strong, and broad band

at 1100 cm* both show the presence of a perchlorate counterion.
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Figure 3.4. FTIR of HLO and [Co''(L°PY)H20]CIO4 showing relevant functional groups.
3.3.2 Geometric and Electronic Structures

The molecular structures of HL?PY and [Co"(L?")H,0O]CIO4 were both determined by
single crystal X-ray crystallography. Yellow colored hexagonal X-ray quality crystals of (L)
precursor were grown by vapor diffusion of the complex dissolved in a 1 : 1 dichloromethane
pentane solvent mixture for the structural determination (Figure 3.5). For [Co"(L??)H20]CIOs4,
X-ray quality crystals grown by slow evaporation from 1 : 1 methanol : isopropanol were used for
the structural determination. However it is important to state that, the crystal structure obtained
from the diffraction studies indicate a dimeric form of the complex with an end-on transperoxo

bridge. The formation of this dimer could be the oxidation of the complex dring the crystalization
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process. The dimeric structure is shown in the Oak Ridge Thermal-Ellipsoid Plot (ORTEP)™*
representations at 50% probability in (Figure 3.6).

The HLO crystalized in an orthorhombic lattice with a pca2; space group. The
asymmetric unit cell has one neutral molecule of a phenyldiamino-quinoline. Selected bond
lengths for both crystal structures are shown in Table 3.2. The C-N bond lengths fall within the

range of 1.323(1) A and 1.421(1) A consistent with reported C-N bonds for similar systems.”35°

Figure 3.5. ORTEP® representations of HLQPY precursor at 50% probability. H atoms are
shown for emphasis.

The structure is consistent with the presence of the characteristic secondary amine
hydrogen (N-H) bonded to the nitrogen linking the phenylenediamine backbone and the quinoline
moiety observed in FT-IR. The primary amine on the benzene ring does not form hydrogen bonds
with the quinoline nitrogen in the solid state.

The 2[Co''(LOPY)O]ClO4 complex crystallized with a trans-p-peroxo bridge between the

two cobalt centers, each of which adopts a distorted octahedral geometry with the ligand.
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Figure 3.6. ORTEP® representations of dimeric form of 2[Co''(L°?Y)O]CIO4at 50%

probability H atoms are omitted for clarity.

The asymmetric unit cell consists of two dimeric cationic complexes with two perchlorate
anionic moieties per each dimeric unit. The Co—N bond lengths fall in the range of the expected
values of 1.88-1.95 A 15673155-159 The Co—O bond lengths range from 1.862(5) to 1.87(5) A, which

are similar to those reported.’® 19161 The O—O bond length of 1.422(8) A, is typical for dinuclear

Co—peroxo complexes.

Table 3.2. Selected bond lengths (A) and angles (°) from crystal data for (HL<PY) and

2[Co'"(LOP)0]CIO:

103,162,155

(LO) 2[Co"/(L2®Y)O]CIO4
N3 C8  1.364(1)
N3 Cl2 1.323(1) Col 01 1.862(5)
N1 Hl  0.880(1) Col N1  1.885(6)
N1 C3 1.381(1) Col N2  1.945()
N1 C7  1.421(1) Col N3  1.900(6)
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C3 C8  1.432(1) Col N4  1.953(6)
C3 C11 1.384(1) Col N5  1.928(6)
C4 C5 1.417(1) Co2 02  1.875(5)
C4 C8  1.421(1) Co2 N6  1.896(6)
C4 C10 1.415(1) Co2 N7  1.928(9)

Co2 N8  1.943(9)
Co2 N9  1.908(7)

Co2 NI10 1.939(9)

3.3.3 Electronic Spectroscopy

To probe metallation and gain insight into the electronic behavior of the complex before
catalytic evaluation, a UV-visible spectrum was recorded in methanol and compared with that of
the ligand (Figure 3.7). The ligand displays two bands at ca. 290 nm (g = 38,500 Lemoltecm™)
and 380 nm (g = 10,000 Lemoltecm™) which are associated with ®= — n* ILCT. The complex
retained the band at 290 nm (& = 22,000 Lemoltecm™) associated with 1 — n* ILCT, albeit with
reduced intensity of the molar absorptivity due to coordination of the cobalt metal to the ligand. A
new LMCT appears band at 330 nm (& = 24,800 Lemoltecm™) is assigned as quinoline = — HSCo''~
do*.2% The third band at 527 nm (g = 6,650 Lemolecm™) is associated with a MLCT. The MLCT
involves the promotion of an electron from the metal’s d-orbital to the w*-orbital of the ligand. A
more rigid and planar ligand results in greater n-delocalization, producing the longest wavelength
absorption.’®* These attributions are in agreement with similar published reports in the

literature, 139 164
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Figure 3.7. Electronic behavior of HL?P and [Co'(L?PY)H20]CIlO4 in 1.0 x 10 mol-L™*
methanol solution.

3.3.4 Electrochemical Properties

To probe the redox behavior of the metal complex, cyclic voltammograms were measured
in 1.0 x 10" mol-L* acetonitrile solution using TBAPFs as the electrolyte (Figure 3.8). Redox
potentials are reported versus Fc*/Fc and are summarized in Table 3.3. The CV of [Co'!(L?MY)]
showed one quasi-reversible reduction event at -1.15 Vec+/rc attributed to a metal-based Co''/Co!
reduction, with a second irreversible reduction peak arising at -2.2 Vrc+/rc likely associated with
ligand reduction. A quasi-reversible oxidation process observed at 0.60 Vrc+/rc IS assigned to a

Co"/Co'" oxidation event, 67:165
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Table 3.3. Electrochemical parameters for [Co'/(L°PY)H,0]CIO4.

Redox Couples E (V) vs. Fc/Fc™  AE, (V) ipa / ipc
Co"'/Co" 0.54 0.11 1.85
Co''/Co -1.16 0.09 1.42

L/L -2.25 0.15 -

L/L”

— [co' L PYyH,0]cI0,

1.0 05 00 -05 -10 -15 -20 -25

Potential vs Fct/Fc V)

Figure 3.8. CV of [Co"(L??)H20]ClO4in 1.0 x 10~ mol-L"* acetonitrile solution.

Figure 3.9. Spin density plots (isosurface value of 0.004 a.u.) of the redox-intermediate species
generated during the electrochemical reduction, and oxidation of the complex.
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The one-electron reduction potential of -1.15 Vrc+rc IS affordable for water reduction based
on, 337! and hence theoretical calculations were computed for an electronic comparison (Figure
3.9). Mulliken spin density plots show that the parent 3d’ Co'' is high spin.

Upon a one-electron reduction, a five-coordinate, 3d® -Co' was found to be more favorable
than a six-coordinate 3d” ->Co-L" intermediate species by 10 kcal/mol. The one-electron oxidation
of the parent 3d” HSCo" yielded a closed shell 3d®->Co'"" which was favorable by 21.1 kcal/mol.
3.3.5 Electrocatalytic Studies
3.3.5.1. Water Reduction Electrocatalysis

The complex was evaluated for dihydrogen production in aqueous media by conducting
cyclic voltammetry experiments in aqueous pH 7 phosphate buffer (0.1 moleL™?) using a three-
electrode setup: Ag/AgCl as the reference electrode, a platinum wire auxiliary electrode, and Hg-
pool as the working electrode due to its low affinity for water reduction and large reductive
window®, A CV sweep was done for the blank buffer without the catalyst, with no catalytic

current enhancement observed until -1.85 Vagager (Figure 3.10).
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Figure 3.10. Catalytic water reduction CV of [Co''(L??)H20]ClO4in 0.1 molsL* phosphate
buffer at neutral pH.



57

In the presence of the catalyst, however, a current enhancement was observed at -1.15
Vagiagel accompanied by evolution of bubbles. The identity of the bubbles was confirmed as
hydrogen by gas chromatography.

An onset potential for catalysis of —1.20 Vagagci was observed, yielding an overpotential
of 0.65 V. The identity of the gas was determined to be H> by injecting the headspace into a gas
chromatograph. To ascertain the efficiency of the catalyst for H> production and quantify the
amount of H. produced, a 3 h bulk electrolysis was performed to determine the (TON) and (%FE)

at an applied potential of -1.7 Vagagel (Figure 3.11).
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Figure 3.11. Charge consumption vs. time during BE (0.2 umoleL?) of [Co'/(L?PY)H20]ClO4
in 0.1 mol-L phosphate buffer at pH 7 at —1.7 Vagagcl for 3 hours.

After 3 h, the catalyst operated at 98% Faradaic efficiency with a TON of 2900, with no
apparent loss in activity. The high Faradaic efficiency indicates that every electron transferred is
utilized in the production of H,.®® The TON and high (%FE) are higher than those reported for
cobalt catalysts with similar ligand architectures, and under similar experimental conditions by
Chang et al,*® Zhao et al.®® and show a remarkable improvement on the TON reported by 1st-

generation cobalt pyridine catalyst by Verani et al.”
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To determine the robustness of the catalyst, bulk electrolysis was conducted under the same
conditions for 18 h (Figure 3.12). The 18-hour catalysis by [Co''(L?")] gave a TON of 12,100,
with a (%FE) of 97, with negligible loss in activity by the charge versus time plot, suggesting a

stable and robust catalyst.
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Figure 3.12. Charge versus time plot during controlled potential electrolysis of
[Co"(LOPY)H20]CIlO4 for 18 hours.

Post—catalytic analysis is often performed on molecular water-splitting catalysts to
determine whether the catalyst has retained its molecular identity or it has been transformed to
different species. Several techniques are employed for this analysis, including UV-visible
spectroscopy, SEM and EDS. For the [Co''(L?PY)H20]CIOs catalyst, UV-visible spectral analysis
was performed in neutral water (pH 7.0, 1.0 M phosphate buffer) before and after bulk electrolysis
to determine the fate of the catalyst (Figure 3.13).

The post-catalysis spectrum remains practically the same as the spectrum before catalysis
with only a slight increase of ~4% in the band around 300 nm and ~2% increase in 450 nm band.
A plausible hypothesis for this slight increment in the spectral profile is the possibility of solvent

percolation from the catalytic chamber to the auxiliary chamber through the semi-permeable frit.
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To further confirm the molecular nature of the [Co''(L°P)H20]ClO4 catalyst by SEM and EDS
analyses, we performed BE experiments under identical experimental conditions but using a
conductive grafoil sheet as the working electrode instead of the liquid Hg-pool electrode used for
catalysis. The scanning electron microscope (SEM) images (Figure 3.14) show some formation

of particulate species which were then analyzed by EDS to determine their composition.
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Figure 3.13. Spectral profile of [Co''(LPY)H20]ClO4 before and after bulk electrolysis.
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Figure 3.14. Post-catalytic SEM and EDX analysis of grafoil electrode surface.
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The (EDS) analysis results indicate that the particulate species were composed of carbon
and sodium phosphate, which are likely from the grafoil electrode and the phosphate buffer used
for the catalysis. Cobalt nanoparticles were however not detected; thus ruling out catalyst
transformation and suggesting the molecular nature of the catalyst.
3.3.5.2. Water Oxidation Electrocatalysis

To assess the capability of [Co''(L?PY)H20]CIO4to catalyze water oxidation, a CV sweep
was performed in borate buffer (0.1 molsL™%, pH 8.0) using a fluorine-doped tin oxide (FTO) glass
working electrode, a Pt wire as the auxiliary electrode and Ag/AgCl as the reference electrode
(Figure 3.15). Upon scanning the borate buffer without the catalyst, a current enhancement peak
of -0.5 mA was observed starting from 1.8 Vagagcr t0 2.0 Vagiagel. Upon the addition of the
catalyst, two peaks were observed. An oxidation peak is observed at 1.25 V agagcr and is followed

by a catalytic wave for water oxidation.
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Figure 3.15. Catalytic water oxidation CV of [Co'/(L?PY)H20]ClO4 in 0.1 molL borate buffer

at pH 8.
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Bulk electrolysis was performed under the same conditions (Figure 3.16), using a 0.2 p
mol-L? concentration of the catalyst and 1.27 cm? FTO as working electrode, with an applied
potential of 1.5 Vagagci for 3 h to quantify the oxidative catalytic product. After 3 h the catalyst
gives a linear charge versus time consumption plot of 18 C/h, with no substantial loss in activity,
and operates at 91% (F.E.) with a TON of 97. It is important to note that only a few reports exist
on the catalytic activity of single-site molecular cobalt-based electrocatalysts for water
oxidation,'®""1%% and out of those, only a handful try to quantify the amount of oxygen produced
during catalysis due to harsh oxidative conditions needed to perform water oxidation.!®1"* The
TON of these catalysts range between 0 and 70 turnovers, with faradaic efficiencies ranging from
75% to 95%. Thus the high catalytic activity of this [Co''(L?)H20]ClO4 establishes it as one of

the very few catalysts with TONs around 100 in 3 hours.

.05 ] Blank
Co-L™

-20 -

-15 -

Charge (C)

-10 4

T T T T
0 2500 5000 7500 10000
Time (s)

Figure 3.16. Charge versus time plot during bulk electrolysis of [Co'(L??Y)H20]ClO4 in 0.1
moleL borate buffer at pH 8.
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A BE experiment was performed again in borate buffer ( 0.1 mol-L*, pH 8.0) using an
FTO electrode as the working electrode which was analyzed by SEM and EDS techniges to
ascertain whether the catalyst retained its molecular nature of during water oxidation because
ligand transformations and catalyst degradation remain a challenge for most water oxidation
electrocatlysts reported in the literature.

The SEM analysis results show no evidence of nanoparticles, with EDS analysis indicating
only elements that constitute the FTO-glass electrode with no cobalt particles deposited on the
electrode (Figure 3.17). This lack of detectable nanoparticles suggests that the catalyst remains

molecular during electrocatalysis.
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Figure 3.17. Post-catalytic SEM and EDX analysis of FTO electrode surface.
3.3.6 Characterization of Catalytic Oxidative Intermediates

Cobalt-based catalysts are expected to oxidize water to dioxygen in basic media
undergoing well-defined PCET steps (Figure 3.2) to a tetravalent intermediate which is
electrophilic enough to be attacked by a nucleophilic water molecule. The results from the redox
behavior, and the electrocatalytic water oxidation of [Co'/(L?PY)H20]ClO4, shows that the 3d’
HSCo'! parent species complex undergoes a first one-electron oxidation event to yield a 3d® [-SCo'"'-

OH] species, and subsequently undergoes a second oxidation event after which a catalytic current
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enhancement is observed. According to mechanisms reported by Berlinguette,?! 8% 172 Nocera, "
and Thapper,1’° the catalytic-active intermediate required for the crucial O — O bond formation in
single-site cobalt catalyst for water oxidation is a 3d° [Co'V=0] species. To determine if the high-
valent 3d® [Co'V=0] is involved in the catalytic pathway of the [Co''(L2PY)H20]CIO4 as well, |
performed a series of independent one-electron, and 2-electron electrochemical oxidation

experiments and used EPR to characterize the intermediate products (Figure 3.18).
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Figure 3.18. EPR spectra of catalytic oxidative [Co"(L?PY)H20]CIO4 intermediates.

The samples for EPR were prepared in CH3CN under inert conditions and measured at the
Argonne National Laboratory for analysis by Drs. Oleg Poluektov and Jens Niklas. The CW X-
band (9.48 GHz) EPR analysis were performed at 30 Kelvin. The EPR data shows that, the main
EPR signal for the parent complex (black trace) is from a 3d’ "SCo'" (S = 3/2) species with no sign
of 1SCo'" species. The narrow signal (line width peak-peak around 7 mT) close to g=2 could be

traces of ligand radical character. The one-electron oxidized sample gave no EPR signal suggesting
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a closed shell 3d®->Co"" (S = 0) diamagnetic species. The 2-electron oxidized sample gives a signal
characteristic ofa 3d° "SCo'V (S = 5/2) species with no radical species visible.

The absence of a radical species suggests the presence of only the "Co!v species, thereby
eliminating the possibility of the intermediate being a radical-bearing “[Co'""-Le]” species. These
results constitute one of the few reports in the literature!’*1" that track, isolate and characterize
experimentally, the oxidative intermediates for catalytic water oxidation.

3.3.7 Mechanism of Catalytic Water Oxidation

Based on the results from the water oxidation bulk electrolysis, the characterization of
intermediate catalytic products, and DFT computations, we propose a ‘water nucleophilic-attack’
(WNA) mechanism of water oxidation for the [Co"'(L?PY)H20]CIO4 complex (Figure 3.19). We
propose that the parent 3d’ ["SCo"-OH,] undergoes an oxidative one-electron, proton-coupled

electron-transfer (PCET) step to yield 3d® [->Co'""-OH] species.

Figure 3.19. Proposed catalytic mechanism of O, generation by [Co'"'(L?PY)H20]CIOa.
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This intermediate further undergoes another one-electron oxidative process to yield the key 3d®
[MSCo'V=0], which is sufficiently electrophilic and very reactive. This intermediate is then attacked
by a water molecule thus forming the essential O — O bond and releasing dioxygen in the process
and yields he parent 3d’ ["SCo"-OHj] catalyst.

The nucleophilic attack by the water molecule could be made possible by the interaction
between the highest-occupied molecular orbital (HOMO) of water (6 symmetry) and (LUMO) of
the pseudo-octahedral [?SCo0'V=0] complex (dn* character), accompanied by the breaking of the
Co-O 7 bond and thus the two-electron reduction of the cobalt to yield the parent species.}’* 176-
178 The non-detection of any radical character in the EPR spectrum of the 3d° [MSCo'V=0] suggests
that the catalysts does not undergo the oxidative mechanism, radical homo-coupling.

3.3.8 Photocatalytic Studies

To determine if [Co'"(L??)H20]CIO4 could be an ideal candidate for eventual
photocatalysis, preliminary photocatalytic activity was studied in acetate buffer (pH 4), using 1.0
~4 of the catalyst, and [Ru(bpy)s] >* (5.0 ~* mol-L 1) as the photosensitizer (P.S.) in the presence
of ascorbic acid (1.1 molL 1) as the sacrificial electron donor.!”® For an experiment, a series of
15 mL clear cylindrical vials with gas tight screw caps and septa were filled with a 10 mL aliquot
of 0.1 mol-L ~* pH 4 acetate buffer containing the P.S., ascorbic acid, and [Co"'(L?PY)H20]CIOa.
The vials and their contents were then degassed with nitrogen. The absence of oxygen was verified
by GC prior to light irradiation. The vials were then placed in a water-jacketed beaker with a
constant temperature of 20 °C.%*3 The contents of the vials were irradiated by an 18 module blue
LED strip (Amax = 460 nm) wrapped around the beaker and connected to a 12 V power controller.18

The headspace gas was analyzed in triplicate over in 30 m, intervals over 6 h by a GOW-

MAC GC with a thermal conductivity detector (TCD) to determine the amount of hydrogen
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produced over time using nitrogen gas as the carrier gas at a flow rate of 30 mL min ~* (Figure
3.20). The amount of H> produced was calculated using a calibration curve of moles of hydrogen
versus peak area. A TON of 294.40 was achieved with TOF of 50.00/h. Even though the
preliminary TON is modest, it is comparable to those reported by Wang,*8 and Blackman,”® using
identical experimental conditions for the same period of time. A blank experiment was conducted
under the same conditions without the catalyst as control and the negligible hydrogen produced

was duly subtracted before calculating the TON.
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Figure 3.20. Plot of amount of H> produced over time during photocatalysis by
[Co"(LRPY)H20]CIO.a.
To test whether the catalyst remains molecular during the photocatalytic experiment, a
mercury-poison test was conducted on the samples to ensure that cobalt oxides or nanoparticles
are not responsible for the photocatalytic activity (Figure 3.21).17% 182-183 Mercury was added to

each sample after which the experiment was conducted under the same conditions. At the end of
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the catalysis, the catalytic efficiency remained unchanged suggesting that the catalyst did not

transform to cobalt oxides nor nanoparticles during the catalysis.
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Figure 3.21. Plot of amount of Hz produced by [Co"(L??)H20]CIOs4 in the presence of Hg and
without Hg over time.
3.4 Conclusions

In conclusion, | investigated an asymmetric, pentadentate quinolyl-bispyridine ligand LY
with a phenylenediamine backbone and its water-soluble Co(ll) complex [Co"(L??)H20]CIO4
that has been synthesized and characterized. This complex is active as an electrocatalyst as well as
a photocatalyst. [Co''(LPY)H20]CIOs is catalytic towards H2O reduction at a low overpotential
of 0.63 V, giving a TON of 2900 with a Faradaic efficiency of 98%. An 18 h catalytic TON of
12,100 suggests a highly robust and stable catalyst. [Co'!(L2PY)H20]CIlO4 serves as a robust water
oxidation catalyst as well, with a TON of 97 at 91% FE. By using a series of experimental and
DFT techniques, | was able to isolate and characterize the catalytic oxidative intermediates for
[Co"(LRPY)H20]CIOa4, and proposed a ‘water nucleophilic-attack’ (WNA) mechanism of water

oxidation, where the highly electrophilic 3d° [*SCo'V=0] intermediate is attacked by a nucleophilic
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water molecule thus forming an O-O bond and releasing dioxygen. Finally, the photocatalytic
activity of [Co"'(LPY)H20]CIOa in the presence of [Ru(bpy)s]?*, and ascorbic acid in an acetate

buffer (pH 4) gave a TON of 295 with a TOF of 50/h.
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CHAPTER 4

ELECTRONIC COMMUNICATION AND COOPERATIVITY IN A
DICOBALT COMPLEX FOR PROTON REDUCTION
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CHAPTER 4: ELECTRONIC COMMUNICATION AND
COOPERATIVITY IN ADICOBALT COMPLEX FOR PROTON
REDUCTION

Portions of the text in this chapter were reprinted or adapted with permission from:
Kpogo, K. K.; Mazumder, S.; Wang, D.; Schlegel, H. B.; Fiedler, A. T.; Verani, C. N.; Chemistry-
A European Journal 2017, 23, 9272. All rights to the work are retained by the authors and any
reuse requires permission of the authors.
4.1. Introduction

The widespread dependence of our society on fossil fuels and the impending depletion of
carbon-based reserves have triggered the search for renewable and clean H-based energy.'8*!
Earth-abundant transition metals like cobalt, nickel, and iron have attracted attention due to their
ability to generate H,.12%17:5%180 Among these metals, cobalt is particularly relevant because of its
affordable redox potentials between the 3d® Co"', 3d” Co'" and 3d® Co' states. The catalytically
active monovalent species can be stabilized and yield the doubly-oxidized cobalt/hydride
intermediate Co"'-H-, which is pivotal for H* reduction to H, after reduction to more reactive
Co'l-H~ 1413146132133 Known cobalt catalysts follow either a heterolytic or a homolytic
pathway.*¢14” The former mechanism relies on a single Co"'—H~ or a Co'—H~ 5185 reacting with
another H* and is favored when the concentration of protons is not limiting. The latter involves
the collision of two Co''-H~ moieties from independent molecules.*®

Enhanced activity is expected from some binuclear analogs of monometallic catalysts in
which close proximity between two cobalt centers triggers cooperativity either by facilitating
homolytic pathways’ or by enabling electron transfer between the metal centers, thus avoiding

the formation of a Co'"'-H~ species.
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Cooperative effects have been proposed by Dinolfo et al. " for a binuclear Co" catalyst in
a bicompartmental Robson/Okawa-type [NsO2] macrocycle!®18” with a Co-Co distance of 3.22
A, while Gray et al. 7> gvaluated oxime-based Co'"' catalysts with both flexible hydrocarbon and
rigid BOs bridges that revealed no significant catalytic enhancement. Similarly, the lack of
cooperativity observed in dicobalt complexes featuring pyrazolato bridges*®!8® was attributed
either to the large distance of 3.95 A between the Co centers or to the flexibility of the ligand. To
date, it is unclear what factors control metal cooperativity in proton reduction and this lack of
understanding prevents a more rational design of Co> catalysts.

The Verani group has a long-standing interest in the mechanisms of Hz generation by Co
catalysts, 117319054 and continuing with that research focus, we collaborated with the Fiedler group
from the University of Marquette who previously published the [Co''2(L"")(bpy)2]ClO4 complex
(Figure 4.1). We hypothesized that cooperativity will be dependent on (i) the distance between
the Co centers, (ii) the relative topology of the coordination environments, and (iii) the degree of
orientation and overlap between redox-active orbitals. To evaluate this hypothesis, we analyzed
the catalytic potential of the bimetallic complex [Co'2(LY)(bpy)2]Cl04,*%t where (L')* is the
triply deprotonated ligand shown in Figure 4.1, by means of electrochemical, spectroscopic, and
computational methods.

The complex [Co''2(L")(bpy)2]CIOa is a unique bimetallic species singularly suited for
this study because of the short distance between the two vicinal Co centers along with the presence
of a Co-Narylamido-C0 unit that may foster the proper orientation of Co orbitals involved in catalysis.
Our results indicate that the two cobalt centers of [Co'>(LY)(bpy)2]CIO4 function cooperatively in
the electrocatalytic reduction of H*, thus offering a viable mechanistic alternative to homolytic and

heterolytic pathways employed by mononuclear cobalt catalysts.
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Figure 4.1. The complex [Co''2(L")(bpy)2]ClO4 (1): (a) Drawing and (b) ORTEP of the core
showing a Col-N3-Co2 angle of 86.9° expected to facilitate cooperativity.
4.2 Experimental
4.2.1 Materials and Methods

All reagents were used without further purification as purchased from commercial sources.
[Co2(L")(bpy)2]Cl04 was obtained by dissolving the ligand H3L' (0.066 g, 0.10 mmol), 2,2’-
bipyridine (bpy, 0.032 g, 0.20 mmol), and Co(ClO4)2°6H>0 (0.073 g, 0.20 mmol) in a 1:1 mixture
of CH3CN and CH>Cl, (10 mL). A detailed synthetic protocol and characterizations have been
described recently.’”! TH NMR spectra were measured using a Varian 400 MHz instrument.
Elemental analyses were performed by Midwest Microlab (Indianapolis, Indiana) in an Exeter-
CE440 CHN analyzer. UV-visible spectra of 1.0 x 10*M and 1.0 x 10> M CHCl. solutions were
measured using a Shimadzu 3600 spectrophotometer in the range 190-1600 nm.
4.2.2 Redox Studies

The electrochemical behavior of [Co''2(L")(bpy)2]CIO4 was investigated with a BASi
50W potentiostat/galvanostat. Cyclic voltammograms (CV) were obtained at room temperature in

CH3CN containing 0.1 M of tetrabutylammonium hexafluorophosphate (TBAPFe) as the
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supporting electrolyte under argon atmosphere. The electrochemical cell employed three
electrodes: glassy-carbon (working), platinum wire (auxiliary) and Ag/AgCl (reference). The
ferrocene/ferrocenium (Fc/Fc*) redox couple (E°= 401 mVnwre) was used as internal standard.

Bulk electrolysis (BE) was performed in a custom-made air-tight H-type cell under inert
conditions according to the procedure reported by Basu et al.”® The cell was comprised of two
compartments separated by a frit. On one side of the frit was placed the Hg-pool working and
Ag/AgCI reference electrodes, while a coiled 12-inch Pt wire serving as the auxiliary electrode
was placed in the other compartment. BE experiments were performed in acetonitrile (20 mL) with
TBAPFgas the supporting electrolyte until the calculated final charges were reached. All potentials
were measured vs. Ag/AgCl. During BE, potentials were controlled with a BASi 50W
potentiometer and UV-visible spectra were collected on a Shimadzu UV-3600 UV-visible-NIR
spectrophotometer at room temperature.
4.2.3 Computational Studies

Electronic structure calculations were carried out by Dr. Shivnath Mazumder, using the
BPW91 density functional*?*1%2 as implemented in a development version of Gaussian.'?® The
SDD basis set and effective core potential'?® were used for Co atom and the 6-31G(d,p) basis
set!?6:127 was used for the other atoms. To streamline calculations, a slightly modified model was
used where the tert-butyl substituents of [Co'2(L!)(bpy)2]CIO4 were replaced by methyl groups.
Geometry optimization was performed in the gas phase and all of the optimized structures were
confirmed as minima by harmonic vibrational frequency calculations. The energies of the
optimized structures were reevaluated by additional single point calculations on each optimized
geometry in acetonitrile using the implicit SMD solvation model.'* The converged wave functions

in solvent were tested for SCF stability. The free energy in solution phase G(sol) was calculated
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as follows: G(sol) = Escr(sol) + [zero-point energy(ZPE) + thermal correction — TS] (gas). Escr
was calculated in the solvent while ZPE, thermal correction, and entropic contributions were
calculated in the gas phase. The standard states of 1 M concentration were considered for all the
reactants and products for calculating the free energies of reactions (AG(sol)). The spin density
plots (isovalue = 0.004 au) and corresponding orbitals'® (isovalue = 0.05 au) of the calculated
structures were visualized using GaussView.®® The literature value!®® of -264.6 kcal/mol was used
for the free energy of proton in acetonitrile. The calculation of the reduction potentials (E, V in
volts) of the complexes included ZPE, thermal correction, and entropic contribution. The standard
thermodynamic equation AG(sol) = -nFE was used. The calculated potentials were referenced to a
value of E1» = 4.38 V for the ferrocene/ferrocenium couple calculated under our level of theory.
4.2.4 Catalytic Studies

Electrocatalytic experiments to determine the amount of H produced by the catalyst,
turnover numbers, and Faradaic efficiencies was performed as previously described” in an H-type
cell (Hg-pool; Ag/AgCl | Pt-coil). The main chamber was filled with [Co"2(LY)(bpy)2]ClO4 (0.005
g; 4x10° moles), the TBAPFs electrolyte (1.56 g) and acetic acid (0.024 g; 4x10* moles; 100
equiv) were dissolved in 20 mL CH3CN. The small chamber housing the auxiliary electrode was
filled with 0.390 g TBAPFs in 5 mL ACN. In a typical run, the cell is purged for 20 minutes
followed by sampling the head space gas with a Gow-Mac 400 gas chromatograph equipped with
a thermal conductivity detector, and a 8 ft. x 18 in., 5 A molecular sieve column operating at a
temperature of 60 °C. The amount of H, produced is determined via GC with a calibration curve
obtained with known volumes of 99.999+ %H. gas. (Figure 4.2 and Table 4.1). A catalyst-free

solution is electrolyzed for 3 h and analyzed by GC as a blank. The cell is then purged again and
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the catalyst is added. Electrolysis ensues for 3 h and the headspace is analyzed by GC to determine

the H2 gas produced.
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Figure 4.2. Calibration curve used for the determination of the amount of hydrogen.

The turnover number is then calculated after background subtraction as the ratio between moles of

dihydrogen produced per mole of catalyst. Faradaic efficiency is calculated from the GC

measurements.

Table 4.1. Sample Calculations:

Blank Catalyst Volume of Volume of Volume Number of moles
Peak Peak Area the Cell Solution injected into | of catalyst (umol)
Area (mL) (mL) GC (uL)

8.0 34.7 46.2 27.4 100 4

Vheadspace =46.2-27.4=18.8mL

Number of moles of hydrogen in 100 pL of headspace for both blank (Noiank (100)) and catalyst
(Ncatalyst (100)):

Nblank (100) (8.00 + 1.88)/70.13 = 0.14 pumol

Ncatalyst (100) (3468 + 188)/ 70.13=0.52 umOI
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The net amount of hydrogen produced by the catalyst in 100 pL of headspace nnet (100), is equal to
the difference between Npiank (100) aNd Neatatyst (100)
Nnet (100) = Neatalyst (100) - Nblank (100) = 0.52 - 0.14 = 0.38 pmol

The total net amount of hydrogen that was produced nnet total) IS Obtained by adjusting the injection
volume to that of the total headspace volume

_ Npet (100) XV headspace

Nnet (total) Vinjected =71.56 pumol

Nnet (total)

TON = ncatatyse = 71.56/4 = 17.89

4.3 Results and Discussion
4.3.1 Synthesis and Characterization

The bimetallic [Co"2(L"")(bpy)2]ClO4 was prepared by treatment of 1 equiv of HsL! with
2 equiv of Co(ClO4)2:6H20 and pyridine in presence of EtsN as the base. A detailed description
of the synthesis of [Co''2(L")(bpy)2]CIOa4, along with its thorough characterization and molecular
structure, was recently reported by the Fiedler group.'® Figure 4.3 shows that the (LY)* ligand
loses two phenolic and one amidic protons to support a dicobalt(11) core in which the metal centers
lie at a short distance of 2.70 A from each other, and bridged by the N3 atom of a diaryl amido
unit with a Co1-N3-Co2 angle of 86.9°. Each of the five-coordinate Co' centers is bonded to the
N atom of an azomethine (N1 or N2) and the O atom of a phenolate (O1 or O2), with a bidentate
bipyridine (bpy) completing the coordination sphere. This mono-cationic unit is neutralized by a
single ClO4™ counterion.

The low-spin (S = 1/2) nature of both Co" centers is indicated by relatively short metal—
ligand bond distances, ranging between 1.89 and 2.06 A (the average Co—N/O bond length is 1.95
A). The Co(Il) centers are antiferromagnetically coupled, which was discovered by the sharpness
of the *H NMR features.*®* The UV-visible spectrum of [Co'2(L")(bpy)2]ClO4 was recorded in

acetonitrile (Figure 4.4). The catalyst presents a yellowish brown color due to the presence of
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tense intraligand charge transfers. The initial spectrum shows bands below 320 nm tentatively

attributed to 6* € o and ©n* € o ILCT processes, while the shoulders around 343 and 452 nm are

attributed to low-intensity t—m* transitions typical of distorted environments.'®!
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Figure 4.3. ORTEP of the complex [Co''2(L"")(bpy)2]ClO4 with ellipsoids at 30% probability.
Hydrogen atoms and tert-butyl groups removed for clarity. Used with permission from reference
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Figure 4.4. UV-visible spectra of [Co'2(L")(bpy)2]CIOs: (a) Pre-catalytic [Co''Co'"] at 1x10°3
M, (b) chemically reduced [Co'Co'], unknown concentration, (c) Post-catalysis.
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4.3.2 Electrocatalytic H* Reduction

To study the possibility of [Co''2(L")(bpy)2]ClO4 as a catalyst for the reduction of H* to
H,, we investigated the electrochemical response of [Co''2(L')(bpy)2]CIO4 in anhydrous
acetonitrile (CH3CN) using a glassy carbon working electrode with increasing concentrations of
acetic acid (HOAc, pKa=22.3 in CH3CN) as the proton source.?*

The standard reduction potential of H" in CHsCN, E°™*/M2) was determined via open circuit
potential measurements as —0.028 + 0.008 Vicw/re. *° Under standard conditions, ECAWA=H2 would
be —1.35 Vrewire for HOAC; however, high concentrations can afford homoconjugation, leading to
an incremental acidity and increasing the standard reduction potential.'*” As shown in Figure 4.5,

a cyclic voltammogram of [Co''2(L"")(bpy)2]ClO4 shows three cathodic events.
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Figure 4.5. Cyclic voltammograms (CVs) of [Co''2(L")(bpy)2]CIO4 (2.0 mM) measured vs.
Ag/AgCl and plotted vs. Fc*/Fc in the presence of increasing concentrations of HOAc. The
CH3CN solvent contained 0.1 M NBu4PFe as the supporting electrolyte and a glassy carbon
working electrode was employed.

Upon addition of HOAc (2.0 mM), an irreversible wave near —1.51 Vec+/re (—0.99 Vagiager)

was observed and has been assigned to the reduction of the dicobalt(11) core [Co""Co'"] to the formal
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[Co'Co'"] state. This [Co'Co'"] state does not seem able to afford catalysis, which is observed at a
potential of —1.86 Vecsre (—1.34 Vagiagel), thus requiring a [Co'Co'] state.

Upon increase of the HOAc concentration, this electrocatalytic current enhancement
becomes evident and reaches its maximum at —2.08 Vrc+/re (—1.56 Vagiager) with the addition of
20 equiv of acid. Control experiments where HOAc is added to CH3CN in absence of
[Co''2(LT)(bpy)2]CIO4 show negligible increase in current, even when more negative potentials
are applied. These results validate the catalytic role of [Co'2(L")(bpy)2]CIO4 and support our
hypothesis of homogeneous H* reduction using [Co''2(L")(bpy)2]CIO4as an electrocatalyst. The
experimentally determined redox events were further studied using DFT calculations in model
compounds. [Co''2(L")(bpy)2]CIOs was modeled with two low-spin Co' centers in agreement
with NMR data.'®* Each center contained one unpaired electron and the [Co''Co'] core was
antiferromagnetically coupled to provide a singlet (S = 0) ground state.'®* For simplicity, the t-Bu
groups on the phenolates were replaced by methyl groups.?? The results for relevant species are

shown in Figure 4.6 as calculated spin density plots with Mulliken spin density values.

+1e”

,, Wy MW,
3d’coll co'l3d7 3d8Co!  coll3d” 3d8Co!  Co' 348
MSD: +0.94 -0.94 MSD: +2.08 -0.97 MSD: +2.21 -2.22
Figure 4.6. DFT-calculated spin density plots (isodensity 0.004 au), reduction potentials, and the

Mulliken spin density (MSD) values showing reduction of [Co"Co'"] [Co''2(L"")(bpy)2]CIO4 to
[Co'Co'"] (A) to [Co'Co'] (B). H atoms are omitted for clarity.
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The initial singlet [Co"Co'"] 153d"-153d” core in [Co"2(L")(bpy)2]ClO4 is reduced to the
doublet [Co'Co'"] H53d8--53d" core in A. Species A, therefore, contains a high-spin 3d® Co' with
two unpaired electrons and can be further reduced to the singlet [Co'Co'] B with a H53d8-H53¢8
core at a calculated potential of —1.64 Vrc+re. The presence of the monovalent species B was
confirmed experimentally via UV-visible spectroscopy by reducing chemically a sample of
[Co""Co'"] (1) with 2 equivalents of KCs under inert atmosphere. The resulting spectrum is shown
in Figure 4.4b and displays bands typical of previously reported Co' species; based on similarities
to the spectrum of the Co'"-containing species, the band at 285 nm is attributed to ILCT processes.
Bands at 344, 409, and 700-900 nm are comparable to those observed for a Co' tetraaza-
macrocyclic catalyst!®® and associated with d-d bands. In an octahedral Co' bis(pyridine-2,6-
diimine) complex these broad bands were attributed to d-n* CT processes,?® and several shoulders
in the 500-600 nm range were diagnostic of the presence of radical species. Similar shoulders were
observed for B between 450-650 nm, thus suggesting that ligand reduction may have taken place
to some extent.

To ascertain experimentally the overpotential at which [Co''2(L")(bpy)2]CIO4 shows
electrocatalytic activity, a series of 2-minute bulk electrolyses (BE) were run at applied potentials
ranging between —0.7 and —1.6 Vag/agci (Figure 4.7). The experiment was performed in an airtight
H-type cell using a Hg-pool working electrode, Ag/AgCl as reference and a Pt-coil auxiliary
electrode placed in an adjacent compartment separated by a frit. The main chamber was filled with
[Co'2(L")(bpy)2]ClOs, TBAPFs electrolyte solution and HOAC in 20 mL CH3CN. The auxiliary

chamber was filled with the electrolyte solution only.
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Figure 4.7. (a) Charge consumed at variable potentials (vs. Ag/AgCl) with 2 min. BE; (b)
Maximum charge consumed vs. potential (vs. Ag/AgCl).

Figure 4.7a illustrates the total charge consumed by [Co''2(L")(bpy)2]CIO4 in the
presence of acid during BE; charge consumption remained constant up to —1.4 Vagagci, after which
it increased significantly until —1.6 Vagagci, concomitant with evolution of Hz gas, as confirmed
by gas chromatography (GC). Figure 4.7b shows a plot of charge consumed vs. applied potential.
The graph indicates that the onset potential for catalysis is —1.4 Vagagcl. This overpotential is
comparable to that of the mononuclear cobalt polypyridyl catalyst recently published by the Verani
group” and investigated under similar conditions that enable comparison. The plot of current vs.
concentration of HOAC at a potential of —2.08 Vec+rc is provided in Figure 4.8. The measured
current increases linearly with concentration of HOAc, whereas negligible current increase was
observed in absence of [Co''2(L")(bpy)2]CIO4. An apparent overpotential of 0.63 V has been

calculated assuming homoconjugation (Ercre” ACOH in CH3CN = -1.23 V), and a rate of H:

generation®” (Kovs) of 6.33 sresults.
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Figure 4.8. Squares: CV current at —2.08 Vrc+/rc as a function of HOAc concentration for
solutions of [Co''2(L")(bpy)2]CIO4 (2.0 mM) in CH3sCN. Circles: corresponding data measured
under identical conditions but in the absence of [Co''2(L")(bpy)2]CIOa.

A charge consumption plot over 3 h is shown in Figure 4.9. The slight curvature observed
within the first 10 minutes is typical for proton reduction and tentatively associated with solvent

dissociation.'®® The amount of H, produced over the same period of time was determined by BE

as already discussed, using 100 equiv of acid at an applied potential of —1.6 Vagagcl.
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Figure 4.9. Charge consumption versus time during BE by [Co''2(L")(bpy)2]ClO4 with

(TBAPFs: 1.560 g, HOAC: 0.024 g [0.400 mmol], 1: 0.0047 g [0.0040 mmol], 20 mL CH3CN) at
—1.6 Vagiagel.
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A sample of 100 pL of the headspace gas was injected into a GC to quantify the amount of H>
produced and repeated in triplicate. A calibration curve (Figure 4.2) was used to standardize the
calculations.

An average amount of 0.072 mmol of H> was calculated after background correction which
is associated with a turnover number (TON) of 18, equivalent to ca. 40% conversion rate. Faradaic
efficiency (FE) was calculated at 94% from the maximum charge consumed. BE experiments were
performed under similar conditions as described above using an incremental concentration of acid
leading to an increase in the calculated TONs. Accordingly, the use of 200 equiv of acid led to
TON of 75, (Figure 4.10) whereas 300 equiv led to TON of 97. In both cases, the Faradaic

efficiency remained consistent at > 90%.
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Figure 4.10. Charge consumption versus time by [Co''2(L"")(bpy)2]ClO4 during BE with 200
equivalents of HOAcC.
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As expected, high yields were observed when the concentration of acid was not a limiting
factor, and the use of 400 equiv of acid led to the highest TON of 120 with an associated drop in
%FE to ca. 85%. The charge vs. time plots for the 300 and 400 equiv experiments are shown in
Figures 4.11 and 4.12. The initial lagging observed in Figure 4.9 is almost a linear charge
consumption behavior in the 200 and 300 equiv graphs. The plot with 400 equiv shows slightly
increased activity after the first 10 minutes followed by a decrease after ca. 2.5 h, likely related to

slow degradation of the catalyst under such acidic conditions.
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Figure 4.11. Charge consumption versus time by [ColI2(L1”)(bpy)2]C104 with 300 equivalents
of HOAC.

Considering the near-linearity of the graph in Figure 4.10 the system seems optimized in
the presence of 200 equiv of acid. Comparison of activity with other reported bimetallic species
48,77.75,161 js hampered by the lack of information on directly measured TONs by those reports.

However, simple assessment of this system (without considering variables such as proton source
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and applied potential) reveal that the TON, rate of conversion, and Faradaic efficiency values

compare favorably with mono cobalt catalysts. 1*>7
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Figure 4.12. Charge consumption versus time by [Co''2(L")(bpy)2]CIO4 with 400 equivalents
of HOACc.
4.3.3 Mechanism of H* Reduction

A catalytic mechanism of H* reduction (Figure 4.14) was proposed based on the results
from the redox studies, electrocatalytic studies and the electronic structure calculations carried out
using the BPW91 density functional 24192 Qrbital plots (isovalue = 0.05 au) of the singly occupied
molecular orbitals (SOMOs) of complexes 1, A, B, and C are shown in Figure 4.13. Each “53d’
ion in [Co''2(L")(bpy)2]CIO4s displays one unpaired electron in the d.-based singly occupied
MO (SOMO) vyielding an antiferromagnetically coupled singlet (S = 0). The reduction of
[Co'2(L")(bpy)2]ClO4 generates [Co'Co'"] (A) with a Co' ("53d®) and a Co" (“°3d"). The Co'-
based dx2-y2 orbital is now occupied by an electron leading to an overall doublet (S = 1/2) ground
state. On further reduction the second Co' center in A accepts an electron to its empty dxz_y2 orbital

and is transformed into a second H53d® ion in [Co'Co'] (B).
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Figure 4.13. The corresponding orbital plots (isovalue= 0.05 au) of the SOMOs (singly occupied

molecular orbitals) of [Co''2(L")(bpy)2]CIOa4, and species A, B, and C.

This is the proposed catalytically active species. The two adjacent dx2-y» SOMOs in B do
not overlap spatially and therefore are not coupled with each other. As a consequence, each of
these electrons can be transferred onto an incoming H* to reduce it to a hydride (H"). As a result,
protonation of B is favorable by 28 kcal/mol (AG). Each of the two "SCo' centers transfers one
electron from its dy2_y» SOMO and the resulting complex is described as the species [Co'"Co''(H)]
(C). The hydride moiety is bound more tightly to one of the Co" ions, rather than symmetrically
bridged between the two centers. The shortest Co''-H- distance is calculated at 1.54 A, while the
other distance has a computed value of 1.85 A. It is noteworthy that the cooperativity between

both centers in species B leads to C, [Co''Co'(H)], thereby precluding formation of a [Co'Co''(H~

)] intermediate.
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Figure 4.14. Catalytic mechanism of Hz generation by [Co''2(L"")(bpy)2]CIO4 in CH3CN.
Protonation of the [ColCol] intermediate B causes each Col center to donate 1e—to H+, resulting
in the formation of the [CollColl]-hydride complex C. Free energies (kcal/mol)199 and
potentials (volt) calculated at the BPW91/SDD/6-31G(d,p) level of theory.?®
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The latter species, containing the trivalent 3d® Co"' ion, can only be invoked if there is no
cooperativity and the two metal centers function independently. Succinctly, protonation of one of
the Co' centers in B prompts a 2e" transfer where each of the two Co' centers donates an electron
to the H*. As a result, the more reactive Co''(H") unit is achieved without prior or concurrent
formation of the Co'"'(H") moiety.

4.3.4 Fate of [Co''2(L")(bpy)2]ClO4 after Catalysis

The post-catalysis spectrum shown in Figure 4.3c displays the similar features observed
in the [Co""Co'"] state, (Figure 4.3a) thus attesting to the catalytic nature of [Co''2(L")(bpy)2]CIO4
along with a decrease of ca. 10% in the UV bands and of 2% in the 450 nm band. This small
discrepancy is explained by slow percolation of solution between the chambers and through the
frit of the electrochemical cell. Alternatively, a fraction of the catalyst may be deactivated and
evaluation of a grafoil sheet electrode was performed by SEM and EDS to assess the possibility

of nanoparticle formation (Figure 4.15).
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Figure 4.15. Micrograph of post-catalytic grafoil sheet electrode by SEM and EDS of
[Co'2(L")(bpy)2]ClOa.

Notwithstanding evidence for formation of organic nanoparticles, no Co was detected on the
surface of the electrode. Thus, UV-visible, SEM, and EDX analyses support the presence of a

catalyst that is molecular in nature.
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4.4 Conclusions

In conclusion, we have investigated both experimentally and theoretically the bimetallic
complex [Co''2(L")(bpy)2]ClOa. This species supports the catalytic H* reduction to Hz in CHsCN
when in the presence of a weak acid such as HOAc at an overpotential of 0.63 V. This catalytic
activity relies on a 2e~ reduction of the parent species [Co''Co'"] to form a [Co'Co'] complex. Each
of these Co' centers contributes with the donation of one electron to a single incoming H*, thus
forming a reactive Co(ll)-hydride. The novel bimetallic cooperativity exhibited by this system
arises from the close proximity of the cobalt centers and an appropriate orbital topology that avoids
the formation of the Co''-H~ moiety required for proton reduction in monometallic catalysts. The
second Co' center plays a pivotal role in the catalytic reduction of H*, acting as an electron
reservoir to donate the second electron necessary for formation of the Co'-H- unit that favorably
accepts another H* and releases Ha. Post-catalytic SEM and EDX analyses support the molecular
nature of the catalyst. Therefore, the observations resulting from this work lead to considerations
on how to optimize topology and orbital overlap to promote the use of a neighboring metal center
as electron reservoir. These factors will become pivotal in the development of new and improved

bimetallic catalysts.
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CHAPTER 5: EFFECT OF VALENCE TAUTOMERISM ON
COORDINATION PREFERENCES IN MANGANESE COMPLEXES
WITH [N203] LIGANDS FOR WATER OXIDATION

Portions of the text in this chapter were reprinted or adapted from a manuscript under preparation.
Dr. Rajendra Shakya is acknowledged for his intellectual contributions.
5.1. Introduction

The manganese ion, with its broad range of oxidation states and considerable Earth-
abundance, is an appropriate choice for the study of the electron transfer processes involved in
catalytic water oxidation. It has been proposed that incorporation of phenolate moieties into
manganese species could lead to catalytic activity," 2°1-292As described in Chapter 1, Akermark®
%, 203 and coworkers have used the phenolate ligand moiety with bimetallic [Mnz] and
heterometallic [RuMn] to study electron transfer rates. A similar approach based on modifications
of the triaza-cyclononane ligand was undertaken by Wieghardt®® and collaborators.

Fujii’® % et al. have shown remarkable examples of Mn(I1V) stabilization using [N202]
salen platforms. These systems build on an equilibrium between [Mn''/phenoxyl] and
[Mn'V/phenolate] species. It was initially suggested by Akermark® and coworkers that formation
of Mn(IV) leads to a Mn"!/phenoxyl species where radical decay is prevented by coordination to
the metal center, but Fujii?® proposes that the [Mn""/phenoxyl] state is favored upon coordination
with water and the metal-centered high oxidation is only achieved by water deprotonation or
formation of a Mn(IV)=0 moiety. A study from Anxalabehere-Mallart et al.?%® proposed that an
alternative and milder mechanism for water oxidation might involve the formation of Mn(l11)-oxyl
species in pentadentate ligands. It has been reported that valence tautomeric transitions can occur

similarly via a stimulated intramolecular electron transfer, between redox-active ligands such as
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phenolates and a redox-active metal center, yielding two different valence tautomers or redox
isomers.20®

Continuing in the Verani group’s success in designing mononucleated and pentadentate
[N20O3] ligands containing three phenol moieties attached through rigid spacers that coordinate to
trivalent 3d transition metals such as iron(lll) and gallium(lll), and form multiple phenoxyl
radicals through sequential oxidations, > 207211 e explore in this chapter the manganese
chemistry of these ligands to improve our understanding of (i) how metal identity influences the
physical and spectroscopic properties of complexes with these [N20Os] ligands, (ii) how valence
tautomerism affects the coordination preferences in the formation of Mn(1V) species, and (iii) to
determine if this pentadentate ligand framework is robust enough to support catalytic water
oxidation at the vacant metal site.2%% 21

To achieve these goals, we synthesized, and characterized two new trivalent manganese
complexes, the hexacoordinate [Mn"!(L})(CHsOH)] (1) and the pentacoordinate [Mn'"'(L?)] (2)
(Scheme 5.1), and evaluated their catalytic water oxidation properties.

tBu tBu

tBu tBu
QtBu tBu
N/O tBu N/O tBu
n<n_ n
7/ A\ Q H 7/ o\
N Me N (0]
k@/lau H,C K©/tBu
tBu tBu

Scheme 5.1. Mononuclear manganese complexes hexacoordinate [Mn'"'(LY)(CH3OH)] 1 (left)
and the pentacoordinate [Mn"'(L?)] 2 (right).
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Spectroelectrochemical measurements were combined with DFT calculations to provide detailed
insight into the spectroscopy of these complexes as well as the balance between metal- and ligand-
based oxidation.
5.2 Experimental Section
5.2.1 Materials and Methods

Spectroelectrochemical measurements were done in an optically transparent thin-layer cell
(ca. 0.1 mm) constructed according to a procedure described as follows: a u-shaped flat platinum
wire was sandwiched between two glass slides. The inner parts were coated with indium-tin oxide
(ITO) (8-12 Q/sq.). The Pt-wire acted as the working electrode and extended outside of the slides
for electrical contact. The solutions were prepared and degassed under inert atmosphere (argon)
and introduced into the cell through a capillary. The working electrode was located within 4-6 mm
of the cell bottom to minimize ohmic potential (iR) drop. All potentials were measured vs. an
Ag/AgCI reference electrode and a second platinum wire (counter electrode). Potentials were
applied to the cell via a BASi 50W potentiostat/galvanostat, and the spectra were collected with a
Varian Cary 50 apparatus at the room temperature.
5.2.2 X-Ray Structural Determinations

Diffraction studies were done on a Bruker X8 APEX-II kappa geometry diffractometer
equipped with Mo radiation and a graphite monochromator. Diffraction patterns were collected at
100 K with the detector at 40 mm and 0.3 degrees between each reflection for 5-10 s. APEX-1121?
and SHEL X2 software were used for structure solution and refinement. A total 135,874 reflections
were measured, yielding 35,599 unique data (Rint = 0.093). Hydrogen atoms were placed in
calculated positions. The refinement included 26% racemic twinning. There were some partial

occupancy (50/50) atoms placed in the disordered tert-butyl groups and held isotropically. Each
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complex coordinates to a neutral methanol ligand. The asymmetric unit contains 3 complexes and
one methanol solvate. Compound 2 crystallized as dark needles and 79,319 hkl data points were
harvested which averaged to 11,683 data (Rint = 0.107). Hydrogen atoms were calculated. The

neutral complex crystallized without solvent. Selected crystallographic data are shown in Table

5.1.

Table 5.1. Summary of Crystallographic Data for complexes 1-1/3CH30OH and 2.

1-1/3CH30H 2
Formula Cs2.33 H74.33 MN1N2 O4.33 Cs2 H73MnN203
FW 855.74 829.06
Space group Cc P21/c
a(A) 28.8966(17) 13.9076(7)
b (A) 17.2405(17) 27.1291(14)
c(A) 29.9927(19) 14.1947(7)
a (deg) 90 90
B (deg) 98.392(5) 117.731(2)
y (deg) 90 90
V (A% 14782.1(19) 4740.5(4)
Z 12 4
Temp (K) 100(2) 100(2)
A (A) 0.71073 0.71073
p(g cm) 1.154 1.162
u (mm?) 0.312 0.321
R(F) (%) 6.69 5.94
Rw(F)(%) 15.50 11.18

RIF)=Y|Fo|-[Fc[[/Z|Fo|,Rw (F) = [Zw (Fo? - F2)?/ Tw (Fo?)?]H2

5.2.3 Computational Details

Electronic structure computations were performed using density functional theory

(DFT)*2? as implemented in a development version of Gaussian.'*® Geometry optimizations were
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performed at the B3LYP/6-31G(d,p)**! 213214 Jevel of theory employing the IEF-PCM?® variant
for the continuum solvation model (CH2Clz) with no symmetry constraints. The ligand phenols
were substituted with tert-butyl groups experimentally; we replaced the tert-butyl groups with
methyl for computational efficiency while capturing the electronic properties of the alkyl
substituents.?™> All optimized structures were confirmed to have stable wave functions, and to be
local minima by analyzing the harmonic frequencies.>? Cartesian coordinates and frequencies for
all species can be found in the Appendix B. TD-DFT?4 was employed to estimate vertical
electronic excitation energies and intensities, and the results were visualized and fit with Gaussians
using GaussView.?® Single point energies for thermodynamics and TD-DFT calculations were
performed using a larger basis set, 6-311+G(d,p).4°
5.2.4 Catalytic Studies

To test the catalytic activity of [Mn"'L'*CH3sOH] (1) for water oxidation, bulk electrolysis
was performed in a CH3CN:phosphate 10:90% buffered solution at neutral pH. in a custom H-type
cell. A 3-electrode system consisting of a 1.30 cm? FTO plate as the working electrode and
Ag/AgCIl and platinum wire as the reference and auxiliary electrodes, respectively. The
quantification of oxygen was measured by gas chromatography and calculated from the ratio of
02 and Nz in the headspace according to equation 5.1.1% A sample calculation is shown.

AA = [(r2 - rl)]/ro x A (Equation 5.1)

AA=number of moles of O2 produced by catalyst (25 puM) after 10800 seconds
A = number of moles of Oz in the headspace before electrolysis (113 pmol for 13 mL headspace)
ro = ratio of O, and N2 in the headspace before electrolysis
r, = ratio of Oz and N2 in the headspace after electrolysis without catalyst

r> = ratio of Oz and N2 in the headspace after electrolysis with catalyst
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ro, r1, and rz are 0.257, 0.261, and 0.266, respectively. AA =2.20 umol
TON = moles of O2 produced/moles of catalyst used

TON =2.20 umol / 0.075 pmol =30

5.2.5 Synthetic Procedures

The ligands, N,N,N'-tris-(3,5-di-tert-butyl-2-hydroxybenzyl)-benzene-1,2-diamine
(HsLY), and, 6,6"-(((2-((3,5-di-tert-butyl-2-hydroxybenzyl)(methyl)amino)phenyl)azanediyl)
bis(methylene))bis(2,4-di-tert-butylphenol) (HsL?) were prepared according to literature
procedures.!t> 207211 \We demonstrated that HsL' transforms into the related L! containing an
azomethine (C=N) group when coordinated to a trivalent metal under oxidizing conditions in
earlier reports,208-209. 211
5.2.5.1 Synthesis of [Mn"'I(LY)(CH3OH)] (1)

HsL! (0.380 g, 0.500 mmol) was dissolved in a solvent mixture of anhydrous
CH30OH:CHxCI, (20 mL, 1:1) and treated with NaOCH3 (0.0810 g, 1.5000 mmol) under argon
atmosphere. A methanol solution of MnCl2-4H20 (0.0990 g, 0.5000 mmol) was transferred via
cannula, heated at 50 °C, and stirred for 2 h. The resulting light brown solution was cooled to room
temperature. Oxygen gas was bubbled through the cooled solution for 15 min where the color
immediately changed to dark brown. Upon slow solvent evaporation, dark brown crystals suitable
for X-ray analysis were isolated from the solution. Yield: 70% (0.295 g, 0.350 mmol). ESI-MS
(m/z*; CH3OH) = 813.4572, 100%, for [Cs1HssN20sMn + H*]. IR (KBr, cm) 2954(s), 2904(m),
2866(m), v(C-H); 1610(m) v(C=N), 1584(s), 1528(s), 1465(s), 1413(s), 1389(s),1360(s), v(C=C);
1250(s), 1200(s), v(C-O). Anal. calc. for Csz233 H7a33 N2O433Mn: C,73.45; H, 8.76; N, 3.27%.
Found: C, 72.99; H, 8.13; N, 3.41%. UV-visible (A / nm; & / M"tcm™): 290 (22,000); 440 (6,068);

527 (4,450); 609 (3,408).
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5.2.5.2 Synthesis of [Mn"(L?)] (2)

Complex 2 was prepared analogously to 1, except that HsL? was used as the ligand and
anhydrous MnCl, was used as the salt. Brown X-ray suitable single crystals of 2 were obtained by
slow crystallization in a CH3OH : CH2Cl> mixture (1 : 1). Yield: 70% (0.290 g, 0.350mmol). ESI
(m/z*) = 829.5061, 100%, for [Cs2H73N20sMn + H*]. IR (KBr, cm1) 2955(s), 2904(m), 2867(m),
v(C-H); 1602(m), 1527(s), 1463(s), 1413(s), 1390(s),1360(s), v(C=C): 1265(s), 1237(s), v(C-O).
Anal. calc. for Cs2 H7s N2OsMn: C,75.33; H, 8.87; N, 3.38%. Found: C, 75.41; H, 8.78; N, 3.54%.
UV-visible (A / nm; & / M-lcm): 285 (24,700); 390 (6,632); 532 (2,622); 815 (1,634).

5.3 Results and Discussion
5.3.1 Synthesis and Characterization

Ligands HsL! and HsL? were synthesized according to reported procedures. > 207-211 The
hexacoordinate complex [Mn'!'(L})(CHsOH)] was synthesized by combining HsL! with
MnCl2-4H20 in the presence of NaOCHs3 followed by a 15 min O purge. The IR spectrum of 1
lacked an N—H band at ca. 3200 cm™ indicative of the amine group but did show an absorption
band at 1610 cm™ consistent with the C=N group. Oxidation of the amine (L*)*~ to form the imine
(LY)* was previously observed for an iron(111) complex.?%” 2% Elemental analysis, ESI mass
spectra, and the X-ray crystal structure confirmed a hexacoordinate manganese complex
containing [Mn"'(LY)(CH30H)], where the coordinated methanol occupies the last position.

Complex [Mn'"L?] (2) was synthesized by reaction of equimolar amounts of HsL? and
anhydrous MnCl; under similar conditions. The ligands L* and L? are the 2,4-di-tert-butyl-6-[(2-
[(3,5-di-tert-butylbenzyl)(methyl)amino]phenyl)imino]methylphenolate and 2,4-di-tert-butyl-6-
(1-methyl-1H-benzo[d]imidazol-2-yl)phenolate, respectively. The use of anhydrous MnCl;

yielded 2 as the only product. The compound showed an IR spectrum lacking the C=N band at
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1619 cm™2, evidence that ligand oxidation was prevented by the N-attached methyl group present
in (L%*. The [M+H]" peak was observed at 829.51 in the ESI mass spectrum along with an
appropriate isotopic distribution pattern. Elemental analysis data supports that 2 has no coordinated
CH3OH or any other ligand occupying the sixth coordination site. The X-ray crystal structure
determination confirmed 2 as a pentacoordinate manganese species.
5.3.2 Geometric and Electronic Structures

The molecular structures of hexacoordinate [Mn"'L'*CHsOH] (1) and pentacoordinate
[Mn"'L?] (2) were solved by X-ray and are plotted as ORTEP?® representations at 50% probability
in Figure 5.1. The unit cell of 1 consists of an asymmetric unit with three [Mn(LY)(CH3OH)]

molecules and one uncoordinated methanol in the lattice.

Figure 5.1. ORTEP?° representations of 1 (left) and 2 (right).

These three manganese complexes are chemically equivalent with slight differences in the
bond lengths and angles, with a notable exception for the Mn—Ocnzon bond which shows a longer
bond length. This elongation of the bond is consistent with the weak nature of the bound CH3OH

and rules out the possibility of the methoxylated coordination. The ORTEP?!® representation of 1
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in Figure 5.1 (left) contains a single molecule (Mn2 center). Complex 2 crystallized in the
monoclinic space group P2i/c, (Figure 5.1) (right). Selected bond lengths and angles for 1 and 2
are given in Table 5.2.

Table 5.2. Selected bond lengths (A) and angles (°) from crystal data for 1 (Mn2 center) and 2.

[Mn'(LD)(CH3OH)] [Mn'"(L2)]
Mn(2)-0(6) 1.865(3) Mn(1)-0(2) 1.8934(17)
Mn(2)-O(5) 1.916(3) Mn(1)-O(1) 1.8382(16)
Mn(2)-N(4) 2.126(3) Mn(1)-NQ2) 2.061(2)
Mn(2)-N@3) 2.151(4) Mn(1)-N(1) 2.139(2)
Mn(2)-0(7) 1.887(3) Mn(1)-0(3) 1.9235(16)
Mn(2)-0(8) 2.201(4)
N@3)-C(59)  1.302(5) N(1)-C(7)  1.493(3)
N(@4)-C(73)  1.504(5) N(2)-C(22)  1.508(3)
N(4)-C(66)  1.509(5) N(2)-C(15)  1.511(3)
N(4)-C(65)  1.469(5) N(2)-C(14)  1.473(3)
N(3)-C(60)  1.417(5)
0(6)-C(72)  1.341(5) 0(2)-C(21)  1.338(3)
0(5)-C(53)  1.300(5) O(1)-C(1) 1.350(3)
0(7)-C(79)  1.319(5) 0(3)-C(28)  1.344(3)
0(6)-Mn(2)-0(5) 90.58(13) 0(2)-Mn(1)-O(1) 90.06(7)
0(6)-Mn(2)-0(7) 170.00(14) 0(2)-Mn(1)-0(3) 121.62(7)
O(7)-Mn(2)-0(5) 89.16(13) O(1)-Mn(1)-0(3) 96.13(7)
0(6)-Mn(2)-N(4) 92.32(13) 0(2)-Mn(1)-N(2) 92.21(7)
0(5)-Mn(2)-N(4) 166.90(13) O(1)-Mn(1)-N(2) 168.20(7)
O(7)-Mn(2)-N(4) 90.17(12) 0(2)-Mn(1)-N(1) 132.36(7)
0(6)-Mn(2)-N(3) 92.08(14) O(1)-Mn(1)-N(1) 87.09(7)
O(7)-Mn(2)-N(3) 97.91(13) 0(3)-Mn(1)-N(1) 105.95(7)
N(4)-Mn(2)-N(3) 78.41(13) N(2)-Mn(1)-N(1) 82.82(7)

0(6)-Mn(2)-0(8) 86.54(13)
0(5)-Mn(2)-0(8) 99.70(13)
O(7)-Mn(2)-O(8) 83.65(13)
N(4)-Mn(2)-0(8) 93.23(13)
N(3)-Mn(2)-0(8) 171.47(13)

In [Mn""L1CH30H] (1), the N2Oz moiety of L! consists of an amine nitrogen, an imine
nitrogen, and three phenolate oxygens (based on C—O bond lengths of 1.30-1.34 A) for an overall

trianionic, pentadentate ligand. The three phenolates are chemically distinct, and display Mn-O
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bond lengths of 1.865(3), 1.887(3) and 1.916(3) A, respectively. The n-withdrawing imine makes
the iminophenolate less electron rich than the aminophenolates, as evidenced by a shorter C-O
bond length of 1.300(5), which leads to weaker electrostatic interactions with the manganese(l11)
ion. The Mn—Namine bond length (2.126(3) A) is also shorter than Mn—Nimine (2.151(4) A). Average

Mn—-N and Mn-O bond lengths of 2.14 and 1.89 A are consistent with related manganese(lIl)

complexes,® 217-218 and with those measured in an iron(I111) complex that has an established (L)%

ligand oxidation state.?’” As discussed above, the Mn—Ochson bond length of 2.201(4) A is
consistent with the presence of an axial CHsOH rather than a methoxy anion.

Density functional theory (DFT) calculations were performed to evaluate the energetic and
structural difference between a low spin S = 1 and high spin S = 2 manganese(l11) center, denoted
3d* BMn'"" and #SMIn"!, respectively. The computations predict the solution-phase free energy of
the "SMn""" complex to be 11.6 kcal mol lower than for ““Mn'"!". Additionally, the computed
geometry for HSMn'"" is more consistent with the X-ray structural information. Thus, we assign this
species as pseudo-octahedral [FSMn'"'(LY)(CHsOH)], consistent with experimental evidence
offered by similar compounds available in the literature.?17-?18

The N203 donor moiety for [Mn'""L?] (2) consists of two amine nitrogens and three
phenolate oxygens to afford the pentadentate (L2)* ligand. [Mn"'L2] (2) crystallized as a
pentacoordinate molecule with no methanol coordinated, although it was synthesized and
recrystallized in a 1 : 1 CH3OH : CHCl, solvent mixture. The T value®*® of 0.7 indicates that the
manganese(l11) ion is a distorted trigonal bipyramidal geometry. A similar geometry was observed
for a related manganese(lll) complex with an [N2Oz] pentadentate ligand. Average Mn-O and
Mn-N bond lengths of 1.88 and 2.10 A in [Mn"'L?] (2) are comparable to [Mn""'L1CH3zOH] (1)

and other related complexes.?/-8
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DFT computations were carried out in the case of [Mn''"L?] (2) to evaluate the relative
energetic difference between low-spin and high-spin configuration for a manganese(I11) ion bound
to the L? ligand environment as well. A Gibb’s free energy difference of 22.9 kcal mol* favors
species [Mn'L?2] (2) as [MSMn""'(L2)] consistent with the expectation that the high-spin state is
favored due to a lower coordination number and, in good agreement with other five-coordinate
species.%® 101
5.3.3 Electronic Spectroscopy

The electronic spectra of the hexacoordinate [Mn"""LL'1CH3OH] (1) and the pentacoordinate
[Mn'™L2] (2) in CH.CI; are illustrated in Figure 5.2 (solid lines) along with TD-DFT simulations
for each species (dotted lines). Both compounds demonstrate high energy ligand-centered
transitions (1 — n*) below 300 nm. Complex [Mn'"L!CH3sOH] (1) shows an intense band at 440
nm that was initially associated with a phenolate-to-manganese charge transfer. According to TD-
DFT results, however, this absorption band is predominantly associated with an intra-ligand-
charge-transfer (ILCT) involving the phenolates and azomethine group (phenolate 1 — imine 7*)
which overlaps the phenolate-to-manganese charge transfer. The nature of this ILCT was
confirmed by spectroelectrochemical measurements (Section 5.3.5).

Compound [Mn'L2] (2) lacks an imine functionality and therefore the band observed at
390 nm is assigned as a phenolate 1 — "SMn''—do* ligand-to-metal charge transfer (LMCT).2t"-
218, 220221 TD-DFT results support assignment. It is important to note that the TD-DFT results
suggest that each transition involves multiple donor (and sometimes acceptor) orbitals. A full
description of the low energy transitions with appreciable intensity can be found in Appendix B,

Tables C3-C5. Lower energy LMCT bands between 500 and 900 nm are observed at 437, 527, and
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609 nm and at 532 and 815 nm, respectively for [Mn'"L1CH3OH] (1) and [Mn"'L?] (2). Similar
features have been observed in related complexes reported in the literature 218 221-222

10000

7500 ~

Absorbance
ol
o
o
o

400 500 600 700 800 900 1000
A(nm)

Figure 5.2. UV-visible spectra of [Mn'""L'*CH3;0H] (1) (black) and [Mn"'L?] (2) (red) in CH2Cl..
Solid lines are experimental spectra, dotted lines are TD-DFT simulated spectra.
5.3.4 Electrochemical Properties

The redox behavior of the hexacoordinate [Mn''"L!CH3sOH] (1) and the pentacoordinate
[Mn"'L?] (2) was studied by cyclic voltammetry (CV) in CH2Cl, using tetrabutylammonium
hexafluorophophate (TBAPFe) as the supporting electrolyte. Redox potentials are reported versus
Fc*/Fc. Quasireversible one electron processes are observed at —0.88 and -0.92 V for
[Mn""L!CH30H] (1) and [Mn"'L2] (2), respectively, and are attributed to the Mn(I11/11) redox
couple.??® The potential difference of 0.04 V for the manganese reduction processes in 1 and 2 is
likely associated to the different geometries of the metal ion. A first oxidative quasi-reversible
process at 0.19 V is seen for [Mn"""L!CH3sOH] (1), whereas [Mn'"'L?] (2) shows the same process
at a lower potential of 0.30 V. This process can be either attributed to the formation of a

manganese(lV) species, or to ligand oxidation leading to a [Mn(l11)/phenoxyl] species.
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DFT calculations for hexacoordinate [Mn'"'L1CH3OH] (1) show ligand oxidation to be
thermodynamically favored over metal-based oxidation by 2.8 kcal mol. This energy difference
is within the experimental error of the DFT method and therefore metal-based oxidation could be
favored as well. This could be attributed to proximity in the energy of the ligand and metal redox-
active orbitals. Therefore, one-electron oxidation of some M*—phenolate complexes afford either
the M(™D*_phenolate or the M™—phenoxyl valence tautomer.??42%6 Interestingly, no metal-based

oxidized state could be located for the pentadentate [Mn'''L?] (2).

—
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Figure 5.3. Cyclic voltammograms for 1 (top) and 2 (bottom) in CH2Cl, with 0.1 M TBAPFs as
supporting electrolyte.

Compound [Mn'"L!CH30H] (1) also exhibits an anodic process at 0.42 V with a much
smaller current response. The solution was prepared multiple times from isolated crystals and this
redox process was reproducible. The amplitude of the process increases when the scan rate is

decreased. This inverse proportionality could be associated with the formation of
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Mn(1V)/phenolate from a [Mn(l11)/phenoxyl] species because the energy of their frontier orbitals
is similar; a necessary condition for valence tautomerism.??*

Another quasi-reversible redox process centered at 0.76 and 0.68 V is observed for 1 and
2. Based on our previous study of [Ga"'L1] and [Fe'"'L!] complexes?®’-2%°, as well as other literature
reportst®> 227230 and DFT calculations, we assign these processes to oxidation of a second
phenolate group. A scheme of the computed spin densities for these redox states is included in
Figure 5.4 and summarizes the sequence of redox events for these two molecules. The first
oxidation occurs at the aminophenolate instead of the iminophenolate in 1 due to the =n-
withdrawing nature of the imine, while the first oxidation of 2 occurs at the phenolate attached to
the methylamine due to inductive effect. This sequence is also observed for iron(I11) species with
similar ligands,*> 27 and suggests that ligand electronic properties precede coordination
preferences. In both the hexa and pentadentate complexes DFT suggests an antiferromagnetic
coupling between the phenoxyl radicals and the high-spin manganese(l1l) ion to be favored for
coupling constants, in agreement with the results proposed by Fujii®® and coworkers.

Table 5.3. Electrochemical parameters for compounds 1 and 2.

Complexes
1 2
E (V) vs. Fc/lFc™  AEp (V) Ipa / lpc E (V) vs. Fc/Fc* AEL(V) ipa / ipc
-0.88 0.28 1.42 -0.92 0.20 1.62
0.19 0.11 0.91 0.30 0.07 0.86
0.42 0.09 0.74 - - -
0.76 0.13 0.80 0.68 0.10 0.42

1.08 0.18 - 1.01 0.11 -
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[Mn"(L")(CH,0H)] [Mn"(L")(CH,0H)]" [Mn"(L")(CH,OH)]*

+

[Mnlll(LZ)] [Mnlll(Ll°)]+
\(
){{;_( “ ’(‘(. _

7

" )/

Figure 5.4. Summary of redox sequence based on predicted spin densities from DFT for 1 (top)
and 2 (bottom). Spin densities are plotted with an isodensity value of 0.002 au, blue corresponds
to excess a spin and white corresponding to excess [ spin. The neutral species is on the left, the
monocation is in the middle, and the dication is on the right.
5.3.5 Spectroelectrochemical Behavior

Spectral changes associated with electrochemical oxidations and reductions were collected
under variable and stepwise potential conditions and were assessed to confirm the assignment of
various bands in the UV-visible spectra. We were particularly interested in the ligand- versus
metal-based character of the first anodic process. The spectral changes observed for the reduction
of the hexacoordinate [Mn""L’CH3OH] (1) at an applied potential of —1.41 V vs. Fc*/Fc are shown
in Figure 5.5 (left). The LMCT absorption bands decrease between 500 and 750 nm, in agreement
with a Mn(11l) + e — Mn(II) reduction process, where the unoccupied dxey>-based molecular

orbital accepts an electron and becomes half-filled. Isosbestic points are observed at 400 and 490

nm with an increase in the absorption band at 450 nm.
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No isosbestic points were observed for the reduction of the pentacoordinate [Mn"'L?] (2)
under similar conditions (Figure 5.5, right), and instead, a continuous decrease of the spectral
intensity is observed. Collectively, the disappearance of all LMCT bands in 1 and 2 upon reduction
suggests the band at ~ 450 nm for 1 does not involve the metal, supporting the TD-DFT assignment
of intraligand charge transfer (mphenolate — m*imine). This band has been commonly attributed to an
LMCT in recent literature, but in view of these observations, it becomes apparent that an ILCT is

more appropriate to explain the nature of the band.*®
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Figure 5.5. Spectral changes upon electrochemical reduction of 1 (left) and 2 (right) in CH.Cl..
The applied potential was —1.41 V vs. Fc*/Fc for a period of 6 minutes.

We scanned the potential for oxidation of 1 instead of using a fixed potential due to the
nearly overlapping oxidations at 0.19 and 0.42 V. This approach allows helps in deducing
overlapping spectral contributions from the two oxidation processes. Oxidation between 0.20 to
0.30 V gives rise to two clear isosbestic points at 535 and 660 nm (Figure 5.6), with an increase
in intensity below 535 nm and above 660 nm, and a decrease in between these values. The
increased intensity in the low-energy region of the spectrum (> 660 nm) is consistent with ligand-

based oxidation as phenolate T — phenoxyl radical 7* transitions occur in this region,%: 220 9. 208

229
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Figure 5.6. Spectral changes upon stepwise oxidation of 1 in CH.Cl> in the potential range 0.20
t0 0.30 VFc+ire.

Oxidation of pentadentate 2 at a fixed potential of 0.5 V vs. Fc*/Fc (Figure 5.7) generates
a spectral response similar to 1. Two isosbestic points are seen at 435 and 500 nm, with increased
intensity above 500 and below 435 nm and decreasing intensity between these regions. The
intensity increase at low-energy is again consistent with a phenolate #1 — phenoxyl radical ©*

charge transfer band, suggesting ligand-based oxidation, rather than manganese(lV) formation.
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Figure 5.7. Spectral changes upon electrochemical oxidation of 2 in CH2Cl>. An applied
potential of 0.5 V vs. Fc*/Fc was applied for eight minutes.
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5.4. Catalytic Studies

Based on the spectroscopic results described in the sections above both [Mn''L'CH3;0H]
(1) and [Mn"'L?] (2) were screened for their catalytic activity towards water oxidation using a
CH3CN (10%) : phosphate (90%) buffered solution at neutral pH.>> 170 231 The experiment was
conducted in a custom H-type cell with a 3-electrode system consisting of a 1.30 cm? FTO plate
as the working electrode, and Ag/AgCl and a platinum wire as the reference and auxiliary
electrodes, respectively. The quantification of oxygen was measured by gas chromatography and
calculated from the ratio of Oz and N2 in the headspace according to equation 5.1 described in the
experimental section 5.2.4. Upon scanning the phosphate buffer without the catalyst, no current

enhancement was observed until 1800 mV agagcl.
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Figure 5.8. Catalytic water oxidation CV in (0.1 moleL™*) CHsCN : Phosphate buffer at pH 7
Upon addition of [Mn'"L'CH30H] (1) and the pentacoordinate [Mn"'L?] (2) catalytic
current enhancement was observed for [Mn'"L!CH3OH], while [Mn"'L?] gave a current
enhancement comparable to the blank solution. These results suggest that [Mn"'LL1CH3OH] can
afford the 3d® [Mn(IV)/phenolate] intermediate needed for water oxidation whilst [Mn'"'L?] is in
capable of doing so (Figure 5.8). Bulk electrolysis was performed for [Mn'"L!CH3OH] (1)

(Figure 5.9) under the same conditions, using 1.0 pmol-L? of catalyst and 1.30 cm? FTO as the
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working electrode, with an applied potential of 1.7 \Vagagci for three hours.?! It was observed after

three hours that the catalyst operates at 85% Faradaic efficiency with a TON of 53.
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Figure 5.9. Charge consumption vs. time during BE with (0.1 molsL"* CH3zCN : phosphate
buffer at pH 7 [1.0 umol-L™]) at 1.7 VAg/AgCI.
Even though the TON and %FE are considered low, they are better than others reported in the
literature where TONs ranged from 16-24 with %FE of 74-81. 23122 considering the fact that a
thermodynamic barrier of 1.23 V needs to be overcome.®8
5.5. Conclusions

| synthesized and investigated the effect of valence tautomerism on water oxidation in two
manganese complexes, the hexacoordinate [Mn''L'*CH3sOH] and the pentacoordinate [Mn"'L?]
using [N20z] pentadentate ligands containing three phenolate donors. Detailed structural,
electrochemical, and spectroscopic measurements suggest that whilst both complexes show
ligand-based oxidations favoring formation of a [Mn(ll1)/phenoxyl] species, the hexacoordinate

analog also shows a possibility of forming a [Mn(IV)/phenolate] species specifically due to the
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degree of the interaction between the metal center and the redox-active phenolate ligands, and the
similarity between the energy of their frontier orbitals (>5 kcal/mol), essential attributes of valence
tautomerism. |, therefore, tested the hexacoordinate [Mn''"L'CH3;OH] for water oxidation catalysis
and observed an overpotential of 0.77 V and TON of 53 in three hours with the catalyst operating
at a Faradaic efficiency of 85%. Such a compound is thus particularly useful to better understand
the way in which ligands could be designed to favor either a radical or a high-valent metal pathway

for catalytic water oxidation.
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CHAPTER 6: CONCLUSIONS

The focus of this dissertation was to design and evaluate the redox, electronic, catalytic,
and mechanistic pathways of 3d” Co", and 3d* Mn""" complexes with various redox-active ligand
frameworks in an effort towards efficient electrocatalytic water oxidation and reduction. These
systematic studies were geared towards the eventual design of excellent photocatalysts based on
affordable Earth-abundant metal complexes.

In Chapter 3, | described the synthesis and characterization an asymmetric, pentadentate
quinolyl-bispyridine ligand HL??Y with a phenylenediamine backbone and its water-soluble 3d’
HSCo'"! complex [Co'(LOPY)H.0]ClO4. The complex is active as an electrocatalyst (Figure 6.1),

as well as a photocatalyst.
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Figure 6.1. Robust and stable [Co"'(L??)H20]CIO4 complex and its electrocatalytic water
reduction activity.

[Co"(L9PY)H20]ClO4 is catalytic towards H2O reduction at a low overpotential of 0.63 V,
giving a TON of 2900 with a Faradaic efficiency of 98%. An 18 h catalytic TON of 12,100 suggests
a highly robust and stable catalyst. [Co''(L?PY)H20]CIO4 serves as a robust water oxidation

catalyst as well, with a TON of 97 at 91% FE.
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By using a series of experimental methods as well as DFT techniques, | isolated and
characterized the catalytic oxidized intermediates for [Co'!(L°PY)H20]ClO4 and proposed a ‘water
nucleophilic-attack’ (WNA) mechanism of water oxidation (Figure 6.2). The highly electrophilic
3d° [MSCo'V=0] intermediate is attacked by a nucleophilic water molecule thus forming the

essential O-O bond and releasing dioxygen.
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Figure 6.2. Proposed catalytic mechanism of O, generation by [Co''(L??Y)H20]CIOa..
Finally, the photocatalytic activity of [Co''(L9P)H20]ClOs in the presence of

[Ru(bpy)s]?* and ascorbic acid acetate buffer (pH 4) shows a TON of 295 with a TOF of 50/h.
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In Chapter 4, the principal objective was to study the effect that distance and topology
have on the electronic communication, and thereby cooperativity between two cobalt centers in a
dicobalt complex towards efficient proton reduction (Figure 6.3). In collaboration with the Fiedler
group of Marquette University, | investigated both experimentally and theoretically the catalytic
properties of the bimetallic complex [Co''2(L"")(bpy)2]CIOs, a dicobalt(ll) complex in which the
metal centers lie at a short distance of 2.70 A away from each other and bridged by a nitrogen atom

of a diarylamido unit with a Co1-N3-Co2 at an angle of 86.9°.
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Figure 6.3. [Co''2(L")(bpy)2]ClOs and its catalytic response to H" in CH3CN.

Each metal center is a five-coordinate Co' bonded to two N atoms and the O atom of a
phenolate, with a bidentate bipyridine (bpy) completing the coordination. [Co''2(L"")(bpy)2]CIO4
supports the catalytic reduction of H" to Hz in CH3CN in the presence of a weak acid such as
HOAC at an overpotential of 0.63 V. This catalytic activity relies on a 2e~ reduction of the parent
species [Co'"Co'"] to form a [Co'Co'] complex with each of these Co' centers contributing

cooperatively with the donation of 1e~ to an incoming H*, thus forming a reactive Co(ll)-hydride.
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The novel bimetallic cooperativity exhibited by this system arises from the close proximity
of the cobalt centers and an appropriate orbital topology that allows interaction between the frontier
orbitals and facilitate intramolecular electron transfer between the two centers thus avoiding the
formation of the Co'"'-H~ moiety required for proton reduction in monometallic catalysts. The
second Co' center plays a pivotal role in the catalytic reduction of H*, acting as an electron
reservoir to donate the second electron necessary for formation of the Co'-H- unit that favorably

accepts another H" and releases Hz (Figure 6.4).

N N

AR
/J\ dxIZ—yIZO N - N 0 d)cZ—yQ /«]\
Y z dyo N\Q@i 4* ﬁ)’ N d,» z Y

+
IN N ]
—496 H, N, |/N\ N

kcal/mol / i %y 1N 1e”
H* N —1.42VFcuiFe
N N
\%/ (1) N N
}%{ %{ N ° N T et
0 AN N o7 Pt
N»%L g

hee %/\(‘I/)/ce\ N;J%N(u) 10(@ 22 N0 e
e C[MTRE) @MY e o,
0—2?.8
dyz kecal/mol x (B) 1—%19‘
H+ |/N\\ | —1-64VFD+.¥FC
|u) U] \‘o
N N
N~ N

de—yZO N—t_ + N 0 dx2—y2
dzZ N%i +\)§)/ N d22

Figure 6.4. Catalytic mechanism of Hz generation by [Co''2(L")(bpy)2]CIO4 in CH3CN.
Post-catalytic SEM and EDX analyses support the molecular nature of the catalyst. I

utilized a wide array of experimental techniques aided by extensive theoretical computations to

conclude that (i) topology, (ii) orbital overlap, and (iii) oxidation states play relevant roles in a

cooperative mechanism and not merely the distance between two metals. Being the first report of
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the evaluation of mechanistic cooperativity for proton reduction,?? the implications of this study
are essential to the design of ligand platforms that can support the appropriate topology, afford the
crucial orbital overlap necessary for cooperative catalysis, and ensure that the metals used maintain
low oxidation states, which is essential for affordable catalytic proton and water reduction

In Chapter 5, the principal objective was to investigate whether the coordination
environments around a manganese center can determine high-valent states relevant for
electrocatalytic water oxidation. | synthesized two manganese complexes, the hexacoordinate
[Mn'"L'CH3;0H] and the pentacoordinate [Mn''L?] using [N203] pentadentate ligands containing
three phenolate donors, and probed the implications of valence tautomerism in these complexes

on water oxidation (Figure 6.5).
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Figure 6.5. [Mn""L!CH3OH] (1) and[Mn"'L?] (2) and their respective catalytic responses to
water oxidation.
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Detailed structural, electrochemical, and spectroscopic measurements suggest that whilst
both complexes show ligand-based oxidations favoring formation of a [Mn"!/phenoxyl] species,
the hexacoordinate analog could form a [Mn'V/phenolate] species. This is specifically due to the
low energy difference between the frontier orbitals (<5 kcal/mol) of the metal center, and the
redox-active phenolate ligands. This low energy barrier allows electronic interaction between the
Mn ion, and the phenolate ligand, causing valence tautomerism through electron transfer. We
therefore tested the hexacoordinate [Mn''"L'CH3;OH] for water oxidation catalysis and observed
an overpotential of 0.77 V and TON of 53 in three hours with the catalyst operating at a Faradaic
efficiency of 85%. This study is particularly useful because it provides a basis for ligand design
that favors either a radical or a high-valent metal pathway for catalytic water oxidation.

In summary, | have evaluated molecular Earth-abundant monometallic and bimetallic
complexes for their efficient activity towards catalytic water reduction and oxidation during the
course of my stay in the Verani group and the results are reported in this dissertation. Results from
these evaluations are critically important for the future design of molecular catalysts capable of

producing dioxygen and dihydrogen as fuels from water using the sun’s energy.
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2. Results from DFT Calculations
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Figure Al. Spin density plot (isovalue = 0.004 au) with Mulliken spin density (MSD) values for
[Co"(H)Co'"] complex C.
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2.934674000
3.057303000
3.191168000
3.616666000
3.694921000
3.932571000
3.814445000
-6.716602000
-6.051708000
-5.976172000
-5.399953000
-4.269363000
-4.894372000
-4.333882000
-2.955022000
-4.739278000
-3.758167000
-3.756162000
-3.958843000
-4.179225000
-2.914942000
-3.344039000
-3.046207000
-2.646768000
-1.073118000
-1.316028000
-2.311900000
-1.587340000
-1.429283000
0.837455000
0.330569000
-0.074564000
-0.111851000
1.618768000
2.817241000
1.137093000
1.597069000
1.893113000
3.377886000
3.905583000
4.628324000
-0.410328000
-0.505380000
-1.940834000
-1.721761000
-1.301743000
-1.326658000
-0.303684000
-0.656456000
0.590040000
1.311921000
1.238415000
3.424543000
4.962051000
4.013691000
4.543713000
3.833544000
2.890514000
3.474634000
4.729913000
4.065480000
3.081373000
2.436167000
1.349312000
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Complex B

c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
H
c
c
N
N

o ©

-4.319398000
-2.058631000
-3.413942000
-1.232903000
2.015408000
0.776486000
2.650371000
3.100169000
-4.169841000
-3.550721000
-0.187653000
-3.891011000
0.893486000
2.033193000
-1.710542000
-3.817586000
-3.067838000
-2.617793000
2.125985000
0.045826000
0.416183000
2.264858000
-2.312329000
1.296195000
-1.393036000
-0.735680000
-4.572911000
-2.446017000
-1.369058000
-0.794696000
2.410181000
-2.822076000
-2.138732000
-5.119769000
-6.347048000
0.050699000
-0.290133000
-4.444721000
2.676911000
0.302306000
-6.950684000
-8.265437000
1.816446000
3.798379000
-5.071890000
-6.281965000
2.154141000
4.125629000
1.258926000
3.275294000
5.333636000
-4.371833000
-4.384164000
-3.956322000
-1.647141000
-5.342957000
2.388017000
0.553565000
-0.190152000
-3.789365000
3.520208000
-4.910838000
2.699910000
3.535583000
-1.151557000
0.371128000
-4.945846000
3.938161000
-4.262387000
-2.110109000
-1.060646000
2.578946000
3.241688000
-5.099508000
-1.031437000
-2.957778000
-6.828014000
3.038147000
-3.635277000
0.496722000
-2.400897000
4.422892000
-0.116030000
0.953003000
-6.737067000
3.510168000
-2.268407000
0.133192000
-0.906158000
1.034588000

-1.430997000
-0.501166000
-0.768152000
0.141483000
-3.413404000
3.864086000
-2.157433000
4.903495000
5.050811000
6.245163000
2.958501000
-0.391241000
-3.683511000
3.961719000
0.551015000
3.851720000
0.241177000
6.167671000
-1.244169000
2.101931000
-2.721987000
3.141482000
4.923457000
2.230956000
-4.151153000
-2.916302000
0.109082000
-4.247669000
4.736610000
5.790325000
1.632416000
-3.096758000
-1.904962000
0.394951000
-0.242134000
5.506076000
3.160798000
1.223345000
0.890078000
4.156251000
-0.087785000
-0.755284000
-0.173732000
1.291679000
1.362605000
0.729948000
-0.779633000
0.690557000
-1.879155000
-0.352837000
1115822000
2.213237000
-0.849108000
-2.436585000
-0.797246000
-1.546646000
-4.152740000
4.506018000
0.341614000
7.205543000
4.564298000
5.054825000
5.917917000
-1.895257000
2.898805000
-4.637115000
-0.563617000
4.991291000
2.902124000
7.070315000
-5.034839000
-0.260131000
3.191184000
-0.686965000
6.826404000
-5.200979000
-0.873781000
2.529855000
-3.117392000
6.315730000
-0.988089000
2.108897000
2.103346000
3.877075000
0.865720000
-0.841092000
2.055261000
-0.188209000
1.187091000
-1.490515000

-5.828205000
-5.107525000
-4.811295000
-4.184266000
-3.697098000
-3.987597000
-3.550427000
-3.867525000
-2.940678000
-2.502449000
-3.543495000
-3.548603000
-2.915094000
-3.349829000
-2.913014000
-2.330288000
-2.588490000
-1.469095000
-2.642069000
-2.437351000
-2.000152000
-2.237273000
-0.879815000
-1.755650000
-0.932595000
-1.120908000
-0.765724000
-0.023743000
0.222062000
0.964335000
0.248987000
0.700554000
0.463236000
0.530205000
0.876980000
2.036343000
1.583488000
1509916000
1.448531000
2.359647000
2.119758000
2.461227000
1.927908000
2.231551000
2.807479000
3.072858000
3.198693000
3.441743000
3.712167000
3.902781000
4.248350000
3.837218000
-6.764496000
-6.104728000
-6.078480000
-5.439415000
-4.410237000
-4.846640000
-4.437212000
-2.965821000
-4.831823000
-3.743366000
-4.035722000
-4.134485000
-4.051771000
-3.019071000
-3.315766000
-3.158679000
-2.636569000
-1.121929000
-1.481678000
-2.500037000
-1.747470000
-1.318368000
0.712661000
0.131799000
0.119324000
0.119617000
1.428258000
2.619776000
0.994104000
1.848770000
1.791596000
3.190204000
4.062393000
4.857288000
-0.442937000
-0.608247000
-1.946340000
-1.868995000



N -2.913306000  3.757596000 -1.319630000
N -3.501240000  0.655562000 -1.311481000
N -1.126601000 -1.788372000 -0.431279000
N 1.475610000  1.375513000 -0.648113000
N -1.099936000  3.419565000  0.527203000
(o] -3.310031000  1.821974000  1.300068000
(o] 0.758479000 -0.592903000  1.299506000
H 5.841097000 1.976277000  3.784535000
H 5.061130000  1.408892000  5.277955000
H 6.079114000  0.304909000  4.338754000
H 1.609322000 -2.260290000  4.684388000
H 0.220733000 -1.525548000  3.824058000
H 1.212318000 -2.718247000  2.998432000
H -4.215993000  3.238846000  3.464091000
H -4.946226000  2.259789000  4.775852000
H -3.365391000  1.820708000  4.058064000
H -8.180301000 -1.409350000  3.347500000
H -9.057815000 -0.019245000  2.688463000
H -8.625716000 -1.377122000  1.626754000
Complex C

-4.153755000 -1.825119000
-2.099237000 -0.411265000
-3.339148000 -0.954179000
-1.334881000  0.390739000
2.018149000  -2.992001000
0.879487000  4.027705000
2.585981000 -1.722593000
3.244593000  4.918739000
-4.283331000  4.629950000
-3.525162000  5.792990000
-0.162778000  3.170809000
-3.785415000 -0.661121000
0.898917000  -3.351719000
2.099365000  4.017437000
-1.789465000  0.702639000
-4.030878000  3.513769000
-3.041597000  0.169795000
-2.559307000  5.795176000
2.006071000 -0.867571000
-0.040777000  2.275410000
0.364613000  -2.443942000
2.222907000  3.140642000
-2.382862000  4.639073000
1.169234000  2.286503000
-1.423379000  -3.963402000
-0.785390000  -2.714929000
-4.589552000  0.231563000
-2.467712000 -4.131537000
-1.434984000  4.546490000
-0.919662000  5.672957000
2.167125000  1.600624000
-2.841049000 -3.038812000
-2.177444000 -1.821999000
-5.067849000  0.536213000
-6.355060000  0.045100000
-0.101779000  5.498128000
-0.378481000  3.118515000
-4.295705000  1.302038000
2.498348000  0.788534000
0.165161000  4.194416000
-6.892884000  0.261189000
-8.256058000 -0.264378000
1.881923000 -0.497206000
3.500729000  1.291945000
-4.852723000  1.517676000
-6.108521000  1.003382000
2.331182000 -1.219562000
3.920746000  0.594713000
1.700579000 -2.557481000
3.310845000 -0.671675000
4.985951000  1.129520000
-4.046236000  2.305107000
-4.473027000  -1.272045000
-3.576462000 -2.696989000
-1.723219000 -0.635775000
-5.061060000 -2.205117000
2.440944000 -3.685501000
0.749806000  4.705578000
-0.369063000  0.772227000
-3.678078000  6.679194000
3.513881000  4.776619000
-5.055772000  4.584820000
2.983424000  5.983798000
3.464818000 -1.395464000
-1.099490000  3.181125000
0.436331000  -4.330258000
-4.732417000 -1.094408000
4.144962000  4.728330000
-4.586688000  2.582632000

IIIIIIIIIIIIIIIIIOOONOOO0000000000000000000000000000000000000000000O00O00OOO0O

-5.626349000
-5.108478000
-4.693899000
-4.261920000
-3.757397000
-3.823643000
-3.553693000
-3.523313000
-3.112538000
-2.904228000
-3.461507000
-3.398345000
-3.004784000
-3.113589000
-2.954924000
-2.307786000
-2.532276000
-1.893913000
-2.615475000
-2.374977000
-2.072100000
-2.025705000
-1.110136000
-1.619696000
-1.097494000
-1.206560000
-0.711071000
-0.186742000
0.017645000
0.683862000
0.410220000
0.613476000
0.455661000
0.598459000
0.974715000
1.803567000
1535052000
1.545645000
1.533487000
2.243498000
2.235581000
2.628555000
1.805345000
2.423342000
2.858081000
3.163768000
2.980896000
3.543879000
3.270676000
3.795456000
4.475101000
3.859926000
-6.526402000
-5.977820000
-6.111572000
-5.133414000
-4.487449000
-4.672769000
-4.596159000
-3.524301000
-4.582971000
-3.882848000
-3.401109000
-4.112406000
-4.022532000
-3.141983000
-3.067292000
-2.920643000
-2.437898000
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-1.935231000
-1.086649000
2.412854000
3.181801000
-5.285190000
-1.192632000
-2.969478000
-6.924977000
2.723576000
-3.639989000
0.299135000
-2.432473000
3.951590000
-0.207187000
0.783974000
-6.512594000
3.632287000
-2.156774000
-0.017012000
-1.067959000
0.915051000
-3.107203000
-3.410080000
-1.181248000
1.265311000
-1.140447000
-3.122003000
0.963758000
5.342270000
4.612254000
5.862771000
2.108014000
0.607439000
1.864973000
-3.824794000
-4.580590000
-3.069771000
-8.199782000
-8.948211000
-8.717948000
-0.945698000

6.674966000
-4.801741000
0.126439000
3.094946000
-0.337237000
6.674781000
-5.096770000
-0.527901000
2.547721000
-3.118200000
6.363711000
-0.948343000
2.264543000
2.084387000
4.000992000
1183816000
-1.239093000
1755096000
-0.105532000
1.395984000
-1.199775000
3.505962000
0.556034000
-1.637568000
1.378230000
3.278031000
1.816788000
-1.026852000
2.119156000
1.232643000
0.460541000
-3.000457000
-2.464636000
-3.262438000
3.317614000
2.395774000
1.829178000
-0.931904000
0.552689000
-0.833731000
0.653413000

-1.728214000
-1.709150000
-2.427039000
-1.503325000
-1.341159000
0.349273000
-0.090719000
0.233981000
0.357151000
1.352334000
2.335922000
1.052371000
2.191874000
1.834764000
3.121087000
4.166769000
4.677149000
-0.387516000
-0.494714000
-1.983001000
-1.885942000
-1.325342000
-1.224083000
-0.448174000
-0.539905000
0.430767000
1.284691000
1.065829000
4.151100000
5.508591000
4.521158000
4.191787000
3.376481000
2.438976000
3.484268000
4.817216000
4.047563000
3.505546000
2.895724000
1.807867000
0.467688000
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APPENDIX B (CHAPTER 5)

12,000

750 950

Figure B1. Plot of TD-DFT predicted spectrum of isomer 1 (black) and isomer 2 (gray) for
species 2.

Neither individual isomer's spectrum matched the intensities well for the experimental spectrum
(solid red). These two species are predicted to be isoenergetic AG ~ 0.4 kcal mol %, so we averaged

their spectra (dotted red), and this average spectrum matches experiment quite well.
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Figure B2. Simulated UV-visible spectrum for 1 with individual transitions shown as sticks. A
half-width at half-max of 0.2 eV was employed for the Gaussian fittings.

Table B1. Assignments for TD-DFT transitions of 1. Contributions > 10% are shown. Orbitals
are only listed once with label, then labels are repeated thereafter.

. %
Excite | A/ | Osc.
dState | nm | str. | €O Occ. MO Unocc. MO
43
159a
74 | 0.021
2 6 1 31 1590
18 159a
64 159a
21 159a
64 | 0.036
3 0 7
10 159
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156a
63 1510
6 429 0'%34 17 1570
10 1560
44
7 | 460032 5 157 1590
8 | 0
16 155p
43 | 0.064
13| TP s 155p
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Figure B3. Simulated UV-visible spectrum for isomer 1 of 2 with individual transitions shown
as sticks. A half-width at half-max of 0.2 eV was employed for the Gaussian fittings.
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Table B2. Assignments for TD-DFT transitions of Isomer 1 for 2. Contributions > 10% are
shown. Orbitals are only listed once with label, then labels are repeated thereafter.

. %
Excite | A/ | Osc.
dState | nm | str. | €O Occ. MO Unocc. MO
44
154a
76 | 0.019
1 6 6 19 1550
18 1550




136

10 1550
38 1540, 1550
740 0'%11 28 15300 1550
20 151a 155a
49 153a 155a
504 0'%39 28 1510 1550
18 155a
39 | 0.107
ol I 68
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Figure B4. Simulated UV-visible spectrum for isomer 2 of 2 with individual transitions shown
as sticks. A half-width at half-max of 0.2 eV was employed for the Gaussian fittings

Table B3. Assignments for TD-DFT transitions of Isomer 2 for 2. Contributions > 10% are
shown. Orbitals are only listed once with label, then labels are repeated thereafter.

; %
Excite | A/ Osc.
dState | nm | str. | €O Occ. MO Unocc. MO
46

78 | 0.014

30
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17 155a
3 62 | 0.040 | 68 155a
2 3
19 155a
46 155a
4 49 | 0.024
2 2
1470,
22 1500 155a
14 153a 155a
37 1500, 1550
46 | 0.017
5 3 0 23 152a 155a
21 1470, 1550
Table B4. Cartesian coordinates (A) for all optimized structures.
[MSMn''(LY)(CH3OH)]° $=2 H 249026900 0.63654100 2.35855900
Mn  0.01004400 -0.44509200 1.01807900 H  3.37525200 1.74879900 1.31018500
N 1.38563600 1.24523400 0.69499500 C  -0.50996400 2.88981600 0.93669600
N -0.15048800 -0.15029800 -1.13460200 C  -158398600 1.97764300 0.97064800
C 152526000 1.52439700 -0.74095000 C  -0.71882200 4.20220300 0.50157300
C 241602700 2.49683900 -1.19806400 C  -2.87821500 2.41074600 0.59310800
C  0.75065800 0.79025400 -1.66374700 C  -1.98402600 4.64892400 0.11271300
C 257244300 2.73498300 -2.56218100 H  0.12407200 4.89006300 0.47708800
H  3.00139200 3.07113800 -0.48754100 C  -3.04515800 3.73279000 0.17696500
C  0.94289600 1.01630100 -3.03865800 H  -4.04247700 4.06180100 -0.11033600
C  1.83988600 1.98175500 -3.48225100 O  -1.40403400 0.72253700 1.40897600
H  3.27315200 3.49036300 -2.90251700 C  -1.18802600 -0.56273600 -1.80497000
H 040231600 0.41663300 -3.76267900 H  -1.37530600 -0.15385500 -2.80288400
H  1.97437700 2.13908900 -4.54789800 C  -2.16542300 -1.51239300 -1.35306100
C  0.83118700 2.43652300 1.43923600 C  -3.21689100 -1.81477400 -2.26092500
H  0.76571500 2.11968100 2.48617200 C  -2.13890900 -2.14837000 -0.06625300
H 155258300 3.26017200 1.38567400 C  -4.22142700 -2.71257600 -1.96075700
C 271571100 0.87349700 1.31325500 H  -3.21533600 -1.31508800 -3.22758400
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-3.18248100
-4.17384300
-4.95613700
-1.20701700
0.37453200
-0.65314600
-1.22674700
-0.21935100
-1.31450200
-3.16603900
-2.25090500
-3.18777500
-4.02407200
-5.33267500
-5.34711000
-6.31663400
-5.22253900
-4.04162700
-3.87591500
-4.18890100
-4.96692200
-2.20501800
-2.34143300
-3.10035900
-1.35369700
3.38553100
4.67789800
2.69619400
5.32099300
5.19309800
3.32506300
4.62081900
5.10283000
1.47205300
2.59571600
2.34277800
1.64845900
3.20251900
6.71025900
7.32739400
6.68486700
7.22237200
0.93609300

-3.07813100
-3.33342400
-4.04457700
-1.95253300
-0.59385800
-0.66438200
-1.59256500
-0.58868000
0.18226500
-3.75832500
-4.34553000
-3.02644200
-4.42640100
-3.03161300
-4.09675100
-2.79401400
-2.46396800
1.45529200
0.57194100
1.08772600
1.93966500
6.06145800
6.09541500
6.50740400
6.70435900
-0.28251100
-0.17283400
-1.50908600
-1.26295600
0.78346200
-2.62669200
-2.47760400
-3.34140300
-1.64229000
-3.94352600
-4.31722900
-3.84460200
-4.70082700
-1.13635100
-2.00903400
-1.05323500
-0.24824400
-1.38297200

[LSMn"(LY)(CHsOH)]° S=1

Mn
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-0.11291200

1.39461000
-0.30011900
1.55512900
2.54312500
0.67126000
2.67258000
3.21953800
0.81974100
1.80828600
3.44585400
0.17622100
1.90790900
2.66948000
2.40053600
3.41000900
1.02100600

-0.26236000

1.17756700
-0.08734900
1.40712200
2.25258200
0.74613400
2.44490700
2.76147000
0.93533700
1.77971000
3.10117200
0.41776800
1.91232900
0.66763600
0.45122100
1.47540100
2.45965000

0.24292500
-0.68981300
-0.42904100

0.83134100

3.28366100

4.28500400

4.20062000

5.28706400
4.10525800

1.58674800

1.72384200

2.40207500

1.69861600
-2.93215100
-3.19230600
-2.51056400
-3.86026300
0.66876400
0.04349400
1.69096100
0.34473600
-0.37742700
-1.46581900
0.06928400
-0.13535100
0.62666300
0.10476300
0.55017700
-0.48710200
0.16923100
-0.04895900
-0.54659700
-1.00154000
1.08212200
-0.12137900
0.87764600

-0.66277700
-0.62528000
-1.06880200
-0.82982500
-2.16290100
-0.68691000

3.31884100

-0.92202600

-0.69014400
1.01366400
0.75155100
1.25572800
1.62312200
2.62916700
0.57723700
3.00813700
3.50200000
3.01457300
3.70955000
4.57466500
-1.32298100
-2.36206400
-1.33731300
-1.40225100
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0.90703800
1.86327700
3.24469600
2.41789500
4.59247200
2.97448000
5.16071600
5.21094100
4.32541300
4.74411500
1.13092500
-1.25763600
-1.32838600
-2.24518200
-3.18262500
-2.31783000
-4.16815100
-3.10229800
-3.34305600
-4.21933500
-4.98984300
-1.52143500
0.03807700
0.03929600
-0.82827600
0.04815100
0.95033800
-3.43443000
-3.59114700
-2.50677800
-4.25804200
-5.16050400
-6.19160200
-5.09922000
-4.98485900
2.10244200
1.23580500
1.70179900
2.66299300
6.61506500
6.72867800
7.13004700
7.14682800
-0.22891000
-0.24594800
-1.41507100
-1.43034300
0.68292900
-2.62850100
-2.60576400
-3.54168200
-1.40606100
-3.90802300
-4.16409600
-3.82066000
-4.74314200
-1.45016000
-2.26758900
-1.59031000
-0.51322000
-0.77220100

2.18053900
3.15731500
-0.54191100
-1.66365900
-0.58347600
-2.83575700
-1.72639800
0.29712300
-2.83915000
-3.74367300
-1.65992500
-0.66083800
-0.45070400
-1.55887300
-2.06289100
-1.98705800
-2.96097700
-1.71953800
-2.92880300
-3.37908300
-4.09057700
-1.57439600
-0.25664900
-1.48899200
-2.09709900
-1.26127600
-2.01623900
-3.39764200
-2.55665300
-3.88713600
-4.10500700
-3.49462100
-3.25589300
-4.58608400
-3.07192500
-4.04676600
-3.81092900
-4.42271800
-4.85563200
-1.76687400
-1.82848300
-2.63763200
-0.87146000
3.10277100
4.43384400
2.34431100
5.04929300
5.00114500
2.94765800
4.28213100
4.74236200
1.07491400
2.15130500
1.84007700
1.23162000
2.73668500
6.48291500
7.05008300
6.54573600
6.99485500
0.24642600

-2.45524400
-1.33606300
-0.64485300
-0.43647600
-0.27071800
0.13700100
0.29470500
-0.43474900
0.48364400
0.92235700
-0.79390800
1.69715900
2.76403100
1.19755900
2.14553500
-0.17331500
1.80201600
3.17485000
-0.52243900
0.44703700
0.15401300
-1.11505900
-3.02009600
-3.77329000
-3.51243900
-4.84216600
-3.49660500
-1.95059300
-2.63553400
-2.26802700
-2.07875300
2.80692500
2.52011500
2.89306800
3.80002100
0.34783900
0.97523100
-0.60090500
0.82480800
0.70451200
1.79410000
0.28252600
0.36963900
-0.87726200
-0.44834200
-0.88390900
-0.03632400
-0.44779700
-0.47379600
-0.06436300
0.24885200
-1.31297600
-0.50119400
-1.52099200
0.08736000
-0.10650900
0.44235200
-0.01664700
1.52894400
0.20403700
-3.20917300
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[HSMn'"(LY)(CH3OH)]* S=3/2
Mn  -0.02484200 -0.43457900 0.98078100
1.34076900 1.23802600 0.67982500
-0.21368300 -0.13279900 -1.14603800
1.48700000 1.51292000 -0.76259200
2.38476300 2.47953700 -1.21764400
0.70409200 0.78526200 -1.68344800
254583300 2.70729200 -2.58258400
2.97040600 3.05606800 -0.50961800
0.90028400 1.00242000 -3.05896400
1.80799200 1.95709600 -3.50197600
3.25351000 3.45474200 -2.92483600
0.35051800 0.41074900 -3.78220100
1.94522800 2.11168600 -4.56725200
0.77977900 2.44015500 1.41648400
073799200 2.14258800 2.46982000
1.48943200 3.26929600 1.32980900
2.66670900 0.89428500 1.30911300
2.44471100 0.60899800 2.34276600 [Mn'V(L1)(CH3OH)]* S=3/2
3.30177400 1.78521700 1.34374600 Mn  0.01636700 -0.42313600 -0.89047400
-0.57450300 2.85794700 0.92449700 N -1.33940000 1.19092100 -0.72527700
-1.63077400 1.93057400 1.01792000 N 0.20523300 -0.17191200 1.03248300
-0.81749800 4.14724100 0.44420100 C  -1.53441000 1.44092100 0.71133300
-2.94358400 2.31347000 0.65715200 C  -2.45561000 2.37322600 1.18439500
-2.10276600 4.54836500 0.06972000 C  -0.76627100 0.68825000 1.60803000
0.00828700 4.85128400 0.37278800 C  -2.63554800 253492900 2.55669800
-3.14449500 3.61508600 0.19581700 H  -3.04322800 2.96591900 0.49272400
-4.15371400 3.91544300 -0.07848600 C  -0.97655700 0.82650600 2.98753700
-1.39976900 0.69676900 1.50529700 C  -1.90432500 1.75203500 3.45337100
-1.23998700 -0.57720900 -1.81360500 H  -3.35889000 3.25522700 2.92275600
-1.42287800 -0.20524100 -2.82520200 H  -0.43651300 0.20822900 3.69454800
-2.20612100 -1.52178500 -1.32767600 H  -2.06273400 1.85442300 4.52155200
-3.27999700 -1.83893400 -2.19993900 C  -0.79385900 2.41560300 -1.43892100
-2.14306500 -2.14047500 -0.03707000 H  -0.69072800 2.11574300 -2.48678900
-4.27424600 -2.73301400 -1.85014200 H  -1.55126800 3.20339500 -1.39149800
-3.30974900 -1.35526700 -3.17341700 C  -2.65343300 0.82159100 -1.40123300
-3.16867800 -3.06022000 0.32829400 H  -2.38430200 055811700 -2.42809100
-4.18857200 -3.33110100 -0.57215700 H  -3.27717400 1.71859600 -1.44790700
-4.96178100 -4.03735000 -0.27602200 C 050871000 2.90659200 -0.88521800
-1.16281000 -1.94046600 0.82209200 C 158812300 2.00930800 -0.83308400
0.52201100 -0.70204200 3.19343800 C  0.68699400 4.23538200 -0.49249300

c

c

H

c

H

0

c

H

c

c

c

c

H

c

c

H

0

0

c

H

H

4.72098100 -0.07749500 0.23311400
2.74082800 -1.47539300 0.39018900
5.43949900 -1.14951000 -0.35730000
5.23250700 0.86599600 0.39882500
3.46247200 -2.57975500 -0.21055500
4.78408800 -2.38357500 -0.56108900
5.33895800 -3.20127600 -1.01163800
1.51759700 -1.65505400 0.74212800
2.74990000 -3.87996900 -0.42663400
2.37976400 -4.28404800 0.52160700
1.87311000 -3.74087900 -1.06807300
3.41053600 -4.61577000 -0.88808600
6.86303900 -0.95625200 -0.78408900
7.39423700 -1.90732400 -0.86014100
6.89568600 -0.47929700 -1.77310200
7.40080500 -0.29878800 -0.09528500
1.03766200 -1.50588400 3.34982100

ITIITITOIIITOOIOOITOOO

-0.40045400 -0.51363100 4.28814600 2.86698700 2.45208900 -0.42648200
-1.04117400 -1.39104900 4.41179400 1.93582800 4.70054800 -0.07184800
0.14744400 -0.31729900 5.21372800 -0.15784300 4.91877300 -0.53077400
-1.01339600 0.34640600 4.02547200 3.00556900 3.79150500 -0.05848000
-3.10978200 -3.72225900 1.67988300 3.98776400 4.14104900 0.25243100
-2.19700400 -4.31806400 1.79081200 1.41602500 0.72850200 -1.22171100
-3.09798900 -2.97940000 2.48476700 1.22237400 -0.63969100 1.71210700
-3.96927800 -4.38004500 1.82952900 1.32035100 -0.32076200 2.74793000
-5.41448000 -3.06902100 -2.78006900 2.22527500 -1.52652800 1.23162500
-5.43222500 -4.13850500 -3.01937100 3.29141100 -1.86473600 2.10746400
-6.38296300 -2.82705500 -2.32763500 2.16847400 -2.10431600 -0.06976100
-5.33644000 -2.51666000 -3.72004400 4.28517300 -2.74436600 1.72640100
-4.08542200 1.34052000 0.79953200 3.31291500 -1.41310100 3.09541200
-3.92742200 0.44450600 0.19116400 3.17651100 -3.02073700 -0.46614100
-4.19023900 1.00073700 1.83589100 4.19645200 -3.30836800 0.43163700
-5.02857700 1.80101800 0.49480400 4.96860400 -4.00767300 0.11833800
-2.36801100 5.93418300 -0.46899600 1.17609600 -1.86000000 -0.90964100
-2.53458100 5.91634000 -1.55320500 -0.28552000 -0.60091400 -2.90797100
-3.26207300 6.37541800 -0.01620200 0.79074500 -0.57302400 -3.88663800
-1.52573600 6.60455500 -0.27721800 1.44386900 -1.43522200 -3.74564300
3.40348500 -0.21135700 0.60583900 0.34873200 -0.57608700 -4.88367500
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1.33997900
3.11646500
2.17301000
3.18024100
3.93868700
5.42911600
5.45504700
6.39309000
5.34759600
4.04085100
3.88471400
4.20190300
4.95496100
2.13620300
2.35087600
2.98092900
1.24689300
-3.38804400
-4.74030300
-2.69526200
-5.42681500
-5.26601200
-3.35803500
-4.71087900
-5.22765100
-1.39900400
-2.60810500
-2.22212600
-1.74187000
-3.25446800
-6.89357900
-7.49930600
-7.08235800
-7.26309200
-0.82271600

0.34782600
-3.65214400
-4.18796300
-2.89520800
-4.35759400
-3.10751500
-4.18561100
-2.83775600
-2.59458600

1.50744700

0.67211000

1.06958400

2.02815400

6.13351700

6.19973400

6.59420200

6.73758200
-0.28564700
-0.17122100
-1.47183600
-1.22666600

0.75372100
-2.55234300
-2.40204600
-3.23045500
-1.60712700
-3.82070900
-4.29061200
-3.62388200
-4.54086200
-1.11748900
-1.78519000
-1.39712800
-0.09946100
-1.40197900

[HSMn'"(LY)(CH3OH)]* S=5/2

Mn
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-0.00859900

1.46873800
-0.19091200
1.61668500
2.57930400
0.77893500
2.74147800
3.21537900
0.97789200
1.94463200
3.49691800
0.39404800
2.08503600
1.00469800
0.92717200
1.77992100
2.76475400
2.52704800
3.49510900
-0.30676600
-1.43933800
-0.43167100
-2.70157000
-1.66572500
0.45154000

-0.29982600 1.11033800

1.24866200
-0.13737500
1.42923000
2.29777700
0.70757700
2.44246300
2.86144300
0.83791300
1.69922900
3.11847400
0.24390400
1.78351800
2.51772000
2.27022200
3.28423300
0.79245400
0.61367400
1.60786100
3.02767700
2.19330600
4.32507900
2.67694900
4.82630400
4.95730600

-3.71088700
-1.83160400
-1.97929500
-2.62093900
-1.96936100
2.64071900
2.83392400
2.19526200
3.60212600
-0.42127200
0.26867800
-1.41233200
-0.12597000
0.36061000
1.43385900
-0.16276000
0.16266100
-0.70847700
-0.37448400
-0.41720400
0.23103800
-0.59928600
0.20920700
0.51234600
0.99227600
-0.75371500
0.52133900
-0.39012900
1.16229600
1.02874900
0.57320000
-0.05107000
1.61529300
0.42454800
-3.02753100

0.68379600
-1.06258200
-0.76147600
-1.27663700
-1.64014500
-2.65207500
-0.60316500
-3.02859000
-3.52773900
-3.03807700
-3.72157600
-4.60012300
1.36148200
2.42627700
1.25631300
1.31751900
2.37211200
1.28268500
0.83315300
0.90703300
0.32711800
0.49261900
-0.09404100
0.27142700

141

IIIITOIIITIOOIOOIOOOOIIIOIIIOIIIOIIIOIIIOOOIOOIOOOOIOOIO

-2.78302800
-3.75508300
-1.33914000
-1.19098200
-1.31426500
-2.20969400
-3.17902800
-2.27348800
-4.20198500
-3.13611100
-3.32996600
-4.24547900
-5.03538200
-1.45306300
0.17274600
-0.85659200
-1.50280500
-0.40022200
-1.43688500
-3.37657000
-2.44641300
-3.48068500
-4.21161200
-5.23224300
-5.21673900
-6.23872100
-5.07188200
-3.92103900
-3.81754100
-4.08427600
-4.81574300
-1.79955000
-2.04028100
-2.60150200
-0.87265100
3.33030700
4.63551700
2.53964500
5.18582100
5.23571300
3.07069500
4.38064600
4.79066200
1.29917000
2.22732000
1.95066600
1.28974600
2.76281600
6.59019900
7.13705700
6.58704100
7.15649600
0.68606300

3.98236400
4.35644600
0.95060200
-0.58300800
-0.25536000
-1.50452700
-1.87163300
-2.08395100
-2.78544700
-1.44113900
-3.04494900
-3.35880700
-4.07001700
-1.78828200
-0.52908700
-0.34766300
-1.22780000
-0.15585500
0.51570600
-3.64286500
-4.17556100
-2.86164600
-4.33912600
-3.16194100
-4.24279300
-2.92006200
-2.64711800
1.79764000
0.89112700
1.46751000
2.32923000
6.22465900
6.21000200
6.77940700
6.79146900
-0.43881200
-0.45762400
-1.60503500
-1.61256100
0.44733000
-2.78644600
-2.76153500
-3.67112900
-1.62862400
-4.03300400
-4.38002600
-3.85243700
-4.84119400
-1.62367300
-2.51939800
-1.61811800
-0.74900600
-1.33047800

[HSMn"(LY)(CH;OH)J2* S=1

Mn

ooooonozz

0.11718800 -0.38456500

-1.32620400

0.23556400
-1.51258900
-2.44058300
-0.73548300
-2.62313900

1.16990200
-0.22711100
1.39587800
2.31739800
0.63339500
2.46205400

0.00635000
-0.30900700
1.41932300
-1.76160100
-2.79538800
-1.31688500
-2.25082000
0.02432100
-1.95289400
-3.24713500
0.32295600
-0.65477700
-0.42933400
0.94302500
3.26217600
4.25806600
4.31155400
5.23217200
3.93873500
1.69662600
1.92136500
2.45715300
1.79091500
-2.97494300
-3.15782000
-2.61357400
-3.92369700
0.60070200
-0.00530300
1.63248200
0.26697400
-0.64968700
-1.71960200
-0.15043300
-0.52743200
0.66532800
0.16707500
0.59711800
-0.39603500
0.22666100
0.02575000
-0.45148100
-0.88570500
1.11326600
-0.03819200
0.96392200
-0.57513900
-0.54254600
-0.95075500
-0.63808700
-2.04788100
-0.61942700
3.44379500

-0.94109200
-0.70708900
1.03831000
0.73922200
1.22385500
1.62393600
2.59693000
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-3.03133000
-0.95053100
-1.88508800
-3.34966200
-0.40759200
-2.04158600
-0.85889300
-0.69284000
-1.67466800
-2.63730900
-2.38527000
-3.29864000
0.38001500
1.59360200
0.40852900
2.82632500
1.61561000
-0.49761300
2.79678000
3.71104100
1.57452900
1.19516100
1.24913700
2.19583000
3.16694500
2.24046400
4.15461000
3.11681100
3.24511000
4.16496000
4.93644400
1.35383000
-0.13054400
0.95794300
1.62678800
0.53360900
1.48757800
3.29102000
2.35898300
3.42106000
4.11652800
5.19200800
5.14723700
6.20398100
5.04809200
4.07028700
3.92091700
4.33372000
4.90916900
1.61890800
0.74121600
2.52137800
1.57029600
-3.34209700
-4.63599300
-2.65085500
-5.30995700
-5.17024700
-3.31795100
-4.62628100
-5.14652200
-1.45275000

2.91748400
0.76043300
1.67267900
3.17434900
0.14415200
1.76156400
2.43067200
2.14135500
3.15757900
0.76502400
0.52104100
1.63494800
3.04958300
2.26625500
4.34429300
2.84700800
4.93092100
4.94343400
4.15923200
4.61289800
1.06075000
-0.77883800
-0.53622400
-1.66819800
-2.13573100
-2.11631200
-3.02298100
-1.77981800
-3.03088200
-3.45329300
-4.15311800
-1.72830700
-0.45317900
-0.33061800
-1.18882900
-0.26206400
0.58507200
-3.51586200
-4.01979500
-2.68117600
-4.21554400
-3.52997700
-4.62067300
-3.27685100
-3.10172300
2.01372100
1.10333000
1.68904600
2.57207900
6.35527200
6.57207000
6.59718000
7.02982000
-0.38354700
-0.28914200
-1.64781800
-1.41480400
0.65339500
-2.79659900
-2.64395900
-3.49481600
-1.75480400

0.54086100
3.00534900
3.48232600
2.97170100
3.71142200
4.55190800
-1.42051400
-2.46243800
-1.40471200
-1.37027700
-2.40583600
-1.39171000
-0.83907400
-0.82667000
-0.38387000
-0.33163200
0.09262700
-0.39032500
0.10446000
0.47520700
-1.26241900
1.74538800
2.80480100
1.26793300
2.19511800
-0.08344600
1.81770700
3.22018900
-0.48261100
0.46986300
0.15677500
-0.99225800
-3.01695000
-3.97665900
-3.89471100
-4.97897300
-3.72588800
-1.90716300
-2.18398300
-2.60428200
-2.05262100
2.78872400
2.88040400
2.45427900
3.78350900
-0.31473400
0.27534200
-1.32716200
0.10364800
0.55446900
1.17130600
1.11837200
-0.31083000
-0.70504000
-0.25828300
-0.60383100
0.29779400
-0.33177200
-0.02164100
0.40042100
0.82966800
-1.04591600
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[HSMn
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=

-2.57344100
-2.25145400
-1.66376700
-3.19335100
-6.72474700
-7.12240000
-6.79349100
-7.36798500
-0.65633300

-4.09086800
-4.43933100
-3.96606200
-4.86184400
-1.27147400
-2.20968000
-0.50907200
-0.93143300
-1.24132800

(L1)(CHsOH)J?* S=3
-0.01419800 -0.29926600 -1.06081100

1.38208600
-0.34714400
1.44987600
2.37301300
0.56541400
2.44696100
3.04300000
0.67078500
1.59686200
3.17123000
0.04480300
1.66255000
2.71483000
2.53015600
3.39585800
0.89545600
0.92387600
1.60597300
3.37194400
2.65462700
4.68238700
3.33372200
5.35626100
5.23585800
4.65504000
5.17215000
1.42302200
-1.34954400
-1.54188500
-2.28724000
-3.28074700
-2.23117300
-4.23114300
-3.33160500
-3.20573300
-4.16009200
-4.88480100
-1.37262900
0.38799300
0.67568200
-0.22515300
1.07277000
1.42704200
-3.12970200
-3.28159700
-2.13897000
-3.88358500
-5.29745400
-6.10861300
-5.73014200

1.34197500
0.02026500
1.60711100
2.52100200
0.93565600
2.76436900
3.04771500
1.17273100
2.08063900
3.47495300
0.63036800
2.24763400
0.93158500
0.65592600
1.78850500
2.56116800
2.28020900
3.38004800
-0.21311200
-1.45449100
-0.13798200
-2.59750100
-1.24547100
0.78448200
-2.45603900
-3.29742900
-1.59176300
-0.45127800
-0.08868200
-1.46260000
-1.83649900
-2.13012200
-2.84377200
-1.34692900
-3.17693700
-3.49574100
-4.27253300
-1.84419800
-0.71829300
-1.99687700
-2.61326000
-1.83440200
-2.48112300
-3.85450100
-3.13170200
-4.29358300
-4.63839200
-3.18901200
-2.45010100
-4.17122400

0.08799100
-0.89917700
0.68544700
0.54789800
0.76602600
1.15537800
1.55149600
-0.05442700
-3.22983700

-0.66463600
1.07598700
0.77650300
1.28583700
1.64936200
2.65488600
0.61532500
3.03245200
3.52784900
3.03779100
3.73064300
4.59749300
-1.23232200
-2.27666500
-1.24377500
-1.42746400
-2.48564400
-1.27999800
-0.50605500
-0.29724600
-0.10946300
0.29778400
0.48788200
-0.25742500
0.67048600
1.12091300
-0.62870700
1.74992800
2.76067300
1.30272300
2.19527500
0.00168500
1.89772200
3.16354800
-0.29799400
0.64592700
0.42177800
-0.88492100
-3.13917200
-3.75814400
-3.79928600
-4.76181400
-3.13748400
-1.62979100
-2.43913500
-1.78662800
-1.71293600
2.88941500
2.83642800
2.69092800
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-4.91197200
2.56825200
1.70954000
2.16511100
3.20226700
6.78334600
6.87805600
7.18578400
7.40429900

-0.48817300

-0.75687500

-1.54416300

-2.06534800
0.06255400

-2.87435900

-3.10003400

-4.12196400

-1.27532700

-4.00605600

-4.03082700

-3.90563400

-4.96663100

-2.35963100

-3.23198600

-2.58074300

-1.51081700

-0.26202800

-3.16485500
-3.86921300
-3.71008800
-4.22556700
-4.64629800
-1.10056600
-0.31257300
-2.02800600
-0.78871300
2.98594500
4.26000500
2.06984500
4.65269700
4.95966200
2.43259600
3.72554000
4.02256200
0.84996800
1.46272400
1.10588300
0.57866500
1.93226100
6.02603100
6.47174600
5.98158600
6.70108400
-0.23515400

[FSMn"'(L?)1° S=2, Isomer 1

Mn

OO0OO0OITIOO0OIOIOOOOOIITIOIIOIIIOOITIOOOOZZ

-0.13126200

-1.53124300
1.04323100
-0.87729900
-1.52154200
0.35938500
-0.94634300
-2.47897500
0.92400200
0.28006600
-1.45769700
1.87701800
0.73416000
-2.04655100
-2.42845300
-2.90737100
-2.69949000
-3.43292600
-2.28625000
-1.00939400
0.21787500
-1.27454000
1.16489100
-0.35446500
-2.22669400
0.85629800
1.58816700
0.50074400
2.38287500
2.19132200
3.15825100
4.55618300
2.56617400

-0.74263400

0.70980300
0.03484600
1.59293800
2.75352100
1.23269400
3.55313000
3.03703400
2.03834700
3.19170300
4.45181800
1.75959900
3.80505600
1.46554100
0.69459300
2.07420700
0.02811600
0.79596900
-0.38059100
2.32522100
1.75208800
3.66962200
2.54223700
4.46843000
4.09578800
3.87500200
4.47529900
0.46539300
0.39045700
1.17252900
-0.74792800
-0.70904200
-1.77375500

3.91256800
0.48777000
1.14929400
-0.46614200
0.91655200
0.90840200
1.66618700
1.31748200
0.05996800
-1.02818600
-0.52957200
-1.20428400
-0.22213600
-0.38687900
-0.89885000
-0.42406600
-0.20036300
-1.72339400
-1.11738500
-2.15212300
-0.47901400
-0.89411500
0.32899300
-0.15917900
1.40234600
0.19402600
-3.67251800

-0.03845000
0.67375800
1.73469600
1.65357400
2.09907300
2.20724100
3.08200700
1.67710500
3.20483900
3.64170600
3.41107400
3.64148200
4.41317100
-0.53321300
-1.21150100
-0.23727800
1.37461000
1.64147500
2.30113100

-1.19839500
-1.58525900
-1.48434600
-2.28322600
-2.16534300
-1.17434900
-2.55560200
-3.09360000
-1.33844100
1.16531500
0.42503900
0.53276900
0.65858600
-0.23968900
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5.39340600
4.99883600
3.40373100
4.78506400
5.40955100
1.24295500
2.77269900
2.12896300
2.13393000
3.53633300
6.89584900
7.30126000
7.39125500
7.19512900
2.46302700
3.02251900
2.28683100
3.09749200
-0.63717400
-0.00501500
-0.44393100
-1.67895400
-3.33598700
-4.69067900
-2.52310900
-5.27007600
-5.30180400
-3.08715100
-4.44495800
-4.87840900
-1.22470500
-2.22056000
-1.35091000
-1.82657000
-2.78178700
-6.73310200
-6.86849500
-7.26536700
-7.22942600
3.00716700
1.15346000
0.15710600
1.59227700
1.78047900

-1.63269200
0.07934900
-2.72379700
-2.63397400
-3.37326900
-1.95757600
-3.81901800
-4.45847300
-3.40791100
-4.44771000
-1.56693100
-2.49228500
-1.42037900
-0.74203800
1.92409000
1.49477700
1.10131600
2.66452900
5.92318600
6.58893300
6.16503200
6.17787600
-1.06125900
-1.04761400
-2.15643200
-2.11963200
-0.19107200
-3.25395200
-3.20802500
-4.05232800
-2.16042400
-4.43043500
-4.11347600
-4.93027700
-5.16607600
-2.11589800
-2.18176900
-2.96807200
-1.20309700
0.83381000
-0.99202800
-1.22671200
-1.89449800
-0.64680500

[FSMNn"!(L?)1° S=2, Isomer 2

Mn

TITOIIITIOOIOOOOZZ2

-0.09986100 -0.43873600

-1.22053000
-0.08811100
-1.26745900
-1.87869200
-0.71125100
-1.93747300
-2.31330800
-0.77604200
-1.38264600
-2.41475000
-0.34936000
-1.42289200
-0.55278800
-0.53859800
-1.19094400

1.37417500
-0.42569000
1.69379900
2.87686100
0.81979900
3.19643900
3.55823900
1.15114900
2.32939300
4.11873300
0.47626500
2.56804400
2.48233100
2.11483400
3.37152500

0.03564600
1.26483800
-0.88443600
-0.73656600
-1.23550800
-0.35256000
-1.70537500
-1.09068000
-2.49508800
-2.17151100
0.18356300
0.60994200
-0.78383300
0.83650900
-2.73561700
-1.89774400
-3.43832100
-3.23021900
-2.46148400
-1.86063000
-3.51256600
-2.24629900
0.56475900
0.21675500
0.21682700
-0.46599000
0.49400500
-0.47578000
-0.79584400
-1.32936300
0.56978000
-0.84280400
-1.42837400
0.04976200
-1.42513800
-0.84515000
-1.93121700
-0.40650300
-0.50390300
1.95099800
2.80193900
3.17882800
2.37646800
3.63307700

-1.11740800
-0.80449200
1.14708400
0.63305800
1.06661300
1.57917200
2.41939200
0.34358400
2.93932700
3.36172800
2.73415400
3.67362000
4.41958000
-1.60072200
-2.63364100
-1.57863700



ITITOIIIITOIITOOIOOIOOOOIIITIOIIIOIIIOIIIOOIOOIOOOOIOOIOILOOOOOITIO

-2.61876100
-2.47091900
-3.15695800
0.83425800
1.80037600
1.19562900
3.15148200
2.51710100
0.43129800
3.47249900
4.51173700
1.45775600
1.36912900
1.79847700
2.14071300
3.20658900
1.90898700
4.06416500
3.36872300
2.77344600
3.82263900
4.47303400
0.87274700
2.52634800
1.54233600
2.53632100
3.28611000
5.20588900
5.10237600
6.17159400
5.25812700
4.20697100
4.00301000
4.24508000
5.19506000
2.90848800
3.08467600
3.83158100
2.12535200
-3.40707000
-4.66521300
-2.88603500
-5.44324100
-5.04767400
-3.66404500
-4.92082800
-5.51699800
-1.67785400
-3.13013100
-2.90401900
-2.19432000
-3.85104600
-6.79212500
-7.52384100
-6.73517500
-7.18809400
1.48362100
-0.78849900
-1.85272900
-0.38602700
-0.64952200

1.21863400
1.06935600
2.16269100
2.82091700
1.79759000
4.12491400
2.10853800
4.45119100
4.89905400
3.42468900
3.66026700
0.54569900
-0.45182100
0.46711700
-1.66227800
-2.09918200
-2.30343800
-3.12987200
-1.60504400
-3.35671300
-3.74300000
-4.55210600
-2.02796000
-4.03970700
-4.52167400
-3.32241900
-4.80175900
-3.57853500
-4.63037200
-3.48596500
-2.98349300
1.03549400
0.21209000
0.59267700
1.44297900
5.85353900
5.92781400
6.17250000
6.57424500
0.07961800
0.26801000
-1.21873500
-0.81764500
1.27988200
-2.33505000
-2.10538600
-2.96594800
-1.39437300
-3.72886100
-3.91885300
-3.88079400
-4.47878500
-0.61761800
-1.34910700
-0.73053100
0.38169600
-0.39592500
-1.60688700
-1.53537000
-2.50830300
-1.67054600

-1.37416600
-2.44957300
-1.24247700
-1.14978700
-1.17525400
-0.79754200
-0.88530200
-0.48472400
-0.78136000
-0.54711600
-0.32405800
-1.51388900
1.49124700
1.08138900
0.99518600
1.79848000
-0.24561400
1.41764200
2.75481500
-0.65010600
0.17896200
-0.14925400
-1.05050200
-1.97087400
-1.99353700
-2.79923000
-2.16548700
2.30015400
2.59303000
1.78895200
3.21649600
-0.96664000
-0.27464200
-1.96832300
-0.73600700
-0.07933500
1.00131100
-0.57511600
-0.33209300
-0.80385200
-0.22454600
-0.96657700
0.18649200
-0.10704200
-0.57630000
-0.01192500
0.28691400
-1.52081000
-0.78117400
-1.83642700
-0.23245600
-0.44467800
0.83802500
0.47934100
1.92826600
0.63486500
2.58174900
1.71548000
1.49269600
1.25398900
2.80153000
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-0.06177200 -0.37226600 -1.00527800

Mn
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-1.23602700
0.00775300
-1.26933200
-1.91758300
-0.62901600
-1.92481900
-2.41643500
-0.63951700
-1.28068000
-2.43004200
-0.15156300
-1.28002800
-0.61513300
-0.58584600
-1.28987400
-2.62594700
-2.47202200
-3.18581700
0.75697000
1.75738600
1.07421200
3.09896600
2.38553800
0.28433000
3.37624700
4.40790600
1.45442600
1.47491000
1.91342300
2.20569500
3.21388200
1.96055400
4.01201900
3.37766900
2.76176200
3.75935400
4.35931600
0.99536300
2.50384000
1.48416500
2.60096900
3.20392100
5.10245700
4.97439500
6.09551800
5.11336000
4.19248300
3.99970600
4.27281700
5.15990000
2.72892100
2.88096900
3.65242600
1.93088600
-3.40253300
-4.70058400
-2.84055300
-5.47939100
-5.11386600
-3.62106200

1.37668400
-0.42642000
1.66545800
2.80100400
0.79346000
3.07159800
3.48112600
1.06912600
2.20414300
3.95724000
0.39385900
2.40689100
2.52127200
2.17064300
3.38320300
1.19460900
1.04954900
2.12752600
2.91520900
1.92615300
4.23786400
2.28970000
4.61573900
4.98626700
3.62266100
3.89919800
0.65586500
-0.47674800
0.44404100
-1.70387800
-2.22640500
-2.29853200
-3.30375400
-1.76460500
-3.40787600
-3.87708400
-4.72564900
-1.91426500
-4.05297600
-4.45031500
-3.32972700
-4.87355600
-3.83958400
-4.91015400
-3.71848700
-3.32147300
1.25528900
0.40205700
0.84700800
1.68793900
6.03878900
6.14614800
6.37080500
6.72986500
0.04187100
0.20759400
-1.24491700
-0.88902400
1.21166200
-2.37368600

-0.76666500
1.04000400
0.67147000
1.16947400
1.55935300
2.53441100
0.48782900
2.93138000
3.41823500
2.90550900
3.62520200
4.48411400

-1.54451400

-2.58290200

-1.50891500

-1.33417900

-2.40985400

-1.20720900

-1.09378300
-1.10101900
-0.77121400
-0.82978100
-0.47162900
-0.76954500
-0.51900900

-0.30834500

-1.40363300
1.39850000
1.00911600
0.89564700
1.72182400

-0.36829400
1.34265800
2.69419000

-0.76242400
0.08623200

-0.23926300

-1.20211700

-2.09989100

-2.16212600

-2.91745900

-2.28067700
2.24125900
2.44098800
1.79095700
3.20471200

-0.91237200

-0.25453700

-1.92657100

-0.64336500

-0.09622800

0.98535200
-0.58231700
-0.38298400

-0.77483100

-0.28220100

-0.87623400
0.09604600

-0.20919200

-0.52544900
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-4.91735400
-5.51299200
-1.58900200
-3.04955500
-2.77591300
-2.13449600
-3.76943300
-6.87226900
-7.56691700
-6.88802400
-7.26855400

1.56119700
-0.68414400
-1.75278300
-0.29120200
-0.50550000

-2.16689600
-3.03718900
-1.41174100
-3.75895100
-3.95922500
-3.88621700
-4.51867500
-0.71129800
-1.45204300
-0.82823900

0.28281700
-0.44271900
-1.63396900
-1.55183400
-2.51933900
-1.70824100

[FSMn"(L?)]* S=3/2, Isomer 1

Mn
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0.02472400

-1.62808200
1.12146100
-1.13530200
-2.01372400
0.20303800
-1.57154600
-3.05050100
0.63373700
-0.24293400
-2.26577800
1.66202900
0.11058100
-2.49380400
-2.73968900
-3.44124300
-2.44358000
-3.35799600
-1.84043700
-1.85198800
-0.53449600
-2.59038300
0.02937000
-2.06070600
-3.60625800
-0.74708000
-0.31009000
0.21189200
2.33906100
1.98241200
3.34687500
4.68245300
2.96827200
5.69697900
4.98439100
3.99893300
5.32188700
6.09654500
1.75057200
3.57959200
2.92953400
2.99991200
4.44785600
7.13493400

-0.59484800

0.31104000
0.28191100
1.30912000
2.24794200
1.27958300
3.15845400
2.27232300
2.19378000
3.13146500
3.88287800
2.17142100
3.83385900
0.92523600
0.10243600
1.24524300
-0.73391000
-0.25298000
-1.00763800
2.07494200
1.96712100
3.23660800
3.02589400
4.29286500
3.30751600
4.15890300
4.96921600
0.86498700
0.93720200
1.63251300
-0.00762300
0.16252100
-1.03673300
-0.60899000
0.92020800
-1.82924100
-1.59116400
-2.17879900
-1.30680000
-2.87631400
-3.61882100
-2.43195900
-3.38575600
-0.35672200

-0.04897400
0.22124500
-1.32534300
-0.68488200
-1.72705500
-0.09689100
-0.36871200
0.65468800
0.24473300
1.74584300
0.42810600
2.48979900
1.59397500
1.40738500
1.09993600
2.67074700

-0.16905500
0.77354500
1.61171500
1.73804700
2.28952600
2.16145400
3.24459500
1.97550400
3.13038800
3.66778000
3.65686300
3.47394900
4.41511800
-0.30911100
-0.98903900
0.13479800
1.52964100

1.89038000
2.39891800
-1.03467200
-1.51462900
-1.29044900

-2.26436500
-2.03275000
-0.90810900
-2.50748600
-3.08774000
-1.29710500
1.03647000
0.27154600
0.42044200
0.69581600
-0.53258900
0.06282100
1.41355200
-1.19021200
-0.87557300
-1.35833000
-0.81400200
-2.17519300
-1.70024900
-2.99131100
-2.59608200
0.39472200
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7.79649000
7.42986700
7.29419800
1.43279600
2.16382100
1.53095300
1.71468600
-2.86909700
-2.32431500
-3.10350300
-3.81627800
-2.75855900
-4.06667900
-1.67065800
-4.31671600
-4.89872300
-1.89332600
-3.21453400
-3.39360900
-0.41061300
-0.72693000
-0.06859200
-0.11102600
-1.07016300
-5.72580500
-5.89695600
-5.92908100
-6.46362100
2.85847600
1.47827100
0.56607700
2.08797000
2.03539600

-1.08242600
0.64773200
-0.38792700
2.90464300
2.76078300
2.04173800
3.80128800
5.53519300
6.44402900
5.61856300
5.53160900
-1.95009600
-2.37935700
-2.70067800
-3.56211000
-1.78938200
-3.89719000
-4.29859200
-5.22103000
-2.27374400
-4.70903000
-4.11068800
-5.07342900
-5.57360300
-4.04603000
-4.25202400
-4.97704000
-3.30671100
1.52133800
-0.73021600
-1.18403000
-1.51278800
-0.27754000

[FSMn'M(L?)]* S=3/2, Isomer 2

Mn

TOIOOOOOIIOIIOIIIOOIOOOOZZ

-0.11305000 -0.35034200

-1.24299500
-0.03695000
-1.25950500
-1.88207900
-0.65210800
-1.89984000
-2.35570000
-0.67513700
-1.29095200
-2.38698500
-0.21453300
-1.29875100
-0.59863100
-0.58813500
-1.25044300
-2.64814100
-2.51715500
-3.20583300
0.78778500
1.76793900
1.13814100
3.11717900
2.46035400
0.36832900
3.42651600
4.46437800

1.40912200
-0.41104200
1.70397900
2.86895800
0.83489200
3.17621800
3.54626300
1.15405000
2.31626600
4.08429100
0.48335100
2.54564500
2.53945200
2.18485000
3.41658400
1.23124700
1.11463200
2.15725900
2.89061000
1.88161000
4.19294100
2.19628100
4.52702500
4.96048200
3.51359500
3.75913600

-0.08069700
0.06520900
1.47841800
-2.80072600
-1.99716000
-3.46900200
-3.35839100
-2.32545800
-2.04696700
-3.39352500
-1.77912900
0.70898800
0.46831000
0.22547500
-0.23338400
0.84533200
-0.49040500
-0.69733700
-1.24601700
0.48393700
-0.99121800
-1.63001200
-0.16113700
-1.56453900
-0.48196200
-1.54418400
0.06039800
-0.15936600
1.80285600
2.64478600
3.03025100
2.19157000
3.47279100

-1.15092200
-0.78397000
1.11901400
0.65945500
1.12267200
1.57812300
2.47925300
0.42091900
2.94183500
3.39381400
2.81824100
3.65887300
4.45409400
-1.57532800
-2.61255600
-1.53189500
-1.33424300
-2.41583900
-1.16766400
-1.12927500
-1.16420900
-0.76746900
-0.88439600
-0.45722400
-0.74093400
-0.53576800
-0.32059400
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1.42879000
1.41751900
1.87585500
2.16396500
3.15808000
1.93541600
3.97776200
3.33270400
2.76580400
3.75636100
4.37976500
0.99452900
2.50544700
1.48297500
2.60042700
3.20359600
5.05088500
5.60144500
5.76038400
4.62010000
4.18670000
4.00095100
4.23067700
5.16846700
2.83627300
2.88218700
3.81979400
2.10724700
-3.40118800
-4.66911900
-2.85047500
-5.42193000
-5.08109800
-3.59635500
-4.86639100
-5.44481200
-1.62305100
-3.02780300
-2.83800200
-2.06835400
-3.71416900
-6.78191300
-7.47743100
-6.72362700
-7.21773500
1.54901600
-0.74747100
-1.81281000
-0.37294000
-0.59458800

0.62230800
-0.45123900

0.44145500
-1.68532800
-2.19137000
-2.32715500
-3.28518700
-1.73774200
-3.45399200
-3.89267100
-4.73104200
-1.98422000
-4.09643900
-4.48550500
-3.36679200
-4.91584900
-3.77541900
-4.61468100
-2.97101500
-4.09106300
1.14058600
0.29219400
0.73190400

1.55406300
5.92742600

6.01583700

6.21136100

6.66133900

0.05955500

0.20670800
-1.22560700
-0.90566600

1.20546100
-2.36842200
-2.17746600
-3.05554500
-1.36781300
-3.74517100
-3.92784000
-3.87108100
-4.51505600
-0.74680100
-1.51829000
-0.83143300

0.22975200
-0.37919200
-1.58732800
-1.49914300
-2.50035700
-1.65128300

[FSMn"(L?)]* S=5/2, Isomer 1

Mn
N

N
Cc
C
C
C
H
Cc
Cc

-0.09007000 0.51898200

1.64918300
-1.08386000
1.28634800
2.27708600
-0.05056900
1.94986400
3.31081800
-0.36532300
0.62409800

-0.09312600
-0.43033400
-1.15457000
-1.96796000
-1.30881900
-2.93634200
-1.84954600
-2.28003800
-3.09333400

-1.50249400
1.45805700
1.02277700
0.98785100
1.79473700

-0.29756700
1.40651300
2.76661200

-0.70025400
0.15411400

-0.14126400

-1.09567200

-2.02811900

-2.07855500

-2.83921900

-2.20644300
2.32929600
1.90179500
2.55693300
3.28707900

-1.00027200

-0.33307700

-2.01605400

-0.75694100

-0.03394400
1.05886100

-0.42071000

-0.38899800

-0.77839600

-0.21122200

-0.94292300
0.17846000

-0.08724600

-0.57722300

-0.02774600
0.25191700
-1.48029700

-0.80195600
-1.86563700
-0.28908500
-0.44115000
0.81606400
0.47127700
1.90849900
0.58728700
2.54375200
1.69680100
1.48952000
1.23418100
2.77962500

-0.22879800
0.76072200
1.56812900
1.71469500
2.27353700
2.11856200
3.21829800
1.97085400
3.07600500
3.62128400
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2.73040100
-1.39092600
0.35905200
2.61642800
2.71238300
3.60434900
2.27219800
3.24726000
1.62074500
2.18934500
0.87141100
3.11802500
0.49638600
2.77625100
4.13187700
1.45734500
1.16580800
-0.05545200
-2.22827900
-1.80568700
-3.33239500
-4.63886900
-3.07130500
-5.73495600
-4.85318500
-4.18809300
-5.47454800
-6.31064300
-1.89191400
-3.89047700
-3.29486800
-3.29707700
-4.81188000
-7.13399900
-7.87345000
-7.33946800
-7.26965100
-0.91142300
-1.64572800
-1.17461600
-1.03151000
3.78188100
3.46155400
3.91571100
4.75975000
2.39570500
3.61724100
1.20817600
3.67982300
4.52795500
1.24161800
2.48001300
2.51317900
0.03396100
-0.03171400
-0.54313300
-0.73694600
0.17176300
4.99289700
5.17464300
5.00529000
5.83279000

-3.56220400
-2.39966800
-3.84174100
-0.56255000
0.27946500
-0.69980700
1.06566300
0.73714100
1.22981100
-1.82283400
-1.96146500
-2.84562200
-3.12378500
-3.99996900
-2.72966400
-4.11072400
-5.00218400
-1.00148400
-1.21520200
-1.87146400
-0.37890400
-0.63134000
0.61848500
0.02822700
-1.36991300
1.28392000
0.97252900
1.47101700
0.95624400
2.29227400
3.11875900
1.84431500
2.69563800
-0.29485100
0.27542100
-1.36376400
-0.08344300
-3.26646700
-3.25162200
-2.44268500
-4.20557700
-5.09955700
-6.04665000
-5.28518800
-4.84649900
2.32529200
2.97425000
2.88875300
4.19170600
2.52807700
4.11514500
4.73777300
5.68458500
2.24441900
4.72052100
4.03553800
4.93860800
5.65172800
4.90668100
5.09747100
5.87944800
4.32172100

3.63751200
3.40693700
4.36051500
-0.30851400
-1.00325300
0.14170900
1.53257500
1.90511700
2.39439200
-1.00946200
-1.47963800
-1.23856300
-2.19252900
-1.94379000
-0.86184100
-2.41049100
-2.96238500
-1.28076800
1.00499800
0.23890500
0.39648500
0.73938500
-0.63022800
0.11434700
1.50674200
-1.29059300
-0.89905000
-1.38006500
-0.98574100
-2.35668900
-1.95425000
-3.16084100
-2.77952000
0.53896000
-0.02518400
0.40519400
1.60653500
-2.71143700
-1.89789300
-3.38421200
-3.25743300
-2.19337700
-1.74373500
-3.26527000
-1.77475900
0.72585800
0.52461100
0.22274600
-0.15913700
0.91702800
-0.47595200
-0.64357300
-1.17877900
0.43689800
-1.00707300
-1.69210400
-0.19728700
-1.54140000
-0.37463500
-1.43824000
0.13054600
0.00922000
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-2.67810700
-1.54765700
-0.69213600
-2.24440200
-2.04536800

-1.84599600
0.53939900
1.09532800
1.24580000
0.02628700

[FSMn"'(L?)]* S=5/2, Isomer 2

Mn

ITITITOIIITOIIITOIIIOOIOOIOOOOIOOIOIOOOOOIIOIIOIIIOOIOOOOZZ

-0.10351900

-1.23870500
-0.01370600
-1.23981100
-1.86097800
-0.61418700
-1.85786300
-2.34907900
-0.61558600
-1.22837000
-2.34416300
-0.14211400
-1.21909000
-0.61065900
-0.60929700
-1.26672800
-2.64693900
-2.52703700
-3.21514100
0.77942600
1.76239400
1.12956200
3.11206300
2.45374100
0.35783600
3.42154900
4.46048000
1.41928300
1.44461800
1.91926900
2.14753400
3.08380500
1.93331800
3.86144300
3.24711800
2.71994500
3.65494500
4.24551400
1.05634200
2.47620600
1.43683700
2.64031600
3.13561500
4.88021700
4.42812900
5.33759100
5.67415200
4.18121600
3.99168800
4.22818000
5.16282700
2.83081900
2.90025400
3.80391400
2.09001100

-0.29351700

1.44620600
-0.40608900
1.71680600
2.87204000
0.83753600
3.16106700
3.55619000
1.13922400
2.29272400
4.06177800
0.46050100
2.50813400
2.59659600
2.26482400
3.46859300
1.26025900
1.16860200
2.17513100
2.94511300
1.94153200
4.23895400
2.25020700
4.56818900
5.00305700
3.55916900
3.80141800
0.69149400
-0.47148400
0.39921800
-1.73749600
-2.30166700
-2.35010900
-3.43323600
-1.86800600
-3.51649100
-4.01460900
-4.88047900
-1.93735400
-4.12841400
-4.46064400
-3.39503700
-4.98214900
-3.98050100
-4.18709400
-4.89638000
-3.24333500
1.19760700
0.32856800
0.82190700
1.60143100
5.95871400
6.01714200
6.25988900
6.69745800

1.77806700
2.59996500
2.98009400
2.14774900
3.43071300

-1.17826400
-0.76625900
1.09360800
0.68196600
1.17080200
1.57839700
2.53143200
0.48580000
2.94634900
3.42389800
2.89062700
3.64721600
4.48708900
-1.54272800
-2.58708000
-1.47292400
-1.30446300
-2.38991200
-1.11300600
-1.10584100
-1.17735700
-0.71331100
-0.89886600
-0.40794700
-0.65798700
-0.51995200
-0.30604300
-1.55046100
1.42051300
0.95938700
0.97156600
1.80609800
-0.33180300
1.43339300
2.78887000
-0.71759300
0.16642400
-0.11693500
-1.16332900
-2.06246100
-2.15618700
-2.85913900
-2.22657100
2.38467200
3.36134900
2.00730300
2.55868800
-1.04605700
-0.40698700
-2.07438700
-0.78642100
0.04639600
1.13993200
-0.35362600
-0.27235100
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-3.38227900
-4.65220500
-2.82367700
-5.39806800
-5.07107400
-3.56366600
-4.83462300
-5.40704000
-1.59265500
-2.98655500
-2.78408700
-2.03262500
-3.67377500
-6.75959400
-7.46044500
-6.70731400
-7.18584200

1.58991200
-0.73385400
-1.80051300
-0.38132300
-0.56518400

0.06886600

0.19741000
-1.21051000
-0.92492400

1.19134300
-2.36324500
-2.18964500
-3.07602100
-1.34113200
-3.73298100
-3.89391000
-3.86578300
-4.51241400
-0.78547400
-1.53281200
-0.92470500

0.20485400
-0.37860200
-1.58008500
-1.47194500
-2.49213400
-1.66241600

[FSMn'M(L?)]?* S=1, Isomer 1

Mn

TOOIOOOOIOOIOIOOOOOIIOIIOIIIOOIOOOOZZ

-0.14988700 0.51702000

1.62176600
-1.11807700
1.27944500
2.28976800
-0.06302800
1.97566600
3.32932000
-0.36406500
0.64479500
2.77099500
-1.39330100
0.38980000
2.67377200
2.80894100
3.63047300
2.14716300
3.12496400
1.45247800
2.36097400
1.04732400
3.34808400
0.79896100
3.11823200
4.33884000
1.83881500
1.66948700
0.06367600
-2.22435200
-1.77042500
-3.34174700
-4.64587800
-3.08779600
-5.74577100
-4.85750100
-4.20132300
-5.48780800
-6.32589700

-0.02411000
-0.50136500
-1.10288500
-1.86371100
-1.32999400
-2.85515900
-1.68518500
-2.32254300
-3.08601800
-3.43835400
-2.49898500
-3.85208700
-0.44305800
0.40251900
-0.56763600
1.18458000
0.92299900
1.32363900
-1.69205400
-1.90731800
-2.60691700
-3.04712300
-3.73557300
-2.47173900
-3.92179400
-4.78024600
-1.11540800
-1.34299000
-2.01691500
-0.55902500
-0.84453100
0.43166600
-0.22126100
-1.57685100
1.06285800
0.71878600
1.19076700

-0.76409400
-0.19503700
-0.94810100
0.17704200
-0.05627500
-0.60242100
-0.05002700
0.21552500
-1.48248100
-0.84795000
-1.91275200
-0.32650300
-0.51001200
0.81602000
0.43071700
1.90307500
0.63341800
2.50260000
1.66513100
1.47617200
1.18374700
2.74438300

-0.18597200
0.86841300
1.57345900
1.81408700
2.41119800
2.16174800
3.33651900
2.16212200
3.10056000
3.68150100
3.78767200
3.39109000
4.40561100
-0.12509200
-0.80953400
0.38857300
1.64609500
2.06038200
2.47683900
-0.90610900
-1.46998300
-1.17467900
-2.33603300
-2.01477100
-0.75018200
-2.57916600
-3.22117400
-1.21763900
1.00707500
0.27465000
0.35648000
0.67533800
-0.67281300
0.01570700
1.44900600
-1.36716000
-1.00200800
-1.50497600
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-1.90238500 0.79836200 -0.99969100
-3.90762000 2.07420600 -2.43043700
-3.35931900 2.92578500 -2.01285900
-3.27178600 1.64515800 -3.21188300
-4.82933800 2.43982800 -2.88509200
-7.14222400 -0.57874800 0.41333400
-7.88530900 -0.00262400 -0.13917100
-7.32628100 -1.64650800 0.24046000
-7.28997100 -0.40991400 1.48666400
-0.56498700 -3.23254700 -2.92424900
-1.30945700 -3.40256700 -2.13864600
-0.88028700 -2.33651700 -3.46842300
-0.57974000 -4.08419700 -3.60556400
4.23526000 -4.68932700 -2.29142400
4.65930500 -5.06752100 -1.35398700
3.91079900 -5.53405500 -2.90016900
5.05127500 -4.17413100 -2.81389700
2.22486100 2.42861700 0.80941200
3.41266000 3.13081100 0.60165300
1.02220000 2.90930800 0.25414400
3.42119200 4.31996700 -0.13736100
4.33835900 2.75415200 1.02858200
1.00051900 4.09678100 -0.50987600
2.20718400 4.77758900 -0.67673400
2.20477600 5.69919300 -1.25404300
-0.12140500 2.21922400 0.48992600
-0.29244300 4.60719400 -1.08936600
-0.77279000 3.85093400 -1.71885200
-1.00713300 4.85956800 -0.29826000
-0.12248700 5.50157900 -1.69255800
4.69503000 5.10033100 -0.34954600
4.84402800 5.33828700 -1.40795700
4.66668200 6.05345700 0.19125500
5.56792300 4.54444200 0.00106000
-2.66693000 -1.96294200 1.79193100
-1.65055700 0.45578800 2.59027900
-0.82890700 1.04085600 2.99930200
-2.35858900 1.13540600 2.11556200
-2.15454500 -0.07965500 3.40198200

1.15902200 4.13679700 -0.76350800
3.11849500 2.11357100 -1.00841800
2.50371100 4.43676000 -0.49504800
0.40770800 4.91658300 -0.67781300
3.45626100 3.41247700 -0.63425000
450174300 3.64067000 -0.44313900
1.37145700 0.60571700 -1.61742300
1.50757300 -0.38517900 1.42981800
1.94299500 0.49858800 0.95384900
2.23931600 -1.63149200 0.97031400
3.26509400 -2.11220000 1.75124800
1.95786100 -2.31291500 -0.28164300
4.06644600 -3.22153800 1.36304500
3.48032600 -1.62908400 2.70028000
2.76702100 -3.45320700 -0.68603200
3.79155100 -3.86722100 0.14012000
4.40061600 -4.71595700 -0.15474700
0.97759500 -1.99205800 -1.04830600
2.44963400 -4.13621100 -1.98023800
1.42720300 -4.52888600 -1.97229600
2.50692800 -3.43183500 -2.81675500
3.14134400 -4.95957900 -2.16338600
5.17445000 -3.68447000 2.25574900
5.70224700 -4.54264300 1.83798100
5.89581200 -2.87547700 2.42275400
4.78255500 -3.95883600 3.24263200
4.16071700 1.04348100 -1.19086400
3.96410700 0.16832500 -0.56305200
4.17846500 0.68680100 -2.22647900
5.15351100 1.42458300 -0.94357700
2.92425100 5.82836100 -0.10009900
3.72929600 5.80581500 0.64016700
3.30130400 6.38207600 -0.96902000
2.08815900 6.39736500 0.31395800
-3.44690500 0.07551400 -0.71728200
-4.72431600 0.25184800 -0.24370300
-2.91739400 -1.26195400 -0.81286700
-5.54292100 -0.85699600 0.11317900
-5.13448400 1.25409100 -0.16198200
-3.74795400 -2.40402700 -0.49383400
-5.03012700 -2.16316500 -0.03599500
-5.66529100 -3.00519400 0.22035500
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[FSMn"(L?)]?* S=1, Isomer 2
Mn  -0.11541900 -0.37259300 -1.12032100

IITITOIIIIOIIITOOIOOIOOOOIIIOIIIOIIIOIIIOOIOOIOOOOIOOIOIOOON

N -1.25579900 1.39732900 -0.74537600 -1.69610100 -1.46481000 -1.18273500
N 0.03722500 -0.36658400 1.14822300 -3.19579900 -3.78629100 -0.66138700
C  -1.24647100 1.71272400 0.69676900 -2.87304900 -3.95094200 -1.69484000
C  -1.88377600 2.87059500 1.15655500 -2.31437800 -3.94042500 -0.03019100
C  -0.57912600 0.87989100 1.60666900 -3.94443700 -4.53650700 -0.40328800
C  -1.85831000 3.20506200 2.50653300 -6.93758700 -0.62351800 0.60070600
H  -2.40050900 352216900 0.46092500 -7.39245300 -1.53588900 0.98896500
C  -0.55727900 1.22810400 2.96286200 -6.95536300 0.14678700 1.37885000
C  -1.18795800 2.38307600 3.41308800 -7.56406200 -0.25114000 -0.22070400
H  -2.35809100 4.10582200 2.84578000 1.67970000 -0.27665000 2.50590500
H  -0.05204200 0.58646600 3.67595800 -0.62726100 -1.53569900 1.79875300
H  -1.16018100 2.63603400 4.46739500 -1.70702100 -1.43676700 1.70058800
C  -0.62630300 252817100 -1.55705600 -0.30539500 -2.45619200 1.31293000
H  -0.65003800 2.18321800 -2.59611200 -0.37719700 -1.58888600 2.86315200
H  -1.26457400 3.41212000 -1.48275100

C  -2.65873400 1.22250500 -1.28261100 [HSMn"'(L2)J2* S=3, Isomer 1

H  -2.54848200 1.08334600 -2.36413500 Mn  -0.17863500 0.47724300 -0.21311300
H  -321592300 2.15102000 -1.13324900 N 161071500 0.08999600 0.83354800
C  0.77703200 2.85876000 -1.15547200 N -1.08031700 -0.56811900 1.56203600
c

1.74825900 1.83635700 -1.25495200 Cc 1.35255900 -1.01281400 1.77897700
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2.41795500
0.03041400
2.17926500
3.44008300
-0.19470000
0.86976400
3.01583400
-1.20745400
0.67369600
2.67960300
2.70878000
3.65456400
2.04369300
3.03807800
1.34209500
2.48213000
1.17962400
3.55438200
1.02652900
3.42015600
4.53917100
2.14638000
2.04918900
0.12924000
-2.14966800
-1.66891600
-3.30218900
-4.59126600
-3.09757700
-5.72294300
-4.76616300
-4.24517900
-5.51291700
-6.37405400
-1.93076100
-4.00303600
-3.47802200
-3.36449900
-4.94386900
-7.09992000
-7.86969600
-7.21941200
-7.26883300
-0.33037900
-1.04621200
-0.72273700
-0.29400300
4.62344600
5.08528000
4.37952200
5.38476700
2.02617000
3.15364400
0.79193600
3.07061500
4.10369500
0.67699200
1.82563300
1.75193100
-0.29137900
-0.64992400
-1.06615000

-1.70078700
-1.33328800
-2.71537100
-1.44601900
-2.34885200
-3.04150000
-3.24241700
-2.59804600
-3.82679200
-0.23710700
0.60984000
-0.25295600
1.33300900
1.14354800
1.41758600
-1.53252100
-1.91348800
-2.34535100
-3.12888100
-3.53777500
-2.08065200
-3.89613100
-4.80388100
-1.20836000
-1.46270900
-2.11957100
-0.73044000
-1.03576000
0.21675500
-0.47402200
-1.74048900
0.77779300
0.41919700
0.84048400
0.58851200
1.73368200
2.62683300
1.28038100
2.03993800
-0.84133400
-0.41569000
-1.93051800
-0.48537300
-3.48902900
-3.60941500
-2.69408500
-4.41745900
-4.38188100
-4.70163100
-5.26641200
-3.80054300
2.58433900
3.38527100
2.97780300
4.58623400
3.07657100
4.17854400
4.95718500
5.88777200
2.18601700
4.59537200
3.81490700

2.36706700
2.13369100
3.29025600
2.11268400
3.06879500
3.64021400
3.73572100
3.36417900
4.36217300
-0.17859000
-0.87389000
0.31620500
1.61162500
2.02523400
2.44365700
-0.92118800
-1.42307300
-1.19201200
-2.20905300
-1.96265600
-0.81732800
-2.45423700
-3.04106400
-1.19232700
1.00788400
0.27738800
0.35617400
0.71615900
-0.72657900
0.05419100
1.52375100
-1.42768600
-1.01569000
-1.52453600
-1.10943000
-2.55337000
-2.19710900
-3.31873100
-3.01268100
0.50644000
-0.13857100
0.53426100
1.53089700
-2.72829900
-1.90817900
-3.37173700
-3.29956500
-2.23236500
-1.29022600
-2.82182000
-2.76692700
0.78321600
0.60003400
0.22765100
-0.11442500
1.02794200
-0.50666600
-0.65082100
-1.20855400
0.43269300
-1.08332100
-1.72862700

149
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-1.38540700
-0.54920300
4.27935400
4.41971500
4.16866600
5.19033600
-2.56198100
-1.64766700
-0.85463200
-2.40068000
-2.10445100

4.77625300
5.51088800
5.46893600

5.73062700

6.41020400

4.98033300
-2.09571500
0.35909400
0.99083500
0.99584000
-0.20378700

[FSMn"'(L?)]?* S=3, Isomer 2

Mn

TOIITIITOIIITOOIOOITIOOOOIOOIOIOOOOOIIOIIOIIIOOIOOOOZZ

-0.07140400 -0.28814100

-1.22571800
0.03907800
-1.20014900
-1.81367300
-0.54350400
-1.77328000
-2.32205700
-0.50661100
-1.11225700
-2.25381200
-0.01059100
-1.07289800
-0.61315000
-0.64949600
-1.25827200
-2.63483400
-2.54178700
-3.19713400
0.79138000
1.75991800
1.16923000
3.12071100
2.50849200
0.41471400
3.45740600
4.50201000
1.37695400
1.51076400
1.97899600
2.18211200
3.11865500
1.92914400
3.86078200
3.31293100
2.67609300
3.61373400
4.17529500
1.04149200
2.38865600
1.33976200
2.55328500
3.02346800
4.88740800
5.26048900
5.73927400
4.48068600
4.16781600
4.00097300

1.45258000
-0.37490000
1.74126100
2.90150100
0.87885100
3.20987500
3.57585900
1.20100900
2.35910200
4.11335100
0.53593600
2.59182600
2.60459300
2.28120700
3.48057100
1.27446800
1.16087900
2.19443300
2.93325300
1.91819000
4.20454000
2.18182200
4.49753100
4.97983200
3.47448600
3.69358600
0.69398300
-0.44512700
0.41265600
-1.73133700
-2.30542000
-2.35752500
-3.46429900
-1.86355800
-3.54884400
-4.05884600
-4.94404200
-1.93220000
-4.17260500
-4.48123700
-3.45439500
-5.04415200
-4.01733900
-4.98734700
-3.32828900
-4.11530400
1.11463500
0.25556400

-0.29173200
-1.67000000
-0.30321900
-1.35728000
0.24757000
0.05081600
1.79894800
2.58780500
2.98415800
2.12392300
3.40873100

-1.14904400
-0.73875600
1.11459400
0.70955100
1.19505700
1.59950800
2.55086600
0.51520100
2.96167600
3.43744100
2.91004400
3.65955800
4.49600700
-1.53915500
-2.58445900
-1.43847000
-1.25823900
-2.34399100
-1.07751200
-1.13875400
-1.25573900
-0.71045300
-0.98207100
-0.42412700
-0.60995000
-0.57540800
-0.36774700
-1.67693800
1.39822800
0.90640300
0.95887200
1.78373900
-0.32872500
1.41155400
2.75683300
-0.71647000
0.15746600
-0.12400500
-1.14915500
-2.04623300
-2.11171600
-2.85650400
-2.21139800
2.34751300
2.01601700
2.42005400
3.35985400
-1.16918300
-0.51081900
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4.16181700
5.16351400
2.92875600
3.71923200
3.32276300
2.08779100
-3.40575400
-4.66557700
-2.87963900
-5.48021600
-5.07376800
-3.71200900
-4.97779500
-5.60826100
-1.67504800
-3.16117200

0.73089600
1.51032000
5.88069200
5.83936400
6.45379000
6.44331300
0.10716200
0.26491900
-1.23128400
-0.85795200
1.26242900
-2.38607800
-2.16066300
-3.00924200
-1.42731000
-3.75767900

-2.19477200
-0.95815500
0.00758000
0.76278500
-0.84063700
0.42110000
-0.70711100
-0.19035900
-0.86447700
0.15248000
-0.05854000
-0.56119900
-0.05855600
0.18747700
-1.26578800
-0.79216600

150
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-2.88571500
-2.24797300
-3.89074700
-6.85729300
-7.30074900
-6.85281300
-7.50683100
1.68805600
-0.66373100
-1.73946300
-0.38537100
-0.40541600

Table B5. Frequencies (cm™) for all optimized structures.

[FSMN'"(LY)(CHsOH)]° $=2
15.6294
42.3807
90.3141
131.9099
174.6856
218.2090
265.1722
310.4176
369.5879
481.3315
530.5068
570.1073
615.0349
751.7752
820.4740
881.1006
954.7036
990.0136
1036.3160
1061.4153
1075.2048
1186.8390

126

1302.6161
1350.5050

141
142
147
149

1508.5203

152
163
303

3045.6075
3089.0608

311

3157.9720

317
[LSM

45
97

141.8333
189.2458
223.9451
292.0270
332.7671
408.5493
484.5642
536.8464
578.9107
635.6606
750.6700

27.6272
45.6158
95.6249
134.5866
182.4604
221.4539
267.7617
321.9974
405.3065
494.7620
533.2055
576.4368
624.0813
756.1026
830.5602
886.8286
961.1770
992.3236
1038.1052
1061.9290
1076.1110
1188.6749
1273.1516
1312.8181
1354.3863
1419.7398
1450.3071
1480.3752
1491.0391
1509.6491
1529.4361
1658.8292
3032.8980
3046.4103
3091.4189
3117.8384
3158.0601
3192.3533

6.5392

8.7388
7.6473
7.4081
0.6659

0.3528
6.6534
0.8126

7.6770

5.5824

24.6320

52.4249

99.1076

148.4766
195.6490
233.7675
297.4226
343.5051
426.5560
494.4806
537.9930
583.2771
654.7612
753.7703

.6484
1325

n"(LY)(CHaOH)]° S=1
11.6241

29.8376 32.3668
48.5643 61.8792

104.2071 110.8661
144.6642
196.0452
238.1232
298.7640
345.9204
428.7050
506.9326
545.8328
586.2255
680.5852
769.5545
873.7556
907.6392
980.3684

1009.7089
1046.0760
1064.2822
1127.5960
1204.4361
1280.7616
1336.0902
1360.5653
1423.1200
1454.0064
1485.2585
1497.1621
1512.0447
1619.0656
1660.9231

3039.5563

3085.9389

3093.0491

3123.3004

3164.0322

3210.7498

135.0096
188.5920
223.0363
282.6182
329.8860
422.5024
501.1562
542.8196
580.9760
633.0900
762.9302
833.4693
906.6156
970.3006
995.3938
1040.3444
1062.4006
1080.1285
1190.6443
1280.3101
1326.4529
1357.2764
1420.7696
1453.4778
1483.8291
1492.0174
1510.5034
1579.7469
1659.1203
3038.6096
3084.8303
3092.0632
3121.3847
3158.9281
3199.4758

30.2606 33.9605
67.7882 77.9549
104.7993 116.2948
150.8510 161.115
199.1287 204.216
246.0401 253.448
300.3949
354.0359
429.9649
503.8590
546.2754
585.6163
671.6276
761.0427

361.996
437.689
510.231
558.310
587.463
682.776
767.406.

311.9002

34.8929
745846 83
118.1023 1
148.7101
201.1499
243.3590
303.0286
357.9405
440.3768
522.0654
553.6227
587.2963
686.6503
781.2307
878.5207
924.4063
980.6304
1030.2899
1059.6433
1066.5626
1180.0975
1230.7329
1289.7014
1343.4747
1398.9041
1424.6718
1457.0831
1488.4452
1499.8571
1513.3897
1620.4725
1671.7456
3039.8749
3086.8473
3096.3061
3124.2283
3164.2473
3218.0846

37.4899 40
80.1408 88
122.4420 1
8 175.1151
6 210.9726
6 263.3176
318.4130
4 366.7415
0 441.3438
7 518.2446
2 574.9959
2 609.1885
8 690.1941
3 778.1996

40.7550

7317
28.1257
161.5423
207.6627
255.4313
306.0318
359.2917
449.1116
523.0502
560.3966
606.1792
706.0243
782.5448
879.7345
941.8322
987.9248
1035.6878
1060.1585
1067.8109
1185.6106
1239.9736
1296.1295
1347.9196
1417.9601
1424.8888
1477.0068
1489.5556
1502.4346
1516.9618
1628.9183
3030.6281
3041.6691
3088.1147
3116.2177
3125.0617
3165.0457
3786.1401

.9336
.3137
31.1341
181.2239
216.8056
267.7887
328.5647
387.0409

468.9920

531.1833
575.8956
614.6490
709.7194
784.7294

826.4279
880.4781
952.8448
989.8012
1035.7073
1060.9203
1077.4534
1189.4702
1271.4044
1305.5409
1356.3149
1419.7804
1433.3688
1477.7802
1490.4699
1510.3362
1523.1861
1638.4274
3030.2193
3049.4961
3090.1479
3121.1408
3154.7741
3189.5708

830.6265

898.5838

964.1668

990.1788

1038.1537
1062.0219
1086.0602
1191.2741
1276.1507
1314.9367
1357.7474
1419.9117
1448.6605
1479.1183
1490.7782
1511.1169
1533.0418
1657.7063
3032.6067
3068.5170
3091.6056
3121.3254
3155.5718
3195.4355

[FSMn'(L)(CH3OH)]* $=3/2
15.9194
43.9014
95,5912
125.9883
171.4726
207.2185
263.8823
308.5117
369.0744
473.0589
520.1469
567.0302
606.8425
749.9932
811.0952
888.0704
958.1346
989.0028

1036.7016
1058.6171
1076.7008
1185.0737
1266.3479
1308.4167
1353.0923
1417.3718
1426.7549
1473.0606
1489.2490

27.8867
49.3042
96.5821
134.2891
178.1114
216.7210
269.5019
324.6672
400.7051
479.4215
523.8388
573.3472
623.7328
753.0442
822.5369
892.3646
962.8757
996.5898
1039.4956
1061.6226
1081.9739
1186.8014
1271.9236
1316.2118
1366.2758
1420.5612
1447.7149
1476.6093
1490.8729

839.9669 868.9077
905.6777 906.5794
970.1529 972.0724
992.6970 1014.7318
1038.5389
1062.6780
1087.5712
1192.3242
1280.2446
1325.6035
1364.2189
1421.4201
1453.9276
1480.5465
1491.4517
1511.4262
1580.0395
1660.4906
3035.8607
3081.9106
3093.7231
3121.7321
3159.5578
3204.3398

30.4978 38.9541
50.2016 68.0759
112.4559 115.6286
136.2442
190.1879
223.5261
285.2641
332.1984
417.0175
487.0920
530.8878
575.0518
637.6339
759.9755
826.4267
907.7658
967.2465
1000.9020
1040.0181
1062.7463
1086.9737
1192.7588
1278.9496
1328.7859
1367.5423
1421.6668
1451.2513
1480.4174
1491.3491

-1.55307600

0.12602600
-0.24994400
-0.32638200
-1.53510500
-1.38921600
-2.45629100
-1.62595300

1047.8579
1064.4150
1130.1678
1208.6421
1282.0183
1340.6235
1370.2254
1422.9248
1456.1300
1485.0976
1496.3769
1513.4444
1618.5722
1662.5309
3037.4352
3084.2725
3096.2664
3125.8566
3160.6858
3216.0697

148.0592
192.6380
229.5622
294.9676
340.5949
427.4469
488.8810
542.9055
580.8246
674.4970
769.6720
877.4526
912.4976
979.5380
1009.4037
1042.8424
1064.8551
1126.6341
1205.8822
1281.7014
1336.6893
1394.1157
1422.1743
1451.7605
1481.5602
1493.4163

40.8575
75.2789
121.6781

-3.88974100 -1.84413000
-3.91761200 -0.20920700
-4.52129000 -0.51993500
-0.63458500 0.68573900

1.07229200
1.47347500
-0.11259300
2.47201200
1.74183200
1.65945800
1.23043700
2.80176000

874.4799  880.1644
927.2808 942.1982
979.8887
1020.3765 1028.5730
1059.5711
1070.0560
1185.8571
1243.6620
1303.2364
1352.0447
1417.4347
1426.2718
1472.3788
1489.7807
1503.2910
1516.7174
1634.9311
3029.8265
3046.8454
3089.1952
3116.6851
3154.4673
3167.5115
3734.7110

982.1437

1056.4698
1067.1106
1185.1506
1226.8285
1293.6723
1348.0282
1410.8186
1424.4750
1459.7223
1488.1168
1501.1731
1515.6265
1621.4573
1677.2792
3038.9746
3084.3597
3115.8256
3148.9062
3162.8528
3224.7681

42.7179
85.4297
124.4874

155.8453
199.2805
248.1080
307.2472
358.3761
447.1745
512.6210
554.8839
595.8250
704.7045
781.3568
883.1186
940.0491
987.5734

154.8773
193.7964
240.0817
302.2139
344.1986
439.1881
498.2553
552.1838
585.7347
684.6647
777.3925
881.8117
931.2343
983.0194
1018.1573
1046.9610
1067.1502
1176.4551
1229.7647
1288.5148
1341.3150
1404.2006
1423.9800
1455.7503
1485.9921
1497.8790

1024.8923
1051.9456
1067.4589
1180.1078
1247.8803
1303.7124
1346.7264
1411.4498
1426.2438
1472.1546
1488.2053
1502.3271



1503.0923
1513.9272
1633.3290
3036.3415
3055.5026
3103.5940
3128.6216
3168.2951
3197.1009

1505.1232
1526.6116
1639.5391
3039.2924
3057.4994
3104.3282
3131.8706
3169.2089
3198.1537

1506.6002
1528.1229
1652.2513
3043.9123
3093.2383
3104.6402
3132.0089
3174.2702
3204.4613

[Mn'V(LY)(CHsOH)]* S=3/2

16.2635
52.2827
96.0229
141.1493
190.0914
233.0577
291.4274
338.5652
413.4185
489.4188
536.1049
578.3044
633.7533
744.6279
834.3052
887.9395
960.3723
988.3501
1038.3562
1062.4967
1075.5793
1186.4217
1265.1956
1306.8592
1352.2890
1418.3357
1428.6406
1481.1419
1489.4147
1507.1051
1515.8777
1642.9501
3039.4659
3070.2417
3104.1495
3133.1808
3172.5851
3206.6709
[HSMnIII(Ll)(
9.6679
35.7944
84.2436
126.2924
170.6704
210.0400
269.0649
315.8735
371.0640
460.3416
523.6293
564.6389
611.2055
748.5247
806.3994
886.0628
960.9220
990.5571
1036.6133
1059.5967
1068.2987
1184.5950
1268.7304
1301.7050
1352.1217
1414.4933
1438.4454
1472.9104
1489.8747

30.5743
57.2760
113.1535
146.3845
197.7552
242.4657
298.6788
342.4783
426.5819
494.9948
541.0293
583.7344
647.9068
748.8981
839.3014
901.5664
962.6602
989.1351
1040.2022
1062.8222
1093.5099
1188.8756
1271.6276
1315.1524
1355.2053
1421.7977
1446.3599
1481.7634
1489.5213
1509.0785
1531.7118
1650.3328
3044.1353
3087.0206
3105.7740
3133.7096
3175.5199
3214.8213

32.4211 36.1537
76.6418 84.3497

1509.2965
1577.7972
1656.0359
3046.8170
3093.5975
3108.0250
3133.2625
3177.7768
3216.3612

118.2175 130.0802

150.8219
203.7537
246.9727
304.3452
356.0654
435.0490
511.5774
549.5530
585.2930
665.0145
751.4572
846.1341
913.1964
968.7780
992.2597
1041.2601
1063.1349
1093.6389
1193.6129
1275.3569
1323.5690
1358.0988
1422.4777
1451.4222
1482.8264
1489.7262
1510.0786
1581.0337
1654.2404
3044.3770
3095.0297
3114.4610
3133.9059
3175.7875
3218.1851

CH30H)]* S=5/2

21.6790
43.5697
88.5693
130.7640
176.0939
221.6773
272.3866
317.9932
390.9149
481.0590
525.9519
568.4959
626.7058
751.8634
828.5701
894.1446
964.2760
995.1641
1037.4206
1059.7019
1080.6267
1188.1957
1271.4250
1309.5314
1356.7851
1417.6656
1450.0540
1474.8082
1490.3445

27.0645 30.7028
49.4118 53.3967
102.8254 109.1525

135.5974
183.8530
236.1075
282.0253
330.3150
425.4405
495.5864
538.2462
572.3151
628.6562
761.3725
831.4184
910.9227
969.9751
1004.5349
1040.7006
1060.8837
1088.2852
1194.7703
1277.1058
1317.5358
1361.6492
1419.9936
1452.3250
1476.6585
1492.0692

160.5993
207.6845
259.2057
307.4813
363.0036
442.7188
514.3592
560.2072
593.1773
682.0628
764.5039
873.7446
915.5404
978.8541
1003.6484
1043.4208
1065.4863
1125.1119
1208.4374
1282.5161
1335.0421
1361.3430
1423.5852
1451.5973
1484.6046
1494.1117
1511.1477
1622.7118
1655.1060
3048.3772
3095.1573
3117.1918
3140.3591
3176.6938
3223.8057

138.1158
191.6779
239.2378
292.2383
343.6469
427.0698
498.3339
544.9640
584.4757
678.4427
770.9956
875.2655
913.1373
974.2804
1008.4384
1044.4481
1061.3494
1131.2221
1196.6898
1284.3781
1330.3405
1367.6281
1421.8614
1453.7386
1480.7667
1494.6617

32.2638
748491 T77.
121.3851

1509.5630
1617.6724
1664.1280
3052.3118
3098.1120
3110.5129
3148.0112
3190.0042
3223.5274

43.3006 44
88.2642 92

131.3847
173.0423
213.4967
266.2893
328.7719
365.4020
443.4878
523.7283
572.4140
609.8684
686.5177
777.6757
881.1741
936.2773
981.6383

1004.4908

1060.8683
1068.9501
1175.5470
1231.4193
1284.2961
1341.8166
1398.2236
1425.7692
1452.7015
1486.1019
1495.8325
1511.9756
1624.7599
1663.7684
3048.5050
3097.8373
3127.4682
3170.2684
3177.8260
3229.9514

140.8563
197.1039
244.0749
297.9462
356.7109
438.3673
505.7147
549.2231
586.3770
681.5462
777.1828
881.3401
920.9096
979.3321
1019.2934
1045.4777
1062.6341
1180.3300
1226.7732
1285.8475
1343.3088
1392.5810
1423.5600
1470.7500
1481.2853
1497.3028

1512.7218
1627.8042
3035.9085
3053.0164
3102.6984
3125.0055
3151.3530
3191.1013
3810.9636

.9738
.3895
132.5491
181.7910
223.0429
273.5894
331.4651
391.9203
461.8589
532.9483
574.5014
614.7448
708.0189
782.3974
883.4197
938.8347
983.2110
1018.0153
1061.1865
1072.4139
1182.9716
1238.0482
1296.3099
1350.3246
1416.0183
1427.6981
1466.7242
1488.5509
1501.8286
1512.5306
1625.9549
3039.3343
3064.3258
3100.8728
3127.4969
3170.4401
3190.5469
3759.7097

33.9808

9203

123.2156

163.8381
203.8414
255.6023
305.5347
360.5581
445.8903
512.8606
554.7542
608.2505
695.2367
782.7039
882.3974
944.0154
979.5433
1030.6822
1054.3767
1064.9865
1181.1044
1241.5685
1290.4817
1346.8929
1411.6990
1425.6543
1472.0571
1484.9761
1500.4916

151

1502.9790
1516.7080
1626.5279
3036.6874
3051.9005
3095.3593
3125.4489
3166.0298
3193.4592

1509.2334
1522.9036
1633.3017
3041.8309
3062.1359
3096.4581
3129.3906
3167.0193
3203.6379

1510.3043
1531.9585
1649.7413
3041.9111
3090.8371
3098.1819
3129.9473
3171.5744
3211.6465

[*SMN"!(LY)(CHsOH)** 5=1

13.0242
54.0839
91.5540
139.1919
173.8637
206.6940
283.2565
325.1923
374.0384
473.2039
517.7708
572.1740
626.5391
741.1293
806.5174
903.5896
954.3637
986.7098
1029.1924
1050.0096
1076.0103
1180.9941
1261.0275
1311.9187
1368.4000
1414.2944
1440.5349
1473.8198
1484.9586
1505.0522
1517.4010
1638.6922
3040.4453
3081.2055
3107.4327
3153.8327
3180.7070
3209.0922

32.2204
59.9638
106.0513
142.1891
181.3039
212.9179
286.1825
330.7363
389.8404
479.8880
522.7903
573.8862
630.3880
751.0165
810.4547
904.4150
957.3079
990.8032
1036.1819
1053.2630
1096.3025
1187.7604
1277.2482
1332.6096
1371.9259
1417.6660
14427494
1475.4036
1485.8111
1506.6081
1528.4967
1645.3874
3046.2561
3084.0779
3111.8577
3153.8663
3193.5536
3210.4987

34.0591 40.7640
69.0895 76.4293

1511.2550
1603.0715
1653.8763
3043.0928
3091.5178
3107.3185
3139.5404
3174.8494
3220.5997

111.8737 116.2903

144.1836
189.0063
225.6131
292.2569
339.8016
399.6122
481.3095
537.2769
575.9285
660.8081
754.1146
848.5120
910.7636
961.6833
993.2126
1040.3476
1055.0500
1107.7375
1195.0219
1279.1495
1338.5508
1400.3725
1421.3798
1450.8083
1475.4493
1487.2724
1508.5363
1529.6731
1647.5150
3049.4290
3092.9687
3127.1355
3155.4734
3197.3909
3216.2371

[FSMn"(LY)(CH:OH)J?* 5=3

17.3001
48.1886
89.4766
124.6458
168.1081
200.3277
265.3389
317.0349
370.2148
471.6916
518.1107
562.0511
608.3651
746.5298
806.3934
896.8113
958.1652
992.8060
1033.8827
1049.8854
1067.2791
1181.8097
1261.6972
1313.3188
1356.5979
1413.7283
1442.8984
1472.5018
1484.9089

23.6165
50.0887
93.0117
132.5549
173.4192
210.8004
271.1508
322.0614
391.1238
482.0664
523.3089
567.3969
626.5127
751.3919
807.8621
902.6440
967.0328
997.9513
1036.6790
1050.1919
1085.9374
1186.8599
1278.8287
1321.7938
1369.7759
1414.9011
1448.8716
1473.3452
1489.7923

32.3020 38.5294
59.2296 70.2038
94.2844 102.9788

135.7758
181.6238
226.0107
276.3411
332.2305
408.4855
483.6573
528.3365
571.3680
633.1224
759.4398
821.8466
914.7466
973.6732
1003.8686
1037.1972
1060.3724
1101.5626
1198.3266
1279.5805
1327.0080
1374.4211
1418.7764
1453.7060
1476.6955
1491.2217

159.8717
191.3692
235.6526
293.6579
348.9699
430.6278
483.5446
546.6887
585.8102
668.9249
765.5680
869.1205
923.2690
976.2146
1004.1516
1040.6707
1065.6814
1121.4860
1211.4694
1297.3837
1339.7972
1407.1432
1423.3457
1459.5053
1477.9187
1494.7540
1509.1320
1531.0622
1648.9289
3052.6693
3102.6758
3132.2606
3155.6898
3199.0686
3226.5209

142.5462
190.6212
235.7589
292.8465
339.8371
428.1017
488.9002
539.2208
572.7876
673.1001
769.6374
878.8048
918.6738
976.0794
1010.4239
1039.4024
1061.4405
1131.8506
1200.8164
1284.1052
1340.7044
1397.0916
1421.4888
1457.3397
1479.5942
1495.0732

40.8628
75.3489  84.
109.6525

1511.6490
1612.2015
1657.8342
3044.1673
3092.5632
3124.6610
3149.9271
3191.8838
3227.3529

43.3763 45
80.8273 88

120.3710
168.5405
202.3936
246.4558
296.2530
350.7369
435.3918
500.2797
565.6375
588.4580
674.6299
775.0354
878.0712
938.9033
983.6754

1007.5072

1042.7101
1068.4743
1178.2330
1227.5224
1303.6163
1343.4515
1408.2647
1424.6738
1464.5045
1481.4147
1496.0987
1509.7718
1579.3649
1663.9425
3054.9911
3103.5017
3135.6675
3172.9651
3200.3395
3233.2788

149.0772
191.3731
245.6769
296.5487
349.0440
437.4802
503.4787
546.0006
585.6496
681.7462
777.4651
885.8953
924.6000
978.8238
1012.9515
1046.0162
1062.3056
1178.5810
1232.0772
1304.7574
1345.8197
1404.8880
1425.4952
1470.3760
1480.3105
1496.9454

1513.4385
1619.4546
3035.6444
3051.6130
3095.2565
3125.1439
3150.9558
3192.9429
3798.6288

.8227
.2434
131.0814
170.9270
206.1223
261.2000
315.5261
371.2138
450.0106
513.2982
567.1596
602.8966
709.1812
781.1415
894.0026
940.7617
984.8996
1009.4307
1044.1019
1069.4823
1178.4356
1259.8528
1311.2515
1357.5433
1410.8906
1429.5489
1471.9597
1483.0217
1501.1442
1514.1497
1622.8468
3037.6718
3077.4329
3104.8535
3143.1467
3176.2334
3204.1546
3770.0199

45.7709

1030

114.5771

159.4875
197.9810
253.5777
306.8110
359.5692
449.5507
510.6056
553.0285
603.0910
696.7917
785.6295
890.0265
941.7776
985.3750
1023.2694
1048.9970
1065.7373
1179.2875
1246.9018
1310.5251
1354.0168
1408.6819
1436.2128
1470.8868
1481.9883
1498.7434



1500.5392
1522.4109
1630.3971
3037.9904
3063.7583
3107.8072
3143.0588
3177.3953
3207.2941

1505.6088
1528.6303
1631.3600
3041.5221
3072.0542
3108.1691
3154.2475
3183.3351
3208.2600

1506.4485
1534.3478
1647.4646
3052.3573
3089.8174
3108.6056
3155.7661
3193.5983
3214.6828

[FSMn"'(L?)]° S=2, Isomer 1

17.2891
44.8975
107.0478
152.4303
200.4185
235.0681
287.6695
355.7430
435.8477
508.6305
555.7846
588.9458
683.7124
783.6399
876.7099
910.8537
974.1699
1011.2253
1052.0518
1063.0867
1158.8730
1198.9754
1286.7659
1330.2474
1357.8423
1420.8849
1455.3722
1483.4374
1490.6512
1511.4087
1614.2469
1660.2070
3038.6807
3082.4036
3098.4226
3122.5873
3159.0801
3207.5268

19.9290
52.4879
122.5975
161.6735
205.8232
245.8375
305.4073
360.2183
456.5288
520.9134
567.4650
604.1804
705.8070
795.9458
881.2820
916.2852
976.6940
1021.4803
1060.4320
1064.3065
1183.1065
1248.8113
1290.8326
1336.2025
1392.4312
1422.9490
1460.9340
1486.3687
1498.0477
1512.4422
1619.6167
1661.3213
3040.2960
3085.4286
3099.8408
3125.1426
3159.5523
3215.8444

31.7210 32.4164
59.6220 68.8617
126.9280 139.2357
169.7939 181.4163
211.2194 219.8727
255.9524 263.5729
316.8173 322.1902
363.8136 374.3039
467.8642 486.2597
523.6549 532.3073
574.8226 584.3613
623.3427 628.1545
739.9638 750.1570
809.8295 817.9023
882.4583 887.1556
923.3128 952.5849
977.2082 985.0392
1036.1337 1037.8478
1060.7767 1061.1688
1064.7643 1074.1640
1184.3988 1188.7041
1254.3012 1269.4427
1296.5266 1299.5602
1336.6781 1346.0922
1398.9836 1402.9711
1424.5043 1425.0451
1479.3816 1482.1938
1487.0497 1489.2797
1500.1489 1506.1455
1514.7061 1517.2890
1620.6167 1638.9958
3031.1458 3031.4673
3040.6999 3041.3577
3086.6474 3091.2715
3114.6098 3117.1307
3126.4079 3136.1288
3163.1694 3165.5423
3223.0747

[HSMn"'(L?)1° S=2, Isomer 2

18.4648
48.6223
108.8271
152.2230
197.0609
246.3267
297.6624
357.9028
435.9079
508.4590
554.5735
588.7110
687.4220
778.3049
877.7147
909.3726
970.4941
1012.5696
1049.7740
1062.3327
1161.6762
1196.2145
1282.9240
1331.0216
1358.2015
1422.7743
1455.0040
1485.6291
1496.5652

19.8284
53.1270
121.9785
169.7531
208.7528
253.8697
305.5835
366.2965
445.1575
520.7081
563.1554
606.6900
695.3817
785.6477
878.6465
919.4328
976.2062
1025.1533
1059.5528
1063.6942
1181.4537
1244.5206
1291.3051
1333.3564
1364.4158
1423.9473
1462.8868
1487.0202
1498.2645

334256 36.5357 3
56.2592 71.9662 8
132.9193 137.2222
174.4612 181.7011
220.0430 223.0981
261.6119 263.7337
309.8399 323.7597
367.9372 377.3204
457.9793 490.4219
526.6318 535.4096
576.8179 584.6224
615.4058 625.4506
737.3141 750.4674
811.0230 825.9837
880.9503 885.4196
934.1571 961.9375
981.2424 987.5474
1036.0022 1037.9295
1059.7648 1060.7480
1072.0427 1076.3353
1185.4229 1186.9308
1251.3028 1269.2529
1296.8501 1298.5886
1341.0564 1347.8779
1396.4299 1419.3454
1425.2129 1427.7968
1479.4380 1479.9198
1489.2684 1489.8823
1506.4311 1509.0133

1511.3967
1538.1497
1657.9337
3052.6737
3100.6234
3115.6156
3158.2150
3199.0066
3225.0066

35.1855
80.8836

39
89
142.0424
183.9808
224.7452
272.3979
327.3102
411.4240
498.6223
548.9064
585.6705
637.6651
762.7850
833.0730
902.3207
965.9926
1002.0849
1038.2114
1061.8627
1086.6085
1189.4894
1270.5510
1300.3616
1351.8592
1419.4755
1452.8189
1482.7819
1489.8376
1507.7050
1520.3136
1649.2344
3034.1057
3058.2411
3094.7539
3117.8772
3156.9678
3176.4717

7.4713
3.0861
145.0363
187.3523

229.5808

269.0012

336.8889

419.1736

496.7453

543.7446

586.0582

636.1922

762.3285

832.0409

902.6647

966.3656

1003.4753
1038.5798
1062.0601
1087.7959
1187.9907
1271.4849
1302.3419
1350.7079
1420.6534
1453.1574
1481.6229
1491.1034
1509.6839

39
96

1515.9031
1615.9517
1662.0268
3052.9624
3105.8699
3133.1910
3158.8716
3203.4741
3233.4662

1517.0773
1620.4801
3037.0750
3062.0862
3107.3136
3138.2410
3159.7521
3206.2505
3789.9558

.5812
.0324
147.2061
195.1925
227.7589
287.1771
345.9449
425.4402
505.8209
551.8852
586.8321
667.3319
776.5661
838.3284
908.6472
969.2914
1006.2610
1042.8685
1062.0224
1127.6639
1191.0933
1281.8807
1305.4662
1354.3458
1419.8638
1453.6970
1482.8737
1490.5745
1508.9417
1533.4924
1658.8448
3035.5375
3061.5563
3095.8619
3119.6890
3158.2728
3198.1170

.9346

4056

149.4275
192.4284
240.6914
286.2719
344.7790
429.1243
507.1467
550.1752
586.9361
684.2377

769.2964
835.5153
908.3317
969.6265

1005.1150
1049.2739
1062.1827
1126.2491
1189.4941
1281.5004
1310.4620
1354.6183
1422.1705
1453.4409
1483.8778
1492.3501
1510.4948

152

1511.5177
1611.9023
1659.5540
3037.6193
3082.2064
3095.7451
3121.6014
3159.3076
3206.4308

1513.5215
1619.7947
1660.7449
3038.8091
3087.3771
3099.9217
3124.5487
3159.3618
3214.4054

[LSM nI n (LZ)]O S=1
11.3350  27.3000
44,1114  45.6070
99.9138  112.8631
156.0884 174.7112

205.1102  215.9205
256.4418  265.5318
303.8934 311.4748
359.0240  369.0414
440.0761  447.4897
509.5792  518.8170
555.3882  569.5254
592.2389  608.8737
686.4664  698.9996
775.8131  785.6445
877.3867 877.7917
909.1833  911.0193
970.0727  974.8498
1012.8428 1025.9199
1049.5555 1054.8209
1062.4617 1063.6029
1159.1938 1178.0308
1199.8443  1240.7987
1286.3853 1291.3944
1328.8638 1331.0414
1361.1760 1367.0121
1422.8015 1424.2584
1455.6098 1459.9127
1484.0236  1489.1992
1492.2984 1497.3904
1511.3653 1512.1092
1608.6768 1620.9073
1659.9792  1662.0636
3037.8033 3042.3153
3079.3300 3084.4636
3096.0873 3099.9698
3125.3515 3125.6840
3159.8674 3164.0309
3208.9622 3216.8545

1516.7075
1620.9554
3028.2061
3039.4717
3088.0831
3101.6328
3125.8723
3166.1449
3221.5069

32.3487 3
54.7394 7

1517.3546
1638.4603
3031.0184
3041.6507
3090.2399
3116.7309
3142.6318
3167.2890

3.8985 3
53769 8

134.8564 139.0054

187.4176
222.4270
273.0705
313.7970
375.0166
468.1094
528.3087
578.0699
613.1759
737.7232
811.2223
880.4947
936.5341
982.9611
1035.8015
1060.0638
1066.2718
1185.9730
1247.7533
1297.4679
1345.3044
1392.1954
1427.0006
1474.4503
1489.2553
1503.3055
1515.9611
1622.1536
3028.7530
3043.6666
3087.7271
3114.5695
3127.3266
3164.6187
3223.6104

[HSMn"(L?)]* S=3/2, Isomer 1

15.2707
51.3625
111.0346
145.6311
195.8207  211.0596
238.7419  242.1084
293.6264 301.7619
356.3752  362.4355
428.2490  456.5442
513.0443 514.7730
560.4273  560.6530
591.0826  605.3659
680.6240  700.0130
783.8417  793.8161
881.3176  883.8986
914.0356  923.5415
974.9760 976.7064
1008.9187 1033.7733
1044.5672 1050.8389
1063.4231 1063.8612
1157.7093 1178.6822
1199.3770 1246.1273
1283.9114 1293.2873
1329.0195 1331.7547
1389.4711 1396.5904
1422.1167 1424.8860
1457.6598  1469.0468
1481.5016 1482.5548
1490.2226  1495.3246

27.6326
53.4555
116.6624
160.6292

31.5109 35.4190
63.7792 67.4787

120.9708
170.8220
214.0067
255.9583
314.6235
372.0877
463.9917
523.7428
572.4031
616.5623
743.4211
806.6244
888.6701
934.4983
976.8863

1034.5904
1052.2293
1065.5928
1182.5985
1252.8795
1301.2000
1341.1796
1406.8788
1425.5212
1470.7669
1485.3387
1498.2627

189.0315
230.5083
280.9143
320.7333
381.2148
489.8431
538.4106
585.0138
632.5458
751.4355
824.7294
885.0409
961.2755
989.4920
1036.9010
1060.8647
1074.0231
1188.8167
1268.8384
1298.8336
1349.9542
1416.9472
1429.3472
1481.3391
1490.5262
1505.3445
1517.0314
1644.5074
3031.1863
3044.9772
3087.7559
3118.3695
3152.5248
3167.2255

122.9391
176.9971
218.7821
265.7440
327.9102
377.7273
477.2021
527.5026
579.0092
635.2463
750.6601
814.6077
896.2039
952.6688
985.7942

37.9722
82.3468

1037.6539
1059.8664
1075.1860
1182.6428
1269.6203
1301.9070
1344.2131
1408.1235
1431.3208
1475.0508
1486.4535
1500.3852

1520.8908
1649.9660
3031.0828
3043.0982
3092.9482
3118.7638
3155.6515
3184.1548

4.8320
1.8973
146.7706
189.6684
236.9487
286.4566
330.3179
424.8535
496.3642
546.6683
586.6148
651.2995
760.7151
831.7715
901.4974
964.8526
1004.4819

1038.7060
1061.6297
1078.4599
1189.2162
1272.2478
1306.3024
1351.2046
1421.8671
1453.0860
1483.0543
1491.2356
1507.3026
1522.2238
1649.6659
3031.3479
3059.1630
3087.8375
3119.0242
3155.0645
3200.0710

131.6975
182.0007
224.6868
269.8634
343.4559
401.3781
485.1535
543.9989
583.7369
640.2297
759.7544
821.0173
901.2577
958.8065
1002.4197

1038.9335
1061.0805
1089.5635
1189.5465
1271.5719
1309.1975
1349.2600
1416.4905
1451.4220
1478.7997
1488.6771
1505.9504

1532.6732
1658.9091
3031.4263
3050.9629
3093.2690
3119.4531
3158.3053
3197.4512

40.8095
90.9440

147.6295
198.8805
2449422
294.5369
354.3964
431.1074
505.9952
550.2337
588.1821
686.0417
773.6731
840.2172
907.8875
966.7662
1007.5412
1045.7990
1062.1779
1120.9739
1190.9640
1282.1471
1313.6145
1357.4624
1422.1604
1453.4820
1483.7085
1492.1148
1510.5449
1532.6207
1659.0814
3032.5621
3070.1125
3091.7859
3119.4540
3159.4730
3208.0335

42.9877
92.1938

137.8289
190.8938
230.2302
289.7331
352.7772
417.3947
494.3704
548.6028
585.3262
661.3894
771.4245
842.7236
911.2885
970.7188
1005.9454
1039.3935
1063.1125
1124.0191
1194.8109
1275.7102
1321.9328
1353.9303
1421.4980
1453.5938
1481.2982
1489.7891
1509.4791



1510.8138
1548.1666
1655.5134
3042.9115
3091.0209
3108.3617
3132.1301
3170.5511
3211.8851

1512.8766
1621.7493
1659.8401
3050.8079
3092.6633
3118.6541
3142.4476
3174.7822
3220.6141

1515.8357
1624.8444
3036.5559
3052.2153
3094.3632
3120.3237
3152.3700
3178.1272
3228.3355

[FSMn"'(L?)]* S=3/2, Isomer 2

13.0812
50.9552
106.4849
150.8096
195.0099
239.8771
294.7024
356.1517
435.5115
509.4305
552.2073
587.6660
685.8403
775.2744
881.3117
914.0947
971.1018
1010.1862
1048.9822
1062.5389
1162.5001
1197.8105
1286.2033
1328.7048
1360.4616
1423.4880
1457.3924
1482.0508
1492.3819
1511.1125
1531.4097
1653.9251
3044.2100
3095.2450
3106.9480
3132.4586
3175.1065
3211.1829

29.1292
53.3057
113.9840
168.1510
203.8407
253.9243
302.9487
359.1735
440.1136
511.5923
557.5765
604.6637
693.4881
786.4805
883.5729
929.1853
975.5385
1024.8468
1051.5541
1063.5150
1178.3389
1239.6389
1286.8591
1339.1188
1388.1592
1425.7796
1471.6918
1484.3377
1493.6725
1511.7894
1620.3737
1656.3552
3044.8355
3095.2907
3108.8190
3148.1112
3175.3935
3218.7122

36.0060 38.2574
64.6355 76.5139

125.6586
172.2009
210.7186
260.6160
305.6454
375.8881
456.1056
523.0113
571.3518
617.8810
736.4459
800.1340
887.8312
933.4003
982.0250
1034.2049
1053.3653
1070.7829
1182.0876
1247.5102
1297.9317
1340.4412
1409.7975
1427.9102
1471.8655
1486.0265
1499.9952
1513.9562
1621.7362
3035.4856
3048.8813
3095.2922
3111.7941
3152.7472
3187.1769
3226.1377

[HSMn"'(L?)]* S=5/2, Isomer 1

14.4380
51.0074
108.6559
150.7721
192.4261
236.7636
294.5414
352.7286
430.8358
510.7338
558.6116
589.9587
678.2227
782.4218
881.0638
914.4895
973.9518
1008.3573
1042.1652
1063.4727
1155.7240
1195.8089
1282.6671
1322.7965
1382.7801
1422.0698
1458.3687
1481.8862
1489.9483

30.7642
54.2977
118.0303
154.8142
194.0171
240.9387
302.3438
357.3210
455.4501
515.3536
560.0281
602.4614
700.3891
791.6682
885.3486
922.6596
975.5237
1026.7277
1051.1645
1063.7019
1179.2749
1243.2507
1289.8576
1330.2355
1391.6662
1425.4827
1464.3456
1483.5984
1494.5956

34.8666 37.7907
68.7584 72.1763

119.7176
171.3915
211.3024
253.8982
313.3881
361.9785
464.7677
523.9973
571.0230
615.3456
740.8164
803.8412
888.7887
931.6488
976.6371
1034.3209
1053.0308
1064.3404
1180.2245
1248.8751
1291.6593
1339.4777
1395.2081
1425.6231
1473.5489
1484.5462
1496.5236

1521.9894
1639.1524
3038.9779
3059.6362
3095.2710
3122.9732
3153.1279
3193.3326

126.6945
179.1798
217.8522
266.1061
308.9060
385.6229
476.8030
529.3361
577.7990
625.0209
750.7746
820.0324
895.9076
960.9460
987.3586
1037.5301
1059.7285
1076.7223
1185.0536
1269.6834
1299.7529
1343.6118
1415.8413
1429.6668
1474.9081
1487.3905
1503.8084
1517.2101
1639.3792
3035.9581
3051.2187
3097.5529
3125.3508
3153.2382
3189.6442

133.1155
178.6342
215.9796
264.3587
320.2609
372.3315
478.7505
524.7371
577.5221
634.1299
750.2457
812.1941
897.3277
953.1323
985.6113
1037.9378
1060.0685
1073.9006
1183.7745
1264.9070
1298.1816
1341.2642
1408.5891
1428.8098
1475.2305
1485.5296
1498.7423

42.6222
79.8204

1528.2343
1645.7746
3039.7623
3063.6604
3096.5640
3126.0469
3165.7390
3201.6746

43.0148 48
87.9234 93

130.5331
183.5772
226.2971
267.2810
339.5006
413.2131
482.4924
542.8989
583.4593
633.0186
758.9578
833.1253
902.7703
962.4602
1002.4794
1039.3307
1060.2088
1088.2883
1188.2176
1272.0259
1312.3294
1344.5961
1421.0252
1451.2666
1476.6408
1491.3486
1507.4520
1520.7356
1640.4842
3042.2479
3052.9574
3097.6400
3125.9891
3168.6183
3199.3706

139.3912
181.6190
222.7771
270.2788
327.1200
403.4786
488.3232
542.7004
584.0704
637.2462
759.1103
818.0366
901.1469
958.1663
1003.4590
1038.8680
1061.4468
1087.3755
1188.3228
1272.5425
1307.2463
1347.2567
1417.4662
1451.8553
1478.8216
1489.0450
1503.1334

46.
99.

1532.3997
1649.6908
3041.0990
3066.2236
3098.8417
3128.4658
3168.9739
3203.2397

.2850
6757

134.6098
187.4267
233.8754
285.2345
348.5595
431.0107
496.4470
546.3055
585.5800
672.4357
766.7106
838.4664
912.5704
969.3255
1005.9747
1040.5995
1061.5177
1123.0049
1188.8705
1279.6552
1316.6726
1355.7934
1422.2321
1453.0494
1480.5285
1491.7808
1508.8897
1527.4946
1649.5668
3042.7120
3056.3168
3106.4906
3131.4858
3169.0907
3203.1057

8353
0098
146.0523
184.4619
228.8710
290.3859
348.7325
415.9668
4948713
548.6812
587.2523
661.4262
770.6183
843.4374
911.2215
969.5528
1006.5198
1039.3071
1062.7078
1120.7987
1191.8834
1272.9962
1319.6930
1354.7307
1421.6651
1454.3270
1480.6625
1489.4486
1509.8753

153

1510.9727
1532.3658
1656.1302
3043.1066
3090.9410
3107.7296
3131.9405
3170.6736
3212.8016

1513.5083
1621.2154
1660.2251
3050.1749
3091.5190
3116.2268
3144.0374
3176.4394
3220.8522

1515.6016
1625.0961
3037.1595
3052.1266
3092.5672
3123.7446
3153.4584
3181.9292
3227.3935

[FSMn"!(L2)]* S=5/2, Isomer 2

13.9676
45.7947
106.3927
149.3509
194.5181
245.8093
295.2995
357.1724
435.4857
510.2983
552.6753
587.4576
686.0570
775.5903
881.3352
914.0848
971.2016
1010.2287
1048.5032
1062.6456
1158.9069
1197.3692
1285.6916
1330.5588
1363.3834
1423.5312
1456.0666
1482.3371
1493.2738
1511.2324
1530.9595
1655.4240
3044.6243
3094.8701
3107.8211
3132.8138
3174.8329
3210.1396

26.0731
50.5884
114.7235
168.3614
202.1578
251.4910
301.8522
359.7221
439.1471
512.4002
559.0416
606.9815
692.9766
786.4514
882.9126
927.9407
975.6630
1026.4283
1050.1459
1063.5413
1176.1921
1241.3567
1287.8744
1338.1598
1388.3762
1426.3152
1469.8264
1484.9539
1498.4461
1511.8712
1621.3670
1658.1193
3044.8083
3094.9417
3110.0217
3148.2428
3175.2464
3217.4509

31.1391 34.6761
53.5980 75.9835

127.5186
171.6519
209.0543
259.2084
306.6946
373.2497
4542173
523.0246
569.6989
617.0704
736.4093
798.6488
887.8423
933.6198
981.9131
1033.7126
1051.3041
1070.3217
1180.9937
1246.2425
1297.6939
1340.8798
1409.6647
1428.5316
1471.2730
1486.2788
1499.1378
1512.7553
1623.8591
3035.5673
3052.3201
3095.0840
3117.1636
3153.1339
3188.6205
3225.5622

[HSMn'"(L?)]?* S=1, Isomer 1

6.5153
51.4821
101.2841
143.7252
194.5275
231.7410
286.9900
351.2016
415.2728
493.4123
547.8740
587.8003
669.9368
781.8777
883.8659
919.8644
972.2911
1012.7205
1041.0751
1061.8003
1156.2179
1199.7019
1291.4925
1324.9828
1386.6965
1423.0073
1456.8429
1476.2463
1490.1255

22.0422
57.4979
112.8351
161.6275
203.4405
236.7790
302.8426
358.1672
455.7741
509.3943
556.0046
598.9142
695.6153
791.6277
891.8293
928.6616
975.3289
1020.3176
1048.5789
1063.9216
1179.1782
1241.9411
1293.8366
1341.7995
1396.2751
1424.5733
1464.8259
1476.4507
1493.8222

25.6704 35.3287
59.5104 72.8294

120.7068
163.7401
211.0664
244.2942
313.9471
364.5107
461.3779
515.3246
566.7569
613.7479
739.4161
800.3092
894.5994
932.7454
976.3915
1033.4779
1050.1617
1064.1521
1179.5259
1251.3504
1297.7248
1342.8836
1404.6154
1426.4038
1469.4192
1477.9185
1496.5432

1520.4691
1637.9054
3039.5256
3054.0043
3094.3627
3124.3164
3153.9770
3196.7536

129.7505
179.1391
216.6049
265.3309
312.1567
375.4460
476.9368
528.9672
577.4399
628.4436
750.5512
817.4052
895.6631
959.4509
987.5099
1037.2425
1059.7943
1074.7009
1185.2999
1267.2361
1298.3955
1344.2498
1414.6633
1429.9606
1475.0948
1487.8279
1505.0933
1515.6446
1639.3241
3036.2040
3053.0089
3097.4004
3125.0136
3153.3337
3188.9176

125.6652
169.2450
213.2364
259.7016
323.4333
368.1672
475.3547
517.7824
570.9513
616.8560
747.6639
809.8368
898.8002
944.1672
983.5710
1034.9289
1051.2646
1070.3330
1180.7837
1266.2258
1310.6461
1345.0898
1404.8813
1426.7913
1470.8516
1483.6906
1498.2102

38.7835
77.0882

1524.6118
1645.4846
3039.7296
3060.0412
3096.8441
3126.5836
3165.9975
3202.2125

37.2637 42
87.9678 94

131.5895
183.8552
224.7360
267.1119
330.8188
407.0479
483.7609
543.9628
583.1704
635.6974
758.6881
833.9127
902.0766
961.1542
1002.5901
1039.5106
1060.2717
1085.8459
1188.5183
1271.7503
1311.6442
1345.4881
1420.8526
1451.5377
1477.2764
1490.9812
1508.0923
1520.4290
1642.0792
3039.1830
3056.2072
3097.7803
3125.6788
3168.2884
3200.6607

134.6083
179.5697
222.7137
270.7704
333.6760
400.8506
486.1814
530.1182
576.0308
634.0374
756.7307
813.9773
899.8944
957.9055
1002.6020
1036.1087
1054.8762
1086.1966
1181.6601
1274.5632
1314.4251
1348.2419
1413.6717
1449.4484
1472.2345
1484.8088
1499.3744

1529.7125
1649.1132
3040.1954
3070.4041
3098.7650
3128.5264
3168.5857
3204.1661

.6136
.6908

134.2921
186.4623
233.4465
283.1748
347.6036
430.8064
497.0669
547.6284
585.4721
670.3115
766.9508
840.6446
912.6936
969.0076
1004.1252
1039.5708
1062.3084
1122.1156
1188.7702
1279.0186
1314.7268
1355.3644
1422.2494
1453.1570
1481.3029
1491.7017
1508.1945
1528.0839
1649.4926
3040.5186
3065.3779
3107.4259
3131.7183
3169.0974
3202.8986

42.8569
88.

2780
137.8518
186.7014
227.9853
280.4652
341.4809
405.3706
490.3217
545.6525
586.8758
659.6295
765.8996
821.6154
913.3994
969.1837
1006.1282
1037.0117
1059.2068
1119.4311
1192.9889
1275.2560
1317.9263
1382.5634
1416.9426
1456.1284
1473.0678
1488.8500
1506.0613



1507.6410
1531.3644
1653.2690
3053.5880
3092.9619
3112.7923
3157.6143
3188.9872
3215.6249

1510.2755
1534.6370
1654.8428
3054.5951
3093.3628
3120.7174
3157.7036
3197.2420
3223.0814

1512.5422
1614.6954
3039.8838
3058.2665
3101.1930
3134.5413
3159.4418
3202.6420
3230.1626

[FSMn"'(L?)]?* S=1, Isomer 2

21.7719
50.3007
103.4436
148.8124
193.5479
248.3992
297.6754
351.5214
428.4010
487.1709
546.1244
583.7391
678.6203
772.9949
884.0027
918.6534
971.5498
1015.4977
1043.6594
1059.2914
1159.6390
1199.0170
1287.7842
1328.6698
1388.4658
1421.1396
14545557
1473.2943
1492.0447
1509.6550
1528.8523
1648.0991
3053.6694
3094.4854
3111.3190
3157.3285
3192.2596
3215.7509

27.2301
67.1331
107.5387
158.9902
197.1534
260.5899
302.8590
361.6228
434.4002
508.3414
550.6712
596.4221
686.1075
787.0558
889.5380
928.8444
976.0878
1020.9887
1050.2478
1063.6637
1174.3142
1246.6249
1299.7379
1342.7434
1398.8362
1423.2382
1466.4098
1475.7511
1492.6752
1510.2509
1530.9039
1651.1155
3055.5029
3097.6094
3118.9103
3157.3934
3196.1562
3223.2929

37.9815 39.4706
67.9866 70.5963

117.6976
173.0206
211.1867
263.5273
310.8439
375.2041
450.1314
510.8756
567.9180
601.7304
735.5799
800.4633
897.0128
933.1878
981.0354
1032.4055
1050.7263
1068.3875
1177.7507
1249.0499
1300.3455
1344.6239
1406.5465
1430.3124
1469.0218
1479.5874
1496.5967
1513.0361
1590.0904
3038.8118
3055.5813
3103.9693
3131.2331
3157.6148
3196.7128
3230.6729

[HSMn'"'(L?)]1>* S=3, Isomer 1

16.2417
48.6551
112.3002
150.8627
191.0661
232.1028
297.9453
360.2754
424.6516
495.4126
551.0349
589.2039
669.5664
784.4305
885.9447
923.4893
972.7989
1013.9418
1043.1518
1061.9004
1159.9947
1199.0206
1288.7163
1323.7143
1395.8120
1421.0420
1455.6179
1475.0866
1490.5387

29.1455
52.1769
120.3874
156.8509
202.3787
238.5398
301.7943
362.6407
4545073
511.8117
557.4597
602.8459
696.4734
794.6120
892.1338
929.6415
974.3455
1026.5108
1049.8609
1064.0345
1177.9468
1244.6779
1299.9905
1341.5015
1400.4851
1424.7562
1468.8999
1475.6438
1493.2096

32.5139 37.6795
67.7027 81.2059

130.0911
165.4290
207.6236
253.5053
319.0838
369.9084
460.5114
517.3314
567.0612
616.6443
742.2334
801.0423
896.2328
932.7550
976.7949
1034.8378
1050.1380
1066.2811
1178.5015
1248.2359
1305.5121
1341.9530
1405.0925
1425.3703
1469.8814
1476.8759
1495.7791

1518.6607
1638.5973
3041.0845
3068.0596
3104.5340
3140.1037
3159.5767
3208.4778

127.6160
178.2127
216.8906
266.1787
316.0927
377.4246
472.7432
520.2308
570.6633
618.4831
749.4335
811.2733
897.9870
957.5266
983.8340
1034.9523
1052.2583
1074.3698
1178.9023
1254.5516
1306.2030
1347.5732
1406.8231
1435.0622
1472.2606
1482.9368
1501.0350
1516.7136
1628.6480
3041.8197
3062.5755
3105.1629
3137.3874
3157.8304
3204.2547

135.3167
169.0063
214.0305
266.7151
329.8122
389.8665
474.5552
517.9615
572.0152
620.2662
750.2411
808.8281
901.2225
945.6971
983.9686
1035.9491
1051.2664
1072.9404
1180.9449
1261.3984
1311.7098
1345.2319
1405.6916
1429.4090
1470.9324
1483.4309
1497.0734

45.2359
92.0098

1524.4477
1647.2925
3044.3249
3068.3940
3109.0719
3140.4515
3178.2135
3208.5428

457315 49
74.4269 96

132.8283
183.9374
220.1747
271.8484
331.8695
403.1952
483.4676
523.2970
573.4171
629.0709
756.4436
816.9027
906.0752
962.7283
1003.4630
1037.7767
1056.0041
1085.6615
1181.7308
1271.3878
1316.3096
1356.1936
1414.5772
1442.7497
1472.5605
1487.9375
1502.5058
1518.4712
1639.8693
3042.0318
3064.7010
3108.0987
3145.9528
3185.5393
3207.9299

138.0687
180.5204
221.8341
273.5008
335.5424
405.5158
488.5176
531.5363
576.0233
634.6538
757.2335
811.5894
902.4911
956.8764
1003.4529
1036.8692
1055.3952
1088.1665
1181.9621
1271.6960
1317.6653
1348.5181
1414.4209
1448.2759
1471.1308
1483.9721
1503.4607

47.
98.

1530.4656
1647.5393
3049.0667
3083.8988
3111.0196
3150.5423
3188.0979
3208.6400

1233
7012

136.1174
188.8632
232.0104
284.5392
340.6679
414.7735
486.5161
533.9388
582.1636
672.3914
764.7663
822.2178
912.0971
967.2091
1006.5459
1039.1939
1057.0522
1121.3325
1190.5122
1272.8039
1319.1699
1369.5370
1419.3642
1451.7129
1473.0485
1488.8284
1504.5261
1528.4152
1643.2680
3053.0646
3073.3975
3109.2427
3151.0634
3185.7582
3208.8149

7161
9111
144.0535
187.9909
227.2781
292.0119
344.4197
411.9605
489.5411
548.1551
586.5234
658.8654
768.2099
828.4334
916.4782
970.5709
1007.5866
1038.9342
1061.3511
1119.6329
1192.7258
1279.2429
1322.0345
1380.5861
1416.4846
1453.4442
1472.2270
1488.6749
1507.2363
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1509.5765
1533.6616
1651.7124
3052.1815
3092.6831
3111.9990
3156.5409
3189.3732
3216.9957

1509.9764
1606.7867
1654.6705
3053.1170
3093.2973
3121.4778
3158.2910
3196.5731
3224.5439

1511.3818 1516.7450
1619.4637 1637.8438
3039.1309 3040.9611
3061.1478 3066.8368
3100.6956 3103.1181
3133.8162 3138.0144
3158.3971 3159.2722
3200.4521 3207.7876
3231.0870

[FSMn"'(L2)]?* S=3, Isomer 2

15.1781
55.8389
98.1358
149.9165
190.1637
238.9035
293.8984
347.5315
434.6626
488.1650
548.6186
584.4928
676.1202
T71.4775
882.3668
922.1405
971.0232
1015.8678
1042.2274
1061.8727
1153.9059
1197.6001
1286.8099
1330.9623
1388.4259
1423.3608
1451.8968
1473.2382
1493.4013
1508.5564
1530.6615
1649.9047
3052.7822
3096.6108
3108.8134
3157.1043
3190.6708
3213.3316

29.8838
61.4773
106.2203
164.9971
197.9387
254.3899
299.5296
355.6206
438.6460
504.7280
553.5894
599.2843
684.0647
786.9788
888.2994
926.5895
976.9509
1018.0322
1047.8651
1062.2264
1174.7385
1245.6173
1297.6558
1340.7536
1401.5543
1427.3938
1466.8849
1474.4259
1493.7814
1512.6670
1534.0486
1657.7286
3053.9151
3097.0527
3119.7094
3158.1654
3192.6767
3220.6698

39.3339
63.2494
123.0878
171.1468
205.4875
262.4818
307.6572
362.8667
448.6041
512.8640
566.0385
607.1918
733.2379
798.6530
895.6440
934.1188
980.8128

40.3733  44.5614
73.3434  82.2198

129.8825
173.1504
212.7403
267.8769
315.1666
375.1101
473.3068
521.3488
569.2972
619.8557
748.3199
806.0127
900.3283
956.1488
985.0460

1029.7590 1034.1240
1050.3898 1050.7731
1068.6104 1069.4706
1175.4461 1177.2862
1249.2459 1263.8919
1299.2440 1310.9627
1341.0375 1345.3886
1405.8287 1410.9404
1429.8260 1432.5762
1468.7109 1469.6548
1478.6210 1487.9686
1496.7723 1498.8485
1513.1272 1515.5529
1615.5332 1639.7045
3035.2754 3037.9833
3057.9260 3062.2844
3103.3781 3104.5846
3133.9719 3134.5727
3159.7958 3160.6163
3203.3004 3207.1100
3229.1704

1529.7102
1646.0611
3043.6985
3070.6375
3107.7007
3140.5652
3178.1259
3209.3875

133.0023
178.5738
216.4897
279.8566
323.5307
399.4506
481.6710
527.6980
572.6765
628.8724
756.0066
815.4511
902.2421
959.0387

1004.3353

1034.8181
1053.1606
1083.0070
1183.5839
1267.8261
1314.4412
1355.1363
1413.7610
1448.9962
1471.6262
1489.6266
1505.0810
1519.2249
1647.6703
3042.2849
3065.1922
3108.0997
3141.6625
3180.6414
3207.5222

1530.7858
1647.4167
3047.9879
3079.4600
3108.4113
3153.8586
3186.4369
3210.0404

50.4958
95.0630

140.8708
181.3743
232.2453
289.8178
340.7036
411.8117
485.7335
541.2977
582.2342
668.5978
765.8017
826.1792
914.0765
965.0533
1005.0679

1035.2480
1058.9674
1119.2159
1187.9213
1271.5154
1319.2578
1366.9238
1420.8477
1450.5293
1472.2806
1492.3390
1508.0450
1529.7325
1647.8194
3050.7571
3078.8442
3108.6113
3151.9135
3188.5244
3210.4235
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Table B6. Energetics for all optimized structures. Energies are in Hartree, coupling constant J is
H -1
incm™—.

E(sol)

E(sol)

GCOFF

Species $ | 6.316(dp) | 6-311+G(dp) | 6-31G(d,p) G(sol) J
[SMn(L)(CH:OH)°S=2 | 6.06 | -2879.455014 | -2879.923775 | 0.561075 | -2879.362700 -
[SMAT(LY)(CH:OR)°S=1 | 2.02 | -2879.441113 | -2879.910207 | 0.565973 | -2879.344234 -

[FSMn"(LY)(CH:OH)]* S=3/2 | 4.78 | -2879.270648 | -2879.730538 | 0.561932 | -2879.168606 | 154
[MNV(L)(CHsOH)]* S=3/2 | 3.82 | -2879.277296 | -2879.733024 | 0.568829 | -2879.164195 -
[PSMn"(LL)(CH;OH)]" S=5/2 | 8.84 | -2879.267185 | -2879.727694 | 0.558832 | -2879.168862 -
[FSMn"(LY)(CH;OH)]>* S=1 | 3.90 | -2879.072052 | -2879.524129 | 0565731 | -2878.958398 | —310
[FSMn(LY)(CH;OH)]”* S=3 | 12.17 | -2879.050247 | -2879.512424 | 0561623 | -2878.950801 -
[SMn"(L?)]° S=2, Isomer 1 | 6.05 | -2804.214938 | -2804.656154 | 0.563796 | -2804.092358 -
[SMN(LD)° S=2, Isomer 2 | 6.05 | -2804.215057 | -2804.656437 | 0564745 | -2804.091692 -
[SMN(LD)]° 5=1 226 | -2804.178296 | -2804.621514 | 0565626 | -2804.055888 -
[FSMn"(L?)]* S=3/2, Isomer 1 | 4.79 | -2804.032027 | -2804.464697 | 0.564892 | -2803.899805 | 84
[FSMn"(L?)]* S=3/2, Isomer 2 | 4.80 | -2804.031785 | -2804.464757 | 0.565196 | -2803.899561 | 79
[FSMn"(L2)]* 5=5/2, Isomer 1 | 8.82 | -2804.030311 | -2804.463153 | 0564531 | -2803.898622 -
[FSMn"(L?)]* S=5/2, Isomer 2 | 8.84 | -2804.029951 | -2804.463300 | 0.563908 | -2803.899392 -
[PSMN(L2)]Z S=1, Isomer L | 4.03 | -2803.825411 | -2804.250566 | 0562924 | -2803.687642 | —106
[FSMn"(L2)]2 S=1, Isomer 2 | 4.07 | -2803.822777 | -2804.248523 | 0.565508 | -2803.683015 | -156
[PSMn(L2)]2 S=3, Isomer 1 | 12.13 | -2803.820741 | -2804.246651 | 0.565357 | -2803.681294 -
[PSMn"(L2)]Z* 5=3, Isomer 2 | 12.16 | -2803.816046 | -2804.242754 | 0.564375 | -2803.678379 -

E(sol) = E(SCF) + AGsov (Equation B1)

G(sol) = E(sol) + Georr (Equation B2)

E(SCF) is the electronic energy, AGsoly IS the solvation free energy, and Georr is the thermal free
energy corrections (0 K — 298 K) for a given species. Tabulated G(sol) values combine the triple-
zeta E(sol) with the double-zeta free energy corrections Georr. Coupling constants for the broken
symmetry wavefunctions®? were computed using equation 3.

J=— (EMS — EBS) / (<S%>HS — <§2>B5) (Equation B3)
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The development of affordable water-splitting catalysts from Earth-abundant transition
metal ions such as Co and Mn is of immense scientific interest. Aiming to develop an efficient
water-splitting catalyst, a Co(ll) complex featuring an asymmetric, pentadentate quinolyl-
bispyridine ligand with a phenylenediamine backbone was synthesized and characterized by
spectroscopic, spectrometric, and X-ray analysis. The Co ion was selected because of its ability to
undergo redox conversions from 3d® Co'v through 3d® Co' thereby making it a suitable catalyst
that can withstand harsh structural, and electronic changes during catalysis.

The electrocatalytic water reduction activity of the catalyst at neutral pH, gave a turnover
frequency (TOF) of 970 moles of Hx/h at an overpotential of 0.65 V. Sustained catalytic water
reduction over 18 hours gave a TON of 12,100 and (%FE) of 97% suggesting a stable catalyst.
Post-catalytic analysis of a grafoil electrode using SEM, EDS, and UV-visible spectroscopy shows
no evidence of catalyst degradation or transformation into other species thus confirming the
molecular nature of the catalyst. [Co"(L?PY)H20]CIOa s active towards water oxidation as well,

operating with a %FE of 91% during catalysis in a 0.1 M borate buffer (pH 8.0), and giving a TON
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of 97, at an applied potential of 1.50 Vagagcl. By using a series of experimental methods as well
as DFT techniques, | isolated and characterized the catalytic oxidized intermediates for
[Co"(LRPY)H20]CIO4, and proposed a ‘water nucleophilic-attack” (WNA) mechanism of water
oxidation where, the highly electrophilic 3d° [*Co'V=0] intermediate is attacked by a nucleophilic
water molecule thus forming the essential O-O bond and releasing dioxygen. The photocatalytic
activity in the presence of [Ru(bpy)s]** and ascorbic acid in acetate buffer (oH 4) shows a TON of
295 and TOF of 50 moles of Oz/h.

Monometallic cobalt complexes have been shown to efficiently catalyze water reduction
and therefore, enhanced activity is expected from binuclear analogs of these monometallic
catalysts. Close proximity between two Co centers could trigger cooperativity either by facilitating
homolytic pathways or by enabling electron transfer between the metallic centers, thus avoiding
formation of a Co''-H~ species. We hypothesize that cooperativity will be dependent on (i) the
distance between the Co centers, (ii) the relative topology of the coordination environments, and
(iii) the degree of orientation and overlap between redox-active orbitals. | analyzed the catalytic
potential of the bimetallic complex [Co'2(L")(bpy)2]Cls, by means of electrochemical,
spectroscopic, and computational methods and observed that it efficiently reduces H* to Hz in
acetonitrile in the presence of 100 equiv of acetic acid with a TON of 18 and %FE of 94 after 3 h
at —1.6 Vagagcl. This observation allows us to propose that this bimetallic cooperativity is
associated with distance, angle, and orbital alignment of the two Co centers, as promoted by the
unique Co-Namigo-Co environment offered by L'

Experimental results reveal that the parent [Co""Co'"] complex undergoes two successive
metal-based 1e~ reductions to generate the catalytically active species [Co'Co'], and DFT

calculations suggest that addition of a proton to one Co' triggers a cooperative 1e~ transfer by each
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of these Co' centers. This 2e~ transfer is an alternative route to generate a more reactive [Co'(Co'-
H")] hydride avoiding the Co""'-H~ required in monometallic species. This [Co'(Co"-H")] species
then accepts another H" in order to release H..

The manganese ion, with its broad range of oxidation states and considerable Earth-
abundance, is an appropriate choice for the study of electron transfer processes involved in
catalytic water oxidation as it has been used as an efficient electron donor in PS Il. It has been
proposed that incorporation of phenolate moieties into manganese species could lead to catalytic
activity as well. | synthesized two manganese complexes, the hexacoordinate [Mn"'L'CH3;0H]
and the pentacoordinate [Mn"!L?], with a pentadentate tris-phenolate ligands HsL! and HsL?2
respectively. Detailed results from the structural, spectroscopic, and electrochemical evaluation of
the two Mn complexes suggest that whilst both complexes show ligand-based oxidations favoring
formation of a [Mn"""/phenoxyl] species, the hexacoordinate analog could form a [Mn'V/phenolate]
species. This is specifically due to the low energy difference between the frontier orbitals (<5
kcal/mol) of the Mn center, and the redox-active phenolate ligands. This low energy barrier allows
electronic interaction between the Mn ion, and the phenolate ligand, causing valence tautomerism
through electron transfer.

We therefore tested the hexacoordinate [Mn''L*CH3OH] for water oxidation catalysis and
observed an overpotential of 0.77 VV and TON of 53 in three hours with the catalyst operating at a
%FE of 85. This study is particularly useful because it provides a basis for ligand design that favors

either a radical or a high-valent metal pathway for catalytic water oxidation.
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