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Abstract

The overarching goal of the studies presented herein was to investigate the
mechanisms of catalytic homogeneous water oxidation in order to develop more active
and robust catalysts.

In Chapter 2, a series of polypyridyl Ru complexes related to
[Ru"(tpy)(bpy)(OH2)]** were synthesized and characterized. The complexes were
investigated for catalytic water oxidation capabilities when driven by the sacrificial, one-
electron oxidant, (NH4),[Ce'V(NOs)s]. Chemical modification of the bidentate ligand that
resides trans to the active Ru-O vector has the most pronounced effects on catalytic
performance in terms of catalytic turnovers and rates. Decomposition pathways were
also identified. Chapter 3 provides spectroscopic, electrochemical and kinetic
investigations of complexes related to [Ru"(tpy)(bpy)(OH,)]** and expose the role that
electronic modification of the ligand framework has on the kinetics of the catalytic water
oxidation mechanism. Experiments using in situ electrospray-ionization mass
spectrometry provided structural verification of proposed catalytic intermediates.
Additional experiments suggested an unprecedented O-O bond formation pathway
involving a Ce species.

The effects of reaction medium on the Ce(1V) oxidant, and the catalytic
mechanism were investigated in Chapter 4. It was found that the Ce(IV) reduction
potential is only mildly perturbed by the nature of the acid anion (e.g. HNO3, HCIOy,

CF3SO3H and H,SQO,), and that certain conditions promote the spontaneous



decomposition of Ce(IV). The basicity of NO3" relative to the other acids anions
facilitates certain reaction steps, however, at the cost of undesired sources of O-atoms.
Chapter 5 discusses the development of [Co"(PY5)(OH,)]** as a possible water
oxidation electrocatalyst. Unprecedented and well-defined proton-coupled electron
transfer chemistry conceivably enables access to a high-valent and catalytically active
[Co'V-OHJ** species that undergoes O-O bond formation with OH". Detection of
dioxygen using electrolytic methods confirmed catalysis, and thus established
[Co"(PY5)(OH,)]*" as the first single-site Co water oxidation electrocatalyst. Kinetic
and mechanistic investigations using cyclic voltammetry provided insights into the
proposed catalytic mechanism. Issues associated with potential decomposition of
[Co"(PY5)(OH.)]*" into catalytically active Co-oxides were investigated and suggest the
possibility of genuine molecular origins to catalysis, but with significant encumbrances

brought on by potential decomposition species.
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Chapter One: Introduction

1.1 Motivation: The Energy Crisis and Climate Change

Rising global energy demand associated primarily with the emerging economies
in Asia and Africa, coupled with limited clean energy supplies, are likely to create
devastating environmental, economic and political turmoil unless an affordable and
renewable energy source is developed.” Nearly ninety percent of primary energy is
currently derived from fossil fuels such as coal, oil and natural gas. The most recently
available and reliable statistics from 2008 estimate global primary energy utilization at
about 533 $ 108 J, which corresponds to an average annual consumption rate of 16.9
terawatts (TW).> Conservative estimates have projected the energy consumption rate to
reach 30 TW by 2050;° however, we are likely to surpass this value given the current
consumption rate in 2012 is probably approaching 20 TW. Unless suitable alternative
energy sources can be deployed and scaled to meet such an increase in demand, fossil
fuels will remain the primary source of this energy. Though the direct link between
atmospheric carbon dioxide and global climate change is not completely understood, the
consequences of inaction pose an enormous risk to the global ecosystem.? Current
atmospheric carbon dioxide levels are 393 parts per million (ppm) and rising at a rate of
about 2 ppm annually,” and considering new coal power plants coming online in China
and other industrializing areas weekly, that rate is likely to increase over the coming
decades. Many climate modeling scenarios predict that stabilizing the atmospheric
carbon dioxide levels to around 550 ppm will prevent a drastic warming caused by the

certain positive feedback mechanisms associated with the thawing of the northern tundra



of Canada and Russia, releasing vast amounts of methane, which is a potent greenhouse
gas.® Additionally, ocean acidification resulting from absorption of atmospheric carbon
dioxide is severely detrimental to marine life, causing additional and often overlooked
issues in discussions of climate change.’

In order to mitigate these hazards it is necessary to move towards carbon-neutral
energy sources and technologies. Among the known alternative energy sources, such as
nuclear fission, hydroelectric, geothermal, wind, biomass and tidal, solar energy alone
has the potential to provide enough carbon-neutral energy to meet future global
demand.***° The ability to convert solar radiation to electrical energy via photovoltaic
technologies represents an integral part of the solution, yet owing to the diurnal cycle of
solar energy and it’s day-to-day, seasonal, and latitudinal variability, an efficient and

cost-effective storage solution is essential.

1.2 Solar Energy Storage and Water Splitting

Energy storage options for solar radiation arise in several forms, namely: potential
energy (i.e. pumped-hydroelectric, compressed air, and charge storage); kinetic energy
(flywheels); thermal energy (concentrated solar thermal and geothermal; and chemical
energy (batteries and fuels). Of these methods, chemical fuels stand in the forefront
owing to the relatively large gravimetric and volumetric energy densities of fuels as
compared to the other methods.*** Moreover, current prevalent technologies and
infrastructure are congruent with rapid adoption of solar-derived chemical fuels.
Hydrogen is often touted as a possible avenue towards alternative fuels when used

directly (combustion or hydrogen fuel cells) or through the utilization of an artificial



photosynthetic scheme when coupled to carbon dioxide reduction:*? although one of the
primary challenges remains finding a suitable feedstock from which hydrogen can be
obtained in a sufficiently large and carbon-free manner.

Water presents itself as the ideal hydrogen source, but economic and efficient
methods to split water into its constituents are needed. It is ironic that difficulties
associated with water splitting reside in the half-reaction associated with the formation of
the by-product, oxygen (Equation 1.1; voltages presented in this thesis will be referenced
to the normal hydrogen electrode (NHE), defined as 0.00 V at standard ambient
temperatures (298 K) and pressures (100 kPa), unless otherwise stated.) As a result of
the proton dependence in both water oxidation and proton reduction (Equation 1.2), each
is predicted to obey Nernstian behaviour and vary by -0.059 V with increased pH. Water
oxidation involves the dissociation of protons and electrons from stable water molecules,
as well as the formation of an O-O bond from formally separate water molecules.
Despite the already inherent thermodynamic demands of water splitting, the kinetic
complications impose significant activation energies (overpotentials) and necessitate the
development of efficient catalysts. Once protons and electrons are liberated from water,
uniting them to make hydrogen is relatively simple and many catalytic materials exist
(although the search for cheap and robust catalysts remains an active field of study?).
Recombining the separated hydrogen and oxygen molecules either through combustion,
or more efficiently through fuel cells, ideally liberates 1.23 eV of energy, or 237 kJ per

mole of hydrogen (Equation 1.3).



O, +4 H " +4¢ =——— 2H,0 Eanode = 1.23 - 0.059(pH) V. (1.1)
4H +4¢ =————= 2H, Ecathode = 0.00 - 0.059(pH) V (1.2)
2H,O0O —— 2H,t0, AE.,=-1.23V (1.3)

Despite the intrinsic difficulties associated with water splitting, we incidentally
need only to look at some of the most venerable and abundant organisms on the planet for

inspiration.

1.3 Photosynthesis

Oxygenic photosynthesis has evolved over billions of years as a means for
biological organisms to convert plentiful solar radiation, water and carbon dioxide into
useful biochemical fuels in the form of carbohydrates, with dioxygen as a by-product.
The origin of both the electrons needed for synthesizing carbohydrates from atmospheric
carbon dioxide, and the protons utilized for adenosine triphosphate (ATP) synthesis, trace
their respective paths back to water.** Accounting for pH, the oxidation potential of this
half-reaction at pH 7, close to the pH of cytoplasmic media, is 0.82 V. As the most
thermodynamically demanding reaction required in biological systems, evolution has
keenly out-sourced the energy input to solar radiation. Light is harvested in large antenna
arrays of chlorophyll and carotenoids towards a multi-subunit enzyme called photosystem
I1 (PSH) via excited-state energy transfer mechanisms. Once the energy arrives at PSII, a
charge separation oxidizes a specialized chlorophyll unit Pgsgo, that is intimately involved

with activity at the OEC. The pathways of incoming water as well as exiting protons and



dioxygen are carefully managed through intricate channels, as they must traverse
hydrophobic regions of the enzyme en route.

At the heart of PSII is the oxygen-evolving centre (OEC), consisting of a
Mn;OsCa cluster whose structure has recently been unambiguously refined from
cyanobacterial PSII using crystallographic techniques (Figure 1-1).** Arguably the most
prominent feature of the OEC is the multiple and proximate oxo-bridged manganese
centers, which are able to catalyze water oxidation by distributing the oxidation state
changes among the four metal ions to avoid an energy-demanding accumulation of
charge at a single metal. Both calcium and chloride are known to be necessary cofactors
of the water oxidation cycle.** Calcium has been identified both directly and indirectly
within the OEC structure and its role is believed to involve providing ligation sites for
(potentially substrate) water, while also managing redox potentials through participation
in proton transfer pathways. Less understood is the function of chloride during the water
oxidation cycle, and it has been suggested to play structural roles, inhibit competing

ligation, and manage activity occurring in the channels to and from the OEC.
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Figure 1-1 Local structure of the oxygen-evolving centre (OEC) determined from high-
resolution X-ray crystallography of photosystem 11 (PSII) from cyanobacterium,
Thermosynechococcus vulcanus. Relevant atoms and amino acid residues are indicated.
Local water molecules are denoted as orange spheres. Reprinted by permission from
Macmillan Publishers Ltd: Umena, Y. et al. Nature, 2011, 473, 55, copyright 2011.

Without knowledge of the precise structure of the OEC, many historical
mechanistic proposals had difficulty arriving at a complete description of the water
oxidation cycle, also known as the Kok cycle (Figure 1-2)."> Recent unequivocal
structural determination will allow for more refined models of the mechanism to come
forward.’ There have, however, been many proposed models based on experimental and
theoretical evidence that provide vital insights into how nature has perfected the use of
sunlight in this most demanding of chemical reactions.’**® As alluded to earlier, light is
harvested by a series of chlorophyll and carotenoids subunits that transfer the energy
towards a specialized chlorophyll dimer known as Pggo, which upon electronic excitation

transfers the electron via a pheophytin molecule. The oxidized form, Pggo”, is the



;
strongest known biological oxidizing agent with a redox potential of 1.26 V for the Pggo™”
couple.r” Oxidizing equivalents are then transferred to the OEC, by a tyrosine residue
(Yz) with redox potentials of between 1.1 and 1.2 V over the course of the Kok cycle,
which then subsequently reduces Pggo.*® This process occurs four times as the cluster
stores the solar radiation in states signified S,, where n denotes the relative oxidation state
of the Mn,OsCa cluster and ranges from Sy directly following dioxygen release, to S, as
the most oxidized state. Once the cluster has obtained the necessary oxidizing
equivalents, the reaction of two water molecules occurs via a pathway enable the reaction
to progress at nearly the thermodynamic potential. The basic operating principle behind
photosynthetic water oxidation lies in the ability of the OEC to store multiple oxidizing
equivalents successively over a narrow potential range. As a result of these highly
energetic reactions, damage is inflicted upon the OEC and surrounding structures, which
are then replaced and reassembled via complicated repair mechanisms.'® For perspective,
without these repair mechanisms the OEC would degrade to such an extent that it would
cease to function in about 30 minutes. In order for water to be oxidized with such
efficiency, the transfer of protons and electrons must be coupled allowing for redox
potential leveling and avoiding high-energy intermediates. To fully appreciate the
mechanism of water oxidation at the OEC, and later the synthetic catalysts, it is necessary

to first introduce the concept of proton-coupled electron transfer (PCET).
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Figure 1-2 The Kok cycle as proposed by Haumann and Dau from time-resolved X-ray
absorption spectroscopy (XAS).? Oxidation states of the OEC are designated the S
states; see text for more details.

1.4 Proton-Coupled Electron Transfer

Reactions classified under PCET are distinguished by proton transfer (PT) and
electron transfer (ET) events occurring in a stepwise or concerted mechanism, resulting
in differing proton and electron content of reactants and products. This phenomenon is
common for many redox processes in agueous media where there are dissociable protons,
and is an essential aspect of many biochemical reactions by providing the driving force
for proton shuttling over large distances such as those found in photosynthesis.*® Using
the definitions proposed by Savéant,?* classified under the umbrella of PCET are:
electron-proton transfer (EPT) where electron transfer occurs first, followed by proton
transfer; or vice versa for proton-electron transfer (PET); concerted transfer of both
protons and electrons in a single reaction step (CPET); and hydrogen-atom transfer

(HAT) where the electron and proton originate from a single bond in the reactant species.



As a result of the proton dependencies, PCET redox processes are affected by the
Nernstian relationship governed by Equation 1.4, where m is the number of protons
transferred and n is the number of electrons transferred under standard ambient

temperatures and pressures (SATP) conditions.

E = E° - 0.059(m/n) (1.4)

Scheme 1-1, often referred to as a “square scheme”, outlines the differences in
these pathways with an archetypal example of a redox active metal complex bearing a
coordinated water molecule, cis-[Ru" (bpy)2(py)(OH,)]** (bpy = 2,2:-bipyridine; py =
pyridine) that undergoes PCET chemistry.?? Beginning with cis-[Ru" (bpy)2(py)(OH2)]**
(hereafter the complexes will be abbreviated as [Ru™'OH,]** with m designating the
oxidation state of Ru; n designating the proton content of the bound oxygen ligand; and x
denoting the charge of the complex) in the lower right of Scheme 1-1 the redox chemistry
at pH 7 will be discussed.” A simple oxidation of [Ru"-OH,]** generates [Ru'"'-OH,]**
at an apparent standard potential (E1» & E%) of 1.02 V at pH values lower than 0.85
where the complex remains protonated upon oxidation. Deprotonation of [Ru"*"OH,]** at
a pH above it’s pK, of 10.6, the redox couple then occurs at a much lower value of E% =
0.46 V, as expected for a complex bearing an anionic ligand and a lower charge. An EPT
mechanism would involve initial horizontal movement followed by vertical transition and
vice versa for a PET mechanism. At pH 7 in the region where both protons and electrons

are transferred (PCET mechanism), diagonal movement is adopted and consequently the
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redox process occurs at an intermediary potential of 0.66 V, resulting from avoidance of

the relatively unstable [Ru""*OH,]** species.

[RuMbpy)opy) O =248V [Ryll(bpy),(py) ()]

-HY || + HF
0.74 V
+H* (PKa < 13)

[RuV(opy)s(py)OH* =18V [Rul(bpy)o(py) OHIP* 048V o ko) (oy)OH)*

y -H |+ HY
K,=0.85 0.66
PHra=0 e (PK, = 10.6)

Rubpy)o (Y OHP*  — 2 [Ru'(bpy)o(py) OHP*

(PKa <0)
-H*

Scheme 1-1 Square scheme highlighting the thermodynamics of proton-coupled electron
transfer (PCET) chemistry for cis-[Ru' (bpy)2(py)(OH2)]**. Horizontal lines indicate
apparent standard potentials (E%) of electron transfer (ET) in the absence of proton
transfer (PT) between the adjacent species. Vertical equilibrium arrows indicate the pK,
associated with the protonated forms of the vertically aligned species. Diagonal lines
describe the E% of PCET redox processes at pH 7.

Much more drastic differences in redox potentials and pK, values are observed for
the Ru(1V)/Ru(lI11) redox chemistry in the upper left of Scheme 1-1. The pK,’s associated
with [Ru'V*"*OH]** and [Ru""""O]" are outside the accessible region in aqueous solutions
and the reduction potentials associated with ET in the absence of PT are separated by
> 1.2 V. This is a result of stabilization of the Ru(IV) state through formation of a stable
Ru-O multiple bond.”*#*#* An implication of both the stabilization imparted by the
formation of the oxo complex and PCET, is the small potential difference of 0.08 V
between adjacent valence states (%E°%) of Ru observed at pH 7 between the
[RuV=0]*/[Ru""*OH]** and [Ru"""OH]**/[Ru""*OH,]** redox couples. This

phenomenon is known as redox potential leveling whereby preservation of the charge on
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the complexes (i.e. [Ru""*OH,]**; [Ru"""*OH]*"; and [Ru'Y=01?*) minimizes electrostatic
effects connected with further oxidation. In the absence of oxo bond formation and
PCET, %E® are typically > 1 V as demonstrated with the related example of
cis-[Ru" (bpy)Cl2] with %E®% = 1.7 V between the Ru(I11)/Ru(I1) and Ru(IV)/Ru(l11)
redox couples.”® A drastic example of this phenomenon is demonstrated by the redox
chemistry exhibited by cis-[Ru" (bpy)2(OH-),]** and trans-[Ru" (bpy)2(OH.),]** where Ru
can be oxidized from Ru(11) to Ru(V1) over a potential range of only 0.6 \ at pH 6.%°
High oxidation states are supported by significant donation of electron density from the
oxo(s) to the Ru through * interactions. The important implication of redox potential
levelling is that multiple oxidizing equivalents can be accumulated over a small potential
range without changing the overall charge of the species, effectively minimizing the
energy required for multiple electron redox catalysis such as in water oxidation.

Thermodynamics of PCET chemistry occurring at a [M-OH,] complex are
typically determined and presented by E°% vs pH diagrams, commonly referred to as
Pourbaix diagrams (note Ey, & E%).?*?* Pourbaix diagrams are essentially phase
diagrams depicting the equilibrium species under the conditions of variable pH and
applied potentials that are readily characterized using common electrochemical
techniques such as cyclic voltammetry (CV). A typical Pourbaix diagram is shown in
Figure 1-3 for a complex similar to cis-[Ru" (bpy)2(py)(OH-)]** of which several will
appear in this thesis. Horizontal lines indicate pH-independent, ET only processes that
are defined by the pK, of the relevant equilibrium species. Diagonal lines indicate pH-
dependent (PCET) redox processes where Equation 1.4 dictates the slope of the lines

under SATP conditions.
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Figure 1-3 E% vs pH (Pourbaix) diagram for a prototypical [Ru"*"OH]** complex.

1.5 Electronic Design Elements

1.5.1 Metal-oxo Complexes

Imperative to the design of a water oxidation catalyst is the careful deliberation of
the electronics of the metal-oxygen complex necessary for water activation.?*?’ Ina
pseudo-octahedral environment, coordination an oxo (0?) ligand causes distortion along
the principle axis arising from destabilization of the d,? orbital brought on by the
relatively short metal-oxygen bond (Figure 1-4). Conversely, the bond trans to the metal-
oxygen bond is elongated and weakened to such an extent that the coordination site can
be vacant. (Other symmetries and ligand fields may also be used, but only the pseudo-
octahedral case is relevant for this thesis.) The choice of transition metal is crucial if it is
to have the correct amalgamation of stability and reactivity to carry out oxidative

reactions. Late transition metals of oxidation states less than +4 have filled d& orbitals



13
and are unable to accept electrons from the oxygen 2p, and 2py orbitals, making a
multiple metal-oxo bond unstable unless very electron-withdrawing ligands are utilized.
However, in late 2008 a square-planar Pt'Y=0 complex stabilized by a PNC pincer ligand
framework was indirectly characterized and, as expected for the unusual bonding,
displayed interesting oxidative capabilities.?>* Early transition metal-oxo complexes are
relatively stable owing to their lack of d& electrons that are effectively filled by electrons
from the oxygen ligand, forming a robust and relatively unreactive metal-oxygen triple
bond. Ideal candidates are the transition metals in groups 7-9; particularly group 8,
which are able to readily form metal-oxygen double bonds that are comparatively stable
upon donation of electrons from the oxygen 2py and 2py orbitals to the partially vacant d*
orbitals. Oxo-complexes of Ru'V=0 and Os'V=0 are well-known and efficient oxidation
catalysts owing to the precise balance of reactivity and stability that can be tuned through

the ligand environment.?®

. (%)
e ° - o 2,2
g 2 x2y?) T (x-y*)
: " xz.y2)
n Cemem- - Xz, yz
t29 o nb (xy)
(xy, Xz, yz)
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,|\|/|\ (On) ,|\|/|\ (Cav)

Figure 1-4 Qualitative metal-oxo molecular orbital diagram in a pseudo-octahedral
environment around the metal assuming C4, Symmetry.
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1.5.2 Oxygen-Oxygen Bond Forming Mechanisms

With part of the water oxidation mechanism completed by PCET events to
transfer the protons and electrons generating an active metal-oxygen bond, consideration
must then be paid to the critical oxygen bond-forming portion of the mechanism. The
nature of the Ru-oxo allows two general mechanisms to be envisaged involving very
distinct mechanisms (Scheme 1-2).%’

An “acid-base” or “water nucleophilic attack” (WNA) mechanism can occur if the
oxo ligand is sufficiently electrophilic to undergo attack by a nucleophilic substrate
(either water or hydroxo), to form the oxygen-oxygen bond. The highest-occupied
molecular orbital (HOMO) of water (or hydroxide) is of $ symmetry and interacts with
the lowest-unoccupied molecular orbital (LUMO) of the pseudo-octahedral metal-oxo
complex that is of d€' character. The interaction results in a O-O $ bond, and cleavage of
an M-O bond, and consequently the formal two-electron reduction of the metal (i.e.
[RuV=0]* + OH =" [Ru"-OOHT").!

Alternatively, a bimolecular radical coupling mechanism can be envisaged if the
metal-oxo bears radical character (i.e. [Ru'Y=0"]), which has been argued to be a better
description of certain high-valent Ru water oxidation catalysts.*® In this case, two
complexes bearing a singly occupied molecular orbital (SOMO) with d&' character
couple and form a [M-O-0O-M] complex that may then undergo further oxidative

transformations to release O-.
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— water nucleophilic attack
[MN+2] [M™?] + O, +2 H* (or acid-base) mechanism

() — radical coupling mechanism
0 2 [M" + 0,

I
[Mn+2]

Scheme 1-2 General proposed OO bond forming mechanisms at high-valent metal-oxo
complexes.

1.6 Synthetic Water Oxidation Catalysts

An exciting but challenging goal of inorganic chemistry is to develop a synthetic
molecular catalyst capable of splitting water efficiently. Over the three decades since the
first reported molecular water oxidation catalyst, the “blue dimer” by Meyer et al. in
1982,* the list of catalysts increased incrementally until 2008, when the field underwent
rapid development with the recognition of single metal containing complexes that are
catalytically active (see sections 1.6.5; 1.6.6; 1.6.7). A feature of the OEC that was
borrowed in the design elements of the early catalysts was the inclusion of multiple
metal-centers into their frameworks. There remains a certain level of ambiguity as to the
essential elements required of a molecular water oxidation catalyst. As a result,
researchers in this area are primarily devoted to understanding the precise structural and
electronic properties required of an efficient water oxidation catalyst. Once these factors

have been determined, the design and synthesis of a robust and efficient catalyst should
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follow. With this in mind some of the primary features of the notable catalysts will be

presented with an emphasis on the blue dimer as it is currently the most well-studied.

1.6.1 The Blue Dimer

The first confirmed molecular water oxidation catalyst was the oxo-bridged
[(bpy)2(OH2)Ru"ORU" (OH,)(bpy).]** (1.1; herein the various oxidation states will be
denoted as [Ru""-Ru'""], however, proton contents are highly pH-dependent and will only
be mentioned where appropriate), the so-called “blue dimer” that is to date the most
studied and, ironically, possibly the least understood mechanistically (Figure 1-5).
Structurally the blue dimer is characterized by two-fold symmetry and a cis,cis
arrangement at each Ru center with respect to the bpy ligands, allowing the aqua ligands
to align in parallel through free-rotation along the the p-oxo bridge.?* Nearly linear
geometry of the Ru atoms through the p-oxo bridge is observed largely due to steric
constraints imposed by the bpy ligands. Three possible isomers arise from chirality
induced at the pseudo-octahedral Ru centres are possible with chiral %, % or (,
isomers, or the meso, %, ( form. However, to date the isomers have not been separated

and individually characterized.
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1.1
"blue dimer"

Figure 1-5 Schematic representation of the first molecular water oxidation catalyst,
cis,cis-[(bpy)2(OH,)Ru"-O-Ru"'(OH,) (bpy).]** (1.1), colloquially known as the “blue
dimer”.

The blue dimer has been investigated by computational methods and modeled
with weak electronic coupling across the oxo bridge,*** but there is experimental
evidence for strong electronic coupling of the Ru centers across the bridge where the
[ORu(bpy)2(OH,)] unit acts as a strong electron donating “ligand” with respect to the
other Ru center.*®*” As a result, higher oxidation states can be reached at lower oxidizing
potentials with respect to monomeric analogues. Density-functional theory (DFT)
calculations have suggested that both the HOMO and LUMO of the [Ru""*Ru'""] dimer is
a d** orbital that is antibonding with respect to the p-oxo bridge. This result is consistent
with the observation that cleavage of the dimer in aqueous media into monomeric
[Ru"(bpy)2(OH.),]** units occurs upon reduction of [Ru'"'-Ru'"] at potentials more
negative than 0.3 V.3 Single crystal X-ray crystallography was used to confirm a
shortening of the Ru p-oxo bond upon oxidation.®® Complicated pH-dependent
electrochemistry is observed over a wide pH region, consistent with involvement of

PCET events induced by the aqua ligands (Figure 1-6).3* Oxidation of [Ru""*Ru""]
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occurs via a one-electron process to yield [Ru'**Ru'"], however, further oxidation at pH
above 2.2 proceeds through a two-electron process resulting in Ru'*'Ru”. Below a pH

VeRuY dimer is unstable and oxidation of Ru""""Ru'Y occurs

of 2.2, however, the Ru
through three electrons to give Ru¥*"Ru”. Of particular note is that over the entire pH
range the Ru'*"Ru'" species is a rapidly formed kinetic intermediate, but is unstable

towards disproportionation to give Ru'V""Ru" and Ru""'Ru'". There is some evidence

that a deactivated anated form of Ru'"*Ru'Y builds over the water oxidation cycle.

E (Vvs SCF)

(OH) !
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Figure 1-6 Pourbaix diagram for the 1.1 (vs. the saturated calomel electrode (SCE, 0.24
V vs. NHE)) highlighting the complicated PCET chemistry resulting from the various
oxidation states and their pH-dependent proton contents.* Oxidation states of the blue
dimer are designated as roman numerals and the proton content of the two oxygen ligands
are shown in parentheses. Reprinted with permission from Gilbert, J.A. et al.. J. Am.
Chem. Soc. 1985, 107, 3855. Copyright 1985 American Chemical Society.

Mechanistic and Kinetic studies of the water oxidation ability of the blue dimer
are quite difficult owing to the complicated series of intermediate and transient species
proposed over the catalytic cycle.** Typical water oxidation experiments utilize

(NH,)2[Ce"V(NO3)s] (hereafter referred to as Ce(IV)) as a sacrificial oxidant added in
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excess to an aqueous media of blue dimer in 0.1 to 1.0 M HCIO,4, HSO3CF3 (HOTY) or
HNO3. The catalytically active form of the blue dimer for water oxidation is believed to
be the Ru¥""Ru" species, though the Ru¥*"Ru'"” and Ru'*'Ru'Y are thermodynamically
capable of water oxidation. As mentioned earlier the Ru'V-Ru'Y state is unstable and
oxidation of Ru"""Ru"" to Ru'V*""Ru'" occurs slowly and disproportionation of Ru'*'Ru'Y
results in the doubly-oxidized Ru'V**"Ru" that is then able to continue along the catalytic
pathway.® Interestingly, the rate-limiting step of the blue dimer mechanism is dependent
on the medium, in particular the concentration and species of acid anion. This anion
effect is related to one of the primary deactivation pathways of the catalyst involving
replacement of an aqua ligand with an acid counter-ion, effectively impeding the catalytic
cycle until the anion is replaced by water. Once the Ru'V*"Ru" is reached, further
oxidation gives the active species together with dioxygen evolution.

The actual catalytic mechanism associated with the formation of molecular
dioxygen by the blue dimer has been debated having been studied spectroscopically,*4"-
%2 through labeling experiments,*® and computational methods.>**® Following the
mechanism proposed by Meyer, once the Ru"(=0)-Ru"(=0) double oxo species has
formed following a rate-determining oxidation, hydrogen-bonding places a water
molecule between the oxo-centers, demonstrating the amphoteric nature of the Ru-oxo
(Scheme 1-3). Once positioned, a rapid multiple-site PCET event involving the transfer
of two electrons to the Ru centers and one proton from the associated water to an oxo
occurs in a single step resulting in a (HO2)Ru'V*"*Ru'v(OH) intermediate, which is in acid-
base equilibrium with the deprotonated form (HO,)Ru""""Ru"(=0). Oxidation by another

equivalent of Ce'" then produces (HO,)Ru'""Ru¥(=0) that then rapidly reacts with
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solvent water through another PCET process producing oxygen and generating
(OH)Ru"-Ru"'(OH,) which then continues along the catalytic pathway. There is no
precedent for direct coupling of the oxido’s either experimentally or computationally.

There have also been proposals for participation of the pyridyl rings in the catalytic

41,42

cycle.
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Scheme 1-3 Mechanism of Ce(IV)-driven water oxidation catalysis by the blue dimer
(1.1) as proposed by Meyer et al.*®

In terms of catalytic performance the blue dimer has demonstrated turnover
numbers (TON) of 11, with rate constants of water oxidation reported between 10 and
10 s%.3® The TON of the blue dimer is misleading because zero-order behaviour is
observed after a few catalytic turnovers due to deactivation by anation prohibiting further
water substrate binding. Catalytic activity is restored after several minutes, as the anated
form is resolvated. Rate-limiting effects are believed to involve the oxidation of the
peroxide intermediate (HO2)Ru'"-Ru'Y(=0) and methods utilizing redox mediators have
been successfully employed by Meyer et al. to increase TOF by factor of 30 in solution to
~0.5s7,* and to ~0.6 s when the mediator is bound to an electrode for electrocatalytic

water oxidation.*
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1.6.2 Other Multimetallic Ru-based Catalysts

A number of other multinuclear ruthenium-based catalysts have been developed
and have shown marked improvement in both stability and turnover efficiencies achieved
largely by stabilizing the ligand frameworks. Tanaka et al. reported the first in 2000
based on a terpyridine (tpy) disubstituted anthracene backbone with bipyridine or a 1,2-
benzoquinone derivative and water completes the octahedral coordination (Figure 1-7,
1.2).*® The arrangement of the complex afforded a geometry that situated the terminal
oxo’s directly towards one another. Electrochemical oxidation of the catalysts in a pH 4
solution containing water generated dioxygen when exposed to very high potentials of
more than 1.8 V. Compared to the 1,2-benzoquinone derivative (1.2), the bpy analogue
of their catalyst was capable of oxidizing water, but did so very slowly and required
higher potentials to reach a catalytic state. Performance of the 1.2 was greatly enhanced
when the complex was deposisted on an indium-tin-oxide (ITO) electrode, raising the
TON from less than 100 to over 30 000 before the catalyst decomposed.*® Tanaka’s
catalyst has also been probed computationally and the most striking feature is that the
benzoquinone ligands are oxidized rather than Ru, which largely remains in the +2
oxidation state over the cycle.*”*® Following this proposal, other catechol ligands that
stabilized a Ru(l11) state through resonance were found to be inactive.*’

Llobet et al. reported another dinuclear Ru catalyst in 2004, in,in-

[[Ru" (tpy)(H20)1:(u-bpp)]** (Where tpy = 2,2::6¢,2¢-terpyridine; and bpp = bis(2-pyridy!l)-
3,5-pyrazolate; 1.3).*° Their ligand-bridged system placed the vacant water binding sites
in close proximity by careful design of their ligand framework. Like Meyer’s blue dimer

(1.1) with the p-oxo bridge, the active species positioned the Ru-oxido centers in a side
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on fashion. Unlike the blue dimer, the absence of the p-oxo bridge allowed formation of
the oxido with Ru' rather than Ru" and also, due to the anionic nature of the bridging
ligand a lower oxidation potential is required to reach the catalytically active species by
over 200 mV. Oxidative activation of the catalyst is achieved using Ce(1V) in agueous
0.1 M triflic acid, resulting in a TON of ~19 corresponding to a catalyst efficiency of
70% (according to the moles of Ce(1V) consumed) with an oxygen evolution rate
constant of 1.4 x 10 s which, according to some accounts, is faster than that of the blue
dimer. The authors credit this enhanced rate to: (1) the rigid confinement of the Ru
centers allowing correct orientation of the oxido for interactions; (2) absence of the p-oxo
bridge avoiding decomposition routes involving reductive cleavage and a driving force
for trans-dioxo formation and; (3) decreased deactivation by anation resulting from a
lower overall charge on the complex. Furthermore it may avoid anation by providing a
smaller pocket for incoming substrates, preventing anation by bulky anions such as
triflate. Meticulous isotopic labelling studies with **0OH, provided evidence of a hitherto
uncharacterized intramolecular O-O bond forming mechanism between adjacent
[Ru'v=0] units.®**?* Conversely, independent computational studies of this catalyst were
reported recently by Yang and Baik,>® and as with the blue dimer a direct oxo-coupling
was found to follow a higher energy pathway than formation of an intermediate peroxide

species generated from attack of a water molecule on the oxo.
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Figure 1-7 Representations of notable bimetallic Ru catalysts for water oxidation.

One year later, Zong and Thummel reported a family of dinuclear Ru complexes
capable of water oxidation with variable electron density at the metal achieved through
modification of the pyridyl capping ligands (1.4).>* These compounds were comprised of
an elaborate ligand framework to hold the two Ru centers in close proximity allowing a
side-on orientation of the active terminal oxo’s that are presumed to form during
oxidative loss of the bridging chloride ligand. The attempt to alter the electronic
properties of the catalyst made by modifying the capping pyridine moieties with electron-
donating and withdrawing substituents in the 4-position, was hampered by the
dimethylamino group chosen as the electron-donating substituent being protonated in
strongly acid media (pH = 1) thus becoming strongly electron-withdrawing. The most
active species was the methyl-substituted pyridine with a TON of 540, suggesting that
electron-donating groups may increase the catalytic ability by possibly stabilizing the
highly oxidized Ru'” centers. Activity of the catalyst was comparatively slow with
turnover frequencies (TOF) on the order of 10 s™. Arguably the more interesting
finding from this report was that structurally similar mononuclear Ru complexes were

also able to catalytically oxidize water, though to a somewhat diminished capacity with
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respect to the dinuclear complexes. This undoubtedly led to the study of much simpler
mononuclear Ru complexes for water oxidation that will be discussed in section 1.6.6.

In recent years, other multi-Ru-containing catalysts have been developed with
various ligand frameworks,***® including studies carried out in the Berlinguette group.*®
The growing interest and simplicity afforded by single metal-containing complexes
largely diminished interest in the study of polymetallic Ru complexes for water

oxidation. However, there may be energetic and kinetic advantages engendered through

the use of multiple metal sites that are worth pursuing further.

1.6.3 Dinuclear Mn Complexes

To date there have been three notable Mn-based molecular catalysts reported.
Naruta et al. reported a series of three cofacial bis-Mn-porphyrin complexes in 1994 with
differing aryl substituents around the porphyrin rings (Figure 1-8; 1.5).°° Water oxidation
was achieved by electrochemical oxidation of the complex in an acetonitrile/water
solution with excess (n-Bu)sNOH followed by observation of a strong catalytic wave in
the cyclic voltammogram (CV) at potentials above 1.4 V in a basic medium. Of the three
reported complexes, the CgFs substituted porphyrin complex achieved the highest TON at
10. A suggested mechanism involves formation of the Mn'V(=0) followed by oxo-
coupling to give a peroxo intermediate, which then decomposes to O, following
coordination of OH". Evolved dioxygen originating from solvent water was confirmed by

labeling studies with 2 OH,.
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Figure 1-8 Representations of notable bimetallic Mn catalysts for water oxidation.

A di-p-oxo bridged Mn dimer with tpy ligands (1.6) was demonstrated by
Crabtree et al. in 1999 as being able to rapidly catalyze water oxidation giving TON of
only 4 but at TOF of ~0.67 s.°®? The arrangement of the complex situates the water
binding sites in a trans orientation, prohibiting an intramolecular O-O bond forming
mechanism, an interesting deviation from the other multimetallic catalysts. Typical water
oxidation conditions involved using sacrificial 2-electron O-atom donors such as OCI" or
HSOs in aqueous solutions of pH 8.6 and 4.5 respectively. These O-atom donors are
able to exchange with water and have thus resulted in scrutiny over the origin of the
evolved dioxygen.®*® Catalyst deactivation occurs in less than 10 minutes likely due to
anation and decomposition to MnO, and MnO,’.

A more elaborate dimeric Mn complex was reported by Kurz et al. in 2008
(1.7),%” where they demonstrated unambiguously that O-atoms in evolved dioxygen
originated from water through *®0H, labeling studies. Electron paramagnetic resonance
(EPR) studies suggested the formation of a Mn'V-Mn'"" dimer as a catalytic intermediate,

however, other mechanistic insights were lacking.
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More recently, another dimeric Mn complex (1.8) was reported by Akermark and
coworkers,”® and was demonstrated to be capable of catalytic turnover using the single-
electron oxidant [Ru"'(bpy)s]** directly as the oxidant and in the presence of S,05> as a
photocatalytic system. The aforementioned Mn complexes were largely incapable of
dioxygen evolution using single-electron oxidants, requiring two-electron oxidants such
as HSOs™ and OCI' that can also act as O-atom donors to generate catalytic quantities of
dioxygen, leading the authors to claim the complex as a more relevant biomimetic
analogue of the OEC. Catalytic efficiency, however, was quite low at ~20% with
moderate TOF of ~0.03 s%. As with the other Mn complexes discussed here, very little
mechanistic information was provided, but the authors suggested that the catalytically-

active state was a Mn"-Mn" species.

1.6.4 Tetra-Cobalt Complexes

In early 2010, a polyoxometallate (POM) complex, Naio[C0o4(H20)2(PWgO34)2]
(1.9; Figure 1-9) containing a Co4O core was reported by Hill and coworkers as the first
high activity and high stability first-row transition metal complex capable of water
oxidation.®® Experiments were carried out using [Ru(bpy)s]** (1.26 V) as the chemical
oxidant at pH 8, or in a photocatalytic setup where [Ru(bpy)s]** is generated in situ.”
Complete consumption of the oxidant occurred in less than 3 min under certain
conditions, yielding an efficiency of ~70 % to the amount of oxidant present and very fast
TOF of > 5. Related Co-containing POM complexes were also reported, but the only
active one contained the Co4O core, indicating the crucial role that the core plays in

allowing catalytic turnover. Various lines of evidence were presented that suggested the
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complex was very robust. Furthermore, a simple synthetic protocol to generate 1.9
suggested the potential for a “self-repair” mechanism by simply refluxing a

deactivated/decomposed solution to regenerate the active complex.

1.9 1.10

Figure 1-9 Crystal structure of Najo[C04(H20)2(PWyOsza),] (1.9) in combined polyhedral
([PWyOs4] ligands) and ball-and-stick (Co4O16 core) notation. Co atoms are purple; O
and terminal OH; are red; PO, are orange tetrahedral; and WOg are gray octahedra. Na
atoms and H cations are omitted for clarity;*® and a schematic representation of
[C0404(OAC)4(pY)4] (1.10).

Recently, another tetra-cobalt cubane complex, [C0404(OAC)4(py)4] (1.10; where
OAC = acetate) was reported by Dismukes and coworkers.” Although the complex had
been previously described as an oxidation catalyst,’* it had not been investigated for
water oxidation capabilities, and bears structural resemblance to the cubane structure of
the OEC. A notable feature of 1.10 is that the four metals are in the Co(l11) oxidation
state, and a reversible one electron oxidation is observed in both MeCN and aqueous

media, corresponding to oxidation to a [Co"'s"'Co'V]. A similar Co cubane has been

subsequently shown to undergo PCET in aqueous solutions,”® and serves as a molecular
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model for Co-oxide thin film catlaysts.” In cyclic voltammograms, the reversible
oxidation occurs prior to catalysis, suggesting another oxidation event is required to
enable catalysis. Using a photocatalytic [Ru" (bpy)s]*'/S,0s” system, 1.10 demonstrated
high efficiencies and TOF of ~0.02 s™*. Furthermore, control experiments suggested that
the active species was the cubane structure itself, rather than a heterogeneous Co-oxide

species.

1.6.5 Iridium Complexes

Over the past several years there have emerged numerous Ir species that have
proven effective and active for homogeneous catalytic water oxidation. A family of five
cyclometalated Ir complexes, first reported by Bernhard and coworkers are based on
substituted bis-phenylpyridines with solvent water occupying the two cis coordination

sites (Figure 1-10; 1.11-1.15)."
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Figure 1-10 Bernhard’s cyclometalated Ir complexes for catalytic water oxidation.

Catalytic activity was confirmed to varying degrees for all five complexes with
excess Ce(IV) as the chemical oxidant in unbuffered aqueous solutions. A loose

correlation between measured oxidation potentials of the species in MeCN and initial



29
rates of oxygen formation suggests that the more highly oxidizing species are reactive.
Kinetics of the dioxygen evolution as a function of time measured by dynamic pressure
monitoring of the headspace revealed complex behaviour suggesting that the mechanism
changes over the course of the experiments. Initially, a linear increase in dioxygen
production is observed in four of the five catalysts, followed by an increasing rate until
near complete consumption of the chemical oxidant. This increasing rate suggests
conversion of the Ir complexes into a more catalytically active form over the course of
the experiment; formation of 1rO, nanoparticles, known and effective water oxidation
catalysts, may be responsible for this curious behaviour. Furthermore, experiments
conducted with a large excess of Ce(1V) over a period of a week results in exponential
behaviour, consistent with a robust species present and active over long time periods.
They also detected carbon dioxide by gas chromatography under catalytic conditions,
strongly suggesting decomposition of the organic ligands. The poorest performing
complex, 1.15, deviated from this trend by exhibiting exponential behaviour, but with
poor efficiencies, suggesting decomposition to a catalytically inactive form.
Electrochemical characterization of the complexes in aqueous solutions was attempted
but complications from electrodes and solubility hindered quantitatively useful
information. However, a voltammogram of one of the complexes clearly showed
electrocatalytic behaviour.

The most extensively studied Ir complexes that exhibit catalytic water oxidation
capabilities are the half-sandwich complexes, possessing cyclopentadiene (Cp) or
pentamethylcyclopentadiene (Cp*) ligands (Figure 1-11). First reported in mid-2009 by

the collaborative efforts of Crabtree and Brudvig,’ three new complexes of the form
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[1r'"'(Cp*)(N~C)X] where the cyclometalated ligands were either phenylpyridine (ppy) or
phenylpyrimidine (ppm) and X was either CI" or CF3SO5” (triflate; OTf), were reported
as fast and robust catalysts when using Ce(IV) as the chemical oxidant (1.16 and 1.17).
Speculation of the catalytically active species as IrO, nanoparticles formed from
oxidative decomposition of the organometallic complexes was shown to be unlikely
based on a combination of experimental findings such as recovery of the complex, the
absence of a lag time prior to dioxygen evolution, faster initial rates than that of IrO, as

well as a homogeneity test using cyclic voltammetry.”®
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Figure 1-11 Half-sandwich Ir complexes for catalytic water oxidation reported by
Crabtree and Brudvig.”®”’
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Crabtree and Brudvig,’” and an independent report from Macchioni and
coworkers,”® dramatically expanded the list of Ir half-sandwich complexes in late 2010.
The report by Macchioni and coworkers suggested that the simpler Cp aquated analogues
of the Ir half-sandwich complexes, exhibited the fastest catalytic rates. They
demonstrated this by comparing the determined rate constants obtained from
spectrophotometric observation of Ce(1V) decay using one of Crabtree and Brudvig’s
initial complexes, [Ir(Cp*)(ppy)Cl] (1.16a), with [Ir(Cp*)(bzpy)(NOs)] (where bzpy = 2-
benzoylpyridine) and [Ir(Cp*)(OH.)s](NOs),. Surprisingly, [Ir(Cp*)(OH,)s]** displayed
the highest TOF at ~0.26 s while TOF of 0.14 s™ and 0.08 s™ were observed for
[Ir(Cp*)(bzpy)(NO3)] and [Ir(Cp*)(ppy)Cl] respectively.

Crabtree and Brudvig carried out an extensive report on Ir half-sandwich
complexes predominantly bearing bidentate ligands in 2010 in which they investigated
the Kinetics and mechanistic details by directly measuring evolved dioxygen using an
electrochemical probe (Figure 1-11).”" All of the reported complexes exhibited catalytic
activity, and consistent with the report described earlier, they found that the simpler aqua
complexes were more highly active than their bidentate bearing counterparts. They were
also able to show that many of the complexes would rapidly lose ligands, such as tmeda
(tetramethylethylenediamine), PPh; and CO (1.21, 1.24; and 1.25 respectively) to form
[Ir(Cp*)(H20)s]*" in situ, however, it was nevertheless observed that the Cp, Cp* or
bidentate ligands did slightly affect catalytic rates. An inverse H/D kinetic isotope effect
was observed for 1.18 along with a rate law that is first-order in both [Ir] and [Ce(IV)].
Together, these points suggest the RDS for catalytic water oxidation by 1.18 involves a

rapid pre-equilibrium between 1.18 and Ce(IV) with subsequent O-O bond formation
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through a briding water or hydroxyl group. The proposed mechanism for water oxidation
by an Ir catalyst proceeds via a high-valent Ir'=0 species, and DFT calculations
suggested that in O-O bond formation, water attacks the Ir¥=0 and undergoes a concerted

loss of a proton to an adjacent water molecule (Scheme 1-4).

2e+H"+0,
H,0 [|I’|"-OH2] \<e‘ + H*
[I'M-O0H) [Ir'V-OH]
H* [IrV=0] e +H*
H,O

Scheme 1-4 Proposed general mechanism for water oxidation by Ir complexes.”’

With this in mind, Crabtree and Brudvig reported a homogenous Cp*Ir complex
with a strong )-donating N-heterocyclic carbene (NHC) ligand, [Ir(Cp*)(NHC)CI]*
(1.28; Figure 1-12), which successfully stabilized an Ir(IV) intermediate observable by
electron paramagnetic resonance spectroscopy.’® When using Ce(IV) as an oxidant,
[Ir(Cp*)(NHC)CI]" successfully oxidized water to form dioxygen. However, dioxygen
traces showed an initial consumption of dioxygen, suggesting a precatalyst activation
mechanism that varies from those previously reported. This observable Ir(IV) species
supports the proposed mechanism for Ir water catalysis via multiple one-electron
oxidations that result in high valent intermediates. Presumably as a result of the stability

of the Ir(1V) species, the NHC complex gave sluggish catalytic rates for water oxidation.
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Figure 1-12 Half-sandwich Ir complexes bearing N-heterocyclic carbene ligands for
water oxidation catalysis.

In 2010, Bernhard and Albrecht reported a half-sandwich Ir complexes that
utilized an abnormally bound NHC that, due to mesoionic resonance states, facilitates the
formation and stability of high metallic valent states by providing both positive and
negative interactions, similar to those in a bimetallic system (1.29 and 1.30).2° Both
complexes were observed to oxidize water in the presence of Ce(IV). With turnover
numbers reaching 86 after 1000 s, the reported catalysts showed greater activity than
many ruthenium based catalysts, while long term performance was greater than
benchmark Ir complexes previously reported.”” For example, one complex reached a
TON of 10 000 after five days, the largest TON reported for molecular Ir water oxidation
to date. The success of the species was attributed to the zwitterionic resonance of the
non-innocent redox-active ligand.

Hetterscheid and Reek recently reported a Me,-NHC Ir complex (1.31),* one of
the first water oxidation catalysts with both high TOF and TON (1.5 s and over 2000
respectively), making it one of the fastest Ir water oxidation catalyst reported to date. In
the presence of Ce(IV), reaction rates remained high and continued until all sacrificial

oxidant was consumed. Mass spectrometry (MS) analysis of the reaction medium
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suggested that the NHC ligand may dissociate, but notable intermediates such as
[(Cp*)Ir'Y=0]" and [(Cp*)Ir(O,)2Na]" were observed that support a molecular origin to
catalysis.

The question of the stability of the Ir complexes has been raised by several recent
reports, demonstrating the possibility of 1rOy nanoparticles being the true source of
catalytic behaviour.2® Observation of formic and acetic acid after the addition of only
1-5 equivalents of Ce(IV) to several Ir complexes (1.11, 1.16, 1.26, 1.29, 1.30, 1.31)
suggests that relatively small quantities of oxidant may be involved in unwanted ligand
decomposition pathways that ultimately lead to the formation of active metal
nanoparticles.®® Crabtree and Brudvig were able to show using a electrochemical quartz
crystal nanobalance that 1.26 or 1.27 would rapidly decompose under anodic potentials
(> 1V vs NHE at pH 6) and deposit a highly active and robust film of IrOx on a variety

of anode substrates.®?

1.6.6 Single-site Ru Complexes

The earliest document in the literature concerning single Ru complexes reportedly
capable of catalytic water oxidation to molecular oxygen, was in 1990 with trans-
[Ru"(H-dmg)XY]™ (Figure 1-13; 1.32, where H-dmg = dimethylglyoximato; X = Y =
CI:X=Y=ClOs; X=CI, Y =Im; X=CI', Y = ™Im, where Im = imidazole and Im
= 2-methylimidazole).® It was stated by the authors that the Ru ion could be oxidized
using Ce(1V) to the Ru(VI1) state that was then active in catalysis. It should be noted

however, that the authors claimed the Ru(VI1)/Ru(V1) couple to occur at between ~0.81
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and 1.03 V vs NHE, which seems rather dubious and is not thermodynamically able to
oxidize water at the pH values tested.

The first mechanistic work suggesting a monometallic Ru complex was reported
in 2000 by Yagi et al., where they demonstrated that cis-[Ru"'(NH3)4Cl,]* (1.33) acts in a
unimolecular fashion under homogeneous conditions and when deposited within a
proton-conducting Nafion film.2” Dixygen evolution TOFs were reported to be 1.4 $ 107
st and 2.3 $ 10 s when deposited in a Nafion membrane and in solution, respectively.
It was also noted that the complexes were unstable over a period of several hours,
decomposing via a bimolecular process in both homogeneous and Nafion systems, which
was stated to likely occur via oxidation of the amine ligands due to the observation of N,
via gas chromatography.

Undoubtedly the largest area of research with monometallic Ru complexes lies
with the polypyridyl systems. Over the past several years there have been numerous
reports of single-site Ru polypyridyl complexes capable of catalytic water oxidation. The
first such report came in 2005 by Zong and Thummel describing a series of three single
Ru containing complexes utilizing a tridentate tpy derivative, with an aqua ligand in the
tridentate equatorial plane and two axially coordinated pyridine derivatives
functionalized in the 4¢ position (1.34) with -NMe;,, -CHs, and -CF; as electron donating,
neutral and withdrawing groups respectively.>* However, as was noted by the authors in
the report, under the highly acidic conditions required when using Ce(IV) as the terminal
oxidant during water oxidation experiments, the tertiary amine becomes protonated and
would be expected to act as a strong electron-withdrawing group. Reported TON were

highest for the —CH3 derivative at 580. The rates of catalysis did not show an obvious
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trend with the fastest being the -NIMe; derivative at over twice the rate of the other two at
7.8$10*s™. This was the first actual report of a monometallic Ru polypyridyl complex
with quantified dioxygen evolution. However, no mechanistic work was undertaken to
determine the order in [Ru] and thus it remained unclear whether or not the complexes
acted in a unimolecular fashion. Moreover, the result remained controversial because of
the prevailing belief that multiple metal sites were needed to carry out catalysis. It was
not until late 2008, when two reports appearing within days of each other, that the
scientific community finally accepted that monometallic Ru complexes could oxidize

water at a single Ru centre.
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Figure 1-13 Early monomeric Ru complexes used for catalytic water oxidation.

Of the Ru polypyridyl complexes utilized for catalytic water oxidation, it is the
complexes bearing the general formula [Ru"(NANAN)(NAN)X]" (where NANAN = a
tridentate amine ligand; N*N = a bidentate amine ligand; and X = CI" or OH,) that have
been studied the most extensively, owing in large part to their synthetic accessibility and
established history. The first report of catalytic water oxidation properties came in 1997

where the authors reported [Ru'(tpy)(pap)(OH,)]** (pap = 2-(phenylazo)pyridine) (1.35)



37
that upon oxidation to the Ru(1V) by Ce(IV) was capable of oxidizing water.2® Again,
however, the reported potential of the Ru(l1)/Ru(IV) couple is not thermodynamically
capable of water oxidation at ~1.02 V vs NHE, although higher oxidation states are likely
accessible with Ce(1V). Unfortunately, the dioxygen evolution was only detected
electrochemically and not quantified, calling into question air contamination. In
recognition of the polypyridyl Ru complexes now known (see below), this study by
Pramanik and Bhattacharya may have indeed been the first report of a single-site Ru
water oxidation catalyst.

Thummel et al. reported an extensive series (Figure 1-14) of structurally related
Ru complexes with various pyridyl derivatives of differing denticities, as well as a
[Ru"(tpy)(N?N)CI]" series (where NAN = a bpy derivative).?® The [Ru(tpy)(bpy-R2)CI]*
series showed a weak correlation between catalyst stability and activity, where complexes
with the highest rates generally showed the lowest TONs. This result suggests competing
deactivation/decomposition pathways involving a highly oxidized species. Complex
1.37, showed the highest initial TOF at 3.95 $ 10° s and a moderate TON of 190.
Complex 1.47 showed a much higher TON with respect to the others at 1170 and a
moderate TOF at 3.36 $ 10 s™%. Interestingly, a few of the complexes that are
coordinatively saturated with pyridyl ligands also exhibited moderate catalytic activity;

notably these complexes all contained a monodentate 4¢-picoline ligand.
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Figure 1-14 Thummel’s extensive series of Ru polypyridyl complexes for catalytic water
oxidation.®

The authors used DFT results to formulate a mechanism for their single-site
catalysts. They proposed that upon two-electron oxidation to Ru(IV), the 16 e complex
is stated to be sufficiently electrophilic enough to be attacked by a water substrate,
forming a seven-coordinate, 18 e complex. Addition of the aqua ligand then allows for
PCET steps to occur to yield a Ru(VI) complex that subsequently undergoes O-O bond
formation via another solvent water molecule. Finally, a bond rearrangement step and
deprotonation closes the catalytic cycle returning to the Ru(ll) species (Scheme 1-5). The
mechanism proposed has come under heavy scrutiny, partly due to the absence of any

energy calculations for the proposed intermediates. Also, in the absence of PCET we hold
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the view that it is unlikely that their polypyridyl complexes can reach the Ru(IV)
oxidation state. For example, [Ru(bpy)s]** requires a voltage of ~3.3 VV vs NHE to reach
the Ru(IV) oxidation state in SO, media,” far outside the accessible window for Ce(IV)
as the terminal oxidant and indeed well-beyond the electrochemical window of aqueous
solutions. Contrast this value to the well-known example of [Ru"(bpy)2(py)(OH2)]**
(section 1.4), where the Ru(l11)/Ru(Il) and Ru(I1V)/Ru(l1l) oxidation states are separated
by little more than 100 mV (over a large pH range) as a consequence of stabilization by
PCET.?% Thus, we postulate that all of the complexes in Figure 1-14 that are

catalytically active do so only after losing a monodentate ligand (i.e. 4#-picoline or CI).

H* + 0, 2 cev

R IIL n
H,O [Ru'Lg] 2 cell

[RuV(OOH)Lg)?* [RuVLg"*2
H* H,0
H,O

[RuY/(=0)L¢]** [Ru'(OH2)Lel*

ey

2ce'  2celV
+2H"

Scheme 1-5 Proposed mechanism of catalytic water oxidation by Thummel’s series of
Ru polypyridyl complexes.®

Interestingly, the analogous aqua complex of 1.47, trans-

[Ru"(tpy)(pynap)(OH,)]** was later studied by Yagi and coworkers and found to
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quantitatively isomerize upon exposure to light from the trans form to the cis form
(Figure 1-15).** The redox chemistry of the two isomers is dramatically different as a
result of the position of the pendant base and the effect on the PCET chemistry occurring
at the aqua ligand.”? As a consequence, the water oxidation catalysis exhibited by the cis
form is reduced by nearly an order of magnitude. An explanation for the dramatic
difference in water oxidation capabilities was not really addressed; it likely involves an
interaction of the proximal pyridyl group with a high-valent form of

cis-[Ru"(tpy)(pynap)(OH,)]**, possibly through oxidation of the ligand.

trans isomer cis isomer

Figure 1-15 Isomers of [Ru'"(tpy)(pynap)(OH.)]** that display vastly different PCET and
water oxidation chemistry as a result of the proximal pyridyl group to the active Ru-O
moiety.” % The cis and trans designations refer to the orientation of the pendant base
and the aqua ligand.

A related study by Llobet and coworkers investigating a series of single Ru
containing analogues to their dimeric catalyst (1.3) also found that geometrical influences
had profound effects on the catalytic abilities of the related complexes.”® Notably it was
the modification of the Hbpp ligand with replacement by a phenyl ring that caused the

most pronounced changes, where dioxygen was evolved but carbon dioxide was also
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observed to be produced in a 5:1 O,/COx, ratio, indicating that the phenyl ring is the likely
site of ligand degradation. A proposed pathway involves oxidation of the phenyl ring to
add carbonyl functionalities that ultimately lead to carbon dioxide. A pyridyl group
would likely be protonated under the catalytic conditions, which the authors stated may
protect it from rapid oxidation. As with the study by Yagi and coworkers,** the Llobet
group found that the out isomers always outperformed the in isomers with the pendant
base lying in close proximity to the active Ru-O unit, shielding it from stabilizing H-

bonding interactions with solvent waters.

S

1.56 1.57 1.58

Figure 1-16 Meyer and coworkers first single-site Ru complexes for water oxidation.

Arguably the most influential report came just days after Thummel’s where
Meyer, et al. demonstrated two [Ru"(tpy)(N*N)(OH.)]** compounds (Figure 1-16; where
NN = 2,2¢-bipyrimidine, bpm, 1.56; and 2,2:-bipyrazine, bpz, 1.57) that were capable of
catalytic water oxidation using Ce(1V) as a sacrificial oxidant and a well-defined
mechanism was proposed with experimental and computational support.***® The
proposed mechanism was also investigated by van VVoorhis independently by DFT

methods with results that largely supported the so-called “acid-base” or “water
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nucleophilic attack” (WNA) mechanism. Due to the presence of the aqua ligands, the
complexes can undergo PCET to afford a [Ru'Y=0]*" complex at relatively low
potentials, allowing access to the high-valent [Ru¥Y=0]*" complex that can undergo
nucleophilic attack by a solvent water molecule, forming [Ru'"**OOH]*" upon
spontaneous deprotonation. Indeed one of the defining features of this work was the
observation of spectral changes upon addition of one equivalent of Ce(IV) to the
[Ru'Y=0]*" form, displaying two time-dependent spectral features that were assigned as
sequential formation of [Ru¥Y=07]** and [Ru""""*OOH]*". A subsequent series of electron
and proton transfer steps affords the [Ru'Y**O0]** complex that is said to spontaneously
lose O, upon rate-limiting rearrangement of the *-bound [Ru'V"" ,"*0,]** form to the
bent, end-on [Ru'v"* 1,"*0,]** with subsequent coordination of a water molecule in 0.1 M
HNOj to close the catalytic cycle with a TOF of 7.5$ 10 s, In 1.0 M HNOj3 the
kinetics of Ce(IV) oxidation are more pronounced owing to the higher thermodynamic
driving force (see below) and become first-order in Ce'v suggesting an oxidation process
as the RDS, to which the authors assigned as further oxidation of the [Ru'V"*O0]* to
[Ru¥**O0]* which rapidly undergoes reductive elimination of O, to form [Ru"""*OH]*
closing a slightly different catalytic cycle with an enhanced rate of 13 M™ s™ (Scheme 1-
6). The proposed mechanism was also investigated independently by DFT methods with
results that largely supported the so-called “acid-base” mechanism.*® Of particular note
is the author’s mention of [Ru'(tpy)(bpy)(OH-)]** (1.58) to which they state with
reference to the [Ru'V=0]*" form: “There is no evidence for further oxidation of this
complex to the solvent limit at 11.8 V, and it is not a catalyst for water oxidation.” It is

ironic that Meyer, of “blue-dimer” fame was the first to heavily study the 1.58 system,
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recognizing the PCET chemistry,” but failing to either observe or believe the water
oxidation properties of this molecule, which is now the most heavily studied single Ru
complex for water oxidation studied to date.

Meyer and coworkers have derivatized related Ru complexes with functionalities
that enabled them to be attached to electrode surfaces.®® Though this is an interesting and
useful progression of the area, the topic lies outside the current scope of this thesis and

will not be discussed further.
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Scheme 1-6 Meyer and coworkers proposed mechanism of catalytic water oxidation.**%

Masaoka and Sakai reported in early 2009 the first evidence that 1.58 is indeed a
water oxidation catalyst,*® which contradicts three specific mentions in earlier
literature.?”>*%* They also reported a dimeric version tethered by alkyl groups. It should
be cautioned that the tethers possess benzylic positions, which are relatively easily
oxidized, so the true nature of the dimers in solution is hard to determine. The most

important finding reported was that the chloro derivatives of the monomer and dimer
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were also catalytic, albeit demonstrating much poorer activity. A water oxidation
experiment using Ce'" as the chemical oxidant in the presence of 0.5 M NaCl showed
little to no dioxygen evolution, suggesting that the chloro derivatives are inactive.
However, it should be noted that under these conditions, oxidation of CI" to Cl, may have
been occurring, consuming the oxidant prior to water oxidation catalysis. Kinetic studies
suggested a mechanism that was first-order in [1.58] and first-order in [Ce(IV)] under
their experimental conditions.

We had a strikingly similar finding submitted at the time that Sakai’s report
emerged in the literature entitled “[Ru(tpy)(bpy)(OH,)]** is a Water Oxidation Catalyst”.
While the paper was never published, we followed up with a comprehensive series of
molecules that are derivatives of the [Ru'(tpy)(bpy)(OH2)]** (1.58) complex, with
electronic modifications at appropriate positions around the scaffold in order to probe the
mechanistic details associated with the catalytic activity. The results of these studies and
literature relevant to the discussion will be the basis for Chapters 2, 3 and 4 of this
thesis. 00102

Sun and coworkers have extensively studied complex 1.59,'* as well as a few
related derivatives (Figure 1-17) where the defining feature is the inclusion of anionic
binding functionalities to the ligands with the goal of lowering the oxidation potentials in
order to access reactive high-valent states at relatively lower overpotentials.'® They
demonstrated that the complex could catalyze water oxidation when driven by either
Ce(IV) or a photo-initiated system using a sensitizer such as [Ru(bpy)s]** and S,0s> or
[Co"(NH3)sCIJ?* as sacrificial electron scavengers. Using the photo-initiated system, the

dioxygen evolution data suggested initial TOF of ~0.35 s™* with S,0¢%"
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Figure 1-17 Sun and coworkers Ru water oxidation catalysts.

The authors also identified potential decomposition pathways involving oxidation
of the methyl group on the picoline ligand to an aldehyde and carboxylic acid, which is
unsurprising given the harsh oxidizing conditions and the relative ease in oxidizing at this
position. Support for a proposed bimolecular mechanism involving coordination
expansion upon attack of another [Ru'V=0] in the equatorial ligand plane was supported
by the isolation of a [Ru'Y**OH], dimer and subsequent analysis by X-ray
crystallography.'® The large bite angle of the ligand (123") opens up a potential
coordination site without the need for loss of a monodentate picoline or detachment of
one arm of the 2,2¢-bipyridine-6,6i-dicarboxylate ligand. The dimeric structure was also
found to be catalytically active, leading the authors to conclude that it is an intermediate
species during the catalytic cycle. Furthermore, mechanistic investigations suggested that
the RDS is zero-order in [Ce'"] and second-order in [1.59] with TOF of ~4.5 s,
suggesting a bimolecular step (i.e. O-O bond formation) is rate limiting. The bimolecular
mechanism garnered some support from a follow-up computational study in which it was

reported that the a Ru" is better formulated as a Ru'V=0" an oxyl radical.** Coupling of
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two units affords the O-O bond in a [Ru'"**(O,)""Ru'] complex with a minimal activation
energy of 12 kcal mol™. A slight structural modification from 2,2¢-bipyridine-6,6:-
dicarboxylate to 1,10-phenanthroline-2,9-dicarboxylate (1.60) however, changes the RDS
mechanism from bimolecular to unimolecular in complex.’®® The authors suggest that
this slight structural modification creates a more rigid structure that is unable to
accommodate reorganizational energies associated with various oxidation steps thus
promoting an energetically more favorable solvent water nucleophilic attack process.

Very recently, Sun and coworkers reported 1.63 that displays incredibly high TOF
of ~300 s™* that are comparable to the performance of the OEC in PSI1.**" A slight
modification of 1.59 through installation of isoquinoline ligands in place of picoline, is
stated by the authors to stabilize the encounter complex suggested as the rate-determining
0O-0 bond formation step through "-stacking interactions.

However, it should be noted that another related series of complexes was reported
for water oxidation that also had carboxylate functionalities, but the authors invoked a
mechanism that involved either the dissociation of a carboxylate group to allow
coordination of a solvent water molecule or exchange of a picoline ligand for a solvent
water to produce the active form of the complex.’® The change in mechanism is likely
caused by the small bite angle with tridentate 2,6-pyridinedicarboxylic acid (1.61 and
1.62) that facilitates the lability of one of the carboxylate groups to accommodate a
solvent molecule. Despite this, complex 1.62 was found to be highly active, with TON of
~550 and TOF of 0.23 s,

They have also demonstrated a photoelectrochemical device using 1.59 as the

water oxidation catalyst deposited in a Nafion membrane onto a TiO, substrate with a
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phosphonate functionalized dye molecule as the photosensitizer,®® and an electrocatalytic

device when immobilized onto carbon nanotubes.**°

1.6.6.1 A Single-site Ru-Containing Polyoxometallate Complex

A common theme among the complexes bearing organic ligands involves
deactivation or decomposition that was sometimes suggested through observation of
carbon dioxide and other oxidized species. In this regard, the use of stable ligands could
potentially enhance catalyst robustness to allow long-term stability. POM’s are ideal in
that they are composed of essentially mineral-like silicates or tungstates that are
essentially impervious to oxidative degradation (section 1.6.4). The first example of a
single active metal containing POM was recently reported by Fukuzumi and coworkers,
complete with a full mechanistic study with two heteroundecatungstates,
[Ru"(OH2)XW11030]" (where X = Ge or Si)."* Both complexes were found to be
competent water oxidation catalysts and both reached their theoretical yields of O, based
on the amount of oxidant present (20 or 50 TON), suggesting a robust complex while also
maintaining respectable rates of ~0.1 s*. Despite the dramatic change in ligand
architechture, the POM complexes were also found to go through the identical “acid-
base” mechanism associated with the Ru polypyridyl complexes. It should also be noted
that many of the previously mentioned organic ligand-containing complexes also are
capable of 20-50 TON without loss in activity, the authors of this study did not add large

excesses of oxidant in order to probe the true stability of the POM complexes.
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1.6.7 Single-site Catalysts of the First-row Transition Metals

Preliminary evidence of a single-site complex capable of catalytic water oxidation
with a first-row transition metal came through a report by Sun and coworkers in 2007
using xanthene backbones functionalized with mono and bis-corrole units to bind metals,
here being Mn and Cu (Figure 1-18; 1.64)."*? Water oxidation experiments were
conducted by controlled potential electrolysis in a 3:2 CH3CN/CH,ClI; solution
containing 30 pL of an aqueous 10% nBusNOH solution, where dioxygen was observed
via electrochemical detection at ~0.75 V after scanning to ~1.5 V. The Cu complexes
were inactive towards electrocatalytic water oxidation. Notably, the bimetallic Mn
complex exhibited much higher activity than the monometallic Mn complex, however, a
significant amount of dioxygen was generated by the monomeric species. It should be
noted that without mechanistic insight, it is not possible to establish that the
monometallic complex indeed acts in a unimolecular fashion, and may form a *-stacked
dimer that is the active species, similar to Naruta’s Mn dimer.®

In 2010, Bernhard, Collins and coworkers reported a series of five Fe macrocyclic
complexes (1.65), where four were able to generate dioxygen from water using Ce(IV) as
the sacrificial oxidant.™®* Mechanistic studies on the most active complex bearing
electron-withdrawing substituents (R1 = R, = Cl; R3 = F) indicates a rate-limiting process
that is first-order in complex suggesting that these molecules may act in a unimolecular
fashion towards water oxidation. Although many of the complexes are initially highly
active with TOF of >1.3 s, the catalysts are rapidly deactivated within ~20 s but
continue to liberate dioxygen at very slow rates that may originate from hydrolytic

decomposition of Ce(1V). A plausible mechanism involves the generation of a [Fe¥=0]
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moiety that has been shown for related complexes,***

that can then undergo nucleophilic

attack by a water molecule, analogous to the WNA mechanism for the Ru complexes.
Drawing inspiration from our studies of Ru polypyridyl complexes, we designed a

complex with Co as the active metal that we envisioned could be capable of catalytic

water oxidation (1.66) and the results of which will be the basis for Chapter 5.*>°

Figure 1-18 Single-site first-row transition metal complexes for catalytic water
oxidation.

Nocera and coworkers subsequently reported a series of Co corrole complexes
that are competent electrocatalysts for water oxidation, the best of which is a
perfluorinated “hangman” complex (1.67).**" The neutral complexes were immobilized
using a Nafion membranes deposited on conducting fluorine-doped tin oxide (FTO) glass
slides, which were subsequently used as the working electrodes. Dioxygen evolution
commenced at overpotentials of ~0.6 V at pH 7 and Tafel analyses indicated that an
electron-transfer event was rate-limiting. Given that catalysis commenced at potentials
more positive than a redox event associated with the oxidation of the Co(lll) state, the
authors suggest that the rate-limiting event is associated with a complex in the Co(IV)

state with a ligand-based radical cation. Furthermore, the complexes appear to be stable
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in the Nafion membranes and Faradaic efficiencies appear to approach unity, with TOF
calculated to be ~0.8 s for the perfluorinated derivative.

The most recent report establishes a suite of six related Fe complexes using
various tetradentate ligands that situated the vacant coordination sites in a cis
arrangement that were active as catalysts when using Ce(1V) or NalO, as the sacrificial
oxidants, while the corresponding Mn, Co and Ni analogues using one of the ligands
were inactive.’*® Two other complexes, where the coordination sites were trans to each
other and a pentadentate ligand using Fe were not effective catalysts, leading the authors
to propose a mechanism where the incoming water substrate attacks the high-valent
[Fe(V)=0] unit while simultaneously stabilized and deprotonated by the adjacent water
situated at the cis position. The most active complex (1.68) achieved TON of >1000

using NalO,4 and rather impressive TOF of 0.23 s™ using Ce(IV) as the oxidant.

1.7 Thesis Goals and Outline

At the outset of my studies on molecular complexes for catalytic water oxidation
in late 2007, there were fewer than ten established catalysts. Consequently, knowledge of
the design elements critical to reactivity and mechanistic understanding was decidedly
lacking, with the most attention being paid to the paradigmatic “blue dimer” (1.1).
Beginning in mid-to-late 2008, the field underwent rapid growth with the recognition that
relatively simple, single-site Ir and Ru complexes were not only capable of catalytic
water oxidation, but greatly out-performed notable bimetallic complexes. The list of
complexes claimed to be capable of catalytic water oxidation has now grown to >100 and

much of the work reviewed in the introduction chapter occurred in the last four years.
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Initial studies carried out by myself in 2007 on dimeric analogues of

[Ru(tpy)(bpy)(OH2)]** (1.58) and on 1.58 itself, coupled with the recent works of
Thummel and Meyer, presented the opportunity to readily synthetically tune the ligand
scaffold of 1.58 and observe the effects on catalytic water oxidation. Chapter 2 details
synthesis and our initial survey of complexes related to 1.58 and initial insights into the
catalytic water oxidation mechanism driven by Ce(IV). Chapter 3 involves a more in-
depth study of three appropriately chosen and related complexes to further refine
thermodynamic, kinetic and mechanistic details associated with the catalytic mechanism.
Curious observations of catalytic performance in different acid media when using Ce(1V)
prompted a study of 1.58 under various reaction conditions. Finally, motivation to
acquire molecular catalysts using more abundant first-row transition metals coupled with
the knowledge and development occurring in the field in general prompted the design of
a Co complex, 1.66, that possesses many of the key features deemed necessary for a
robust and active molecular catalyst. Chapter 5 details the studies on 1.66 and potential

issues associated with the true nature of the catalytically active species.
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Chapter Two: A Survey of Ce(1V)-Driven Water Oxidation Catalyzed by Electronic
Modification of the [Ru'" (tpy)(bpy)(OH,)]** Scaffold

2.1 Introduction

Preliminary work conducted in our lab in late 2008 had indicated
[Ru(tpy)(bpy)(OH2)]** was catalytically active towards water oxidation, contrary to
several previous accounts.””*** In order to resolve this discrepancy, we set out to make
a series of complexes related to the [Ru(tpy)(bpy)(OH.)]** scaffold through systematic
electronic modification of the ligand framework. These modifications would be expected
to provide insights into the catalytic mechanism through kinetic investigations, where a
thorough and systematic study was decidedly lacking in the literature of the time. Our
results provided important insights through identification of the active site, effects of
electronic modification and possible catalyst decomposition pathways.

The following details our findings and was largely summarized in an article
published in early 2010 in Inorganic Chemistry.’® Adapted with permission from
Wasylenko, D.J.; Ganesamoorthy, C.; Koivisto, B.D.; Henderson, M.A.; Berlinguette,

C.P. Inorganic Chemistry 2010, 49, 2202. Copyright 2010 American Chemical Society.

2.2 Results and Discussion

Despite the extensive series of complexes initially investigated by Thummel®

(in
particular those of the general form [Ru(tpy)(N*N)CI]*, where N*N represents various
bidentate ligands related to bpy) preliminary studies in our laboratory of both

[Ru(tpy)(bpy)CI]* (hereafter referred to as 2.1a) and [Ru(tpy)(bpy)(OH>)]** (hereafter
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referred to as 2.1b) suggested the active form of the complex involves replacement of the
chloride ligand with solvent water followed by the WNA mechanism as suggested by
Meyer and coworkers.” We and Sakai® had independently verified that 2.1b was indeed
capable of catalytic water oxidation in the presence of Ce(IV). Furthermore, both of our
studies suggested that the active form of 2.1a originates from the aqua complex being
formed in situ, in contrast to the report by Thummel and coworkers.

This prompted us to synthesize a family of related molecules to be tested for
water oxidation capability, with various activating positions around the periphery of the
[Ru(tpy)(bpy)(OH.)]** scaffold substituted with electron-donating groups (EDG) or
electron-withdrawing groups (EWG) (Figure 2-1). Many of the complexes 2.1a ** 2.10a
had been previously synthesized, but many of the aqua derivatives had not been reported.
The synthetic protocol is unremarkable (i.e. facile metathesis reactions) and the details
are provided in the Experimental section (2.4.1). Methoxy and carboxylic acid
substituents were chosen in that they represent relatively strong activating and
deactivating groups, respectively. The chloro substituent was chosen as it lies in an
intermediary position between an EDG and EWG in that it is inductively electron-
withdrawing, but donating with respect to the "-system. It is important to note that we
also chose to include 2.11 because it is structurally and electronically similar to the
complexes studied herein. More importantly, because 2.11 was verified by the Meyer
group as an authentic catalyst, we opted to include 2.11 as a standard for comparison to
our complexes under the catalytic conditions employed in our studies. Benchmark
comparisons had hitherto been difficult owing to the challenging synthesis involved in

many of the catalysts reported prior to 2008.
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Figure 2-1 Single-site polypyridyl Ru complexes investigated for water oxidation
catalysis.

2.2.1 Electrochemical and UV-vis Spectroscopic Characterization of the Series

The electron-donating and —withdrawing properties of the ligands are reflected by
the electrochemical potentials associated with the observed redox couples of the aqua
complexes and the absorption maxima (!max) of the metal-to-ligand charge transfer
(MLCT) process shown through ultraviolet-visible (UV-vis) spectroscopy (Table 2-1). It
should be cautioned that kinetic issues associated with the Ru(1VV)/Ru(l11) couples have
profound effects on the measured potentials and accurate determination requires careful
and extensive study.****?° Similarly, the Ru(V)/Ru(IV) couple coincides with solvent
catalysis in the voltammograms, making accurate determination of the redox potentials
difficult, thus estimations of E,, are presented and attempts at documenting a meaningful

trend are omitted.
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Table 2-1 Electrochemical and UV-vis spectroscopic properties of complexes 2.1 —
2.10b.

E« (V vs NHE)?

i VAN vive 'max " $10°
Ru Ru (nm) (M-l Cm-l)
2.1a 1.05° 503 9.5
2.1b 1.04 1.15 1.73 476 8.4
2.2b 0.99 1.19 1.69 479 9.7
-OMe 2.3b 091 1.18 1.63 483 9.9
2.4b 0.87 1.11 1.65 487 10.2
2.5b 1.07 1.13 1.74 478 10.8
-Cl 2.6b 1.11 1.16 1.71 490 11.9
2.7b 1.16 1.21 1.74 493 13
C

class  complex Ru

parent

2.8b 111 - 1.80 484 9.6
-CO;H 2.9b 116 -° 1.80 488 12.7
2.10b 120 - 1.82 494 119

% Recorded in 0.1 M HNOs using a platinum counter electrode; glassy carbon working
electrode (3 mm diameter) at a scan rate of 50 mVs™ and Ag/AgCl reference electrode (3
M NaCl; 210 mV vs NHE) unless otherwise noted. ° E,, estimated, but made difficult
because it coincides with solvent catalysis. ¢ Recorded in 0.1 M (NBus)(BF;) MeCN
with a glassy carbon (3 mm diameter) working electrode and platinum counter electrode
and referenced to the ferrocene/ferrocenium internal standard (640 mV vs NHE). ¢
Recorded in MeCN.

Table B-1

2.2.1.1 Electrochemical and Spectroscopic Characterization of the -OMe Series (2.2b —
2.4b)

The effect of the EDGs (2.2b — 2.4b) appears to be most profoundly influenced
when the groups are situated on the bidentate ligand (i.e. 2.3b and 2.4b), considering the
electrochemical data for the more reliable Ru(l11)/Ru(l1) redox couple. For example, the
redox couple for 2.2b is cathodically shifted 50 mV with respect to 2.1b when situated on
the tridentate tpy ligand, whereas the cathodic shift is ~130 mV for 2.3b with respect to
2.1b, indicating that the effect of the EDG is slightly more than the sum of the two —-OMe

groups. Within the —OMe series, the trend in electron density is reflected with cathodic
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shifts in oxidation potentials associated with the Ru(IV)/Ru(l11) redox couples with
increasing —OMe substitution.

The spectroscopic data suggests that the energy separation between the HOMO
and LUMO is only mildly perturbed by the substituents, evidenced by a 4 nm
hypsochromic shift with each additional -OMe group. The molar absorptivity increases

only marginally with the number of —-OMe substituents.

2.2.1.2 Electrochemical and Spectroscopic Characterization of the —Cl Series (2.5b —
2.7b)

The chloro substituents appear to act as EWGs based on the anodic shifts in the
Ru(11)/Ru(ll) redox couples. The effect of the chloro groups appears to be cumulative
with anodic shifts of 30, 40 and 50 mV with respect ot 2.1b with one, two and three
chloro groups, respectively. A general anodic shift in oxidation potential with the
number of —Cl substituents is also reflected by the Ru(1V)/Ru(l11) redox potentials.

Spectroscopic characterization of the chloro derivatives indicates a minor
hypsochromic shift upon addition of a single chloro group at the tpy ligand (2.5b), but a
substantial 14 nm shift for 2.6b, which together with the electrochemical data, suggests a
decrease in the HOMO energy level, associated with the EWG. For the triply chloro-
substituted complex 2.7b, similar to the mild perturbation observed comparing 2.5b to
2.6b, a minor shift of 3 nm is observed. Molar absorptivity values increased dramatically
from the parent complex, and increase by approximately 1000 M™* cm™ per chloro

substituent.
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2.2.1.3 Electrochemical and Spectroscopic Characterization of the —-CO,H Series, 2.8b —
2.10b

The electrochemistry of the —CO,H series was interesting in that none of the three
complexes displayed features expected for a Ru(IV)/Ru(ll1) redox couple at pH 1in 0.1
M HNOgs. However, as noted earlier, kinetic issues involving PCET reactions at the
electrode surface have been linked to other related complexes for this redox couple.™
As expected, there is an anodic shift of 70, 40 and 40 mV in going from 2.8b — 2.10b
respectively.

Spectroscopy of the —CO,H substituents reveals a similar trend to what was
observed in the chloro series, with moderate hypsochromic shifts upon increasing the
degree of —CO;H substitution from 2.8b — 2.10b, and a corresponding increase in molar

absorptivity with the exception of 2.10b. A lower than expected molar absorptivity for

2.10b may be a result of the limited solubility in agueous media.

2.2.2 Lability of the Chloride Ligand and Nature of the Active Site

The nature of the active site of a catalytic species in solution is paramount to the
study of homogeneous catalysts for any process as it provides insights into mechanisms
that can lead to modifications with the aim of tuning catalytic performance. At the time
of our first endeavour into water oxidation, a contentious issue surrounded the identity of
the active form of the [Ru(tpy)(N*N)CI]" class of catalysts. We believe part of the debate
stems from several reports in the literature directly stating that the aqua complex, 2.1b,
was not capable of catalytic water oxidation. This claim is presumably rooted in the

belief that 2.1b required a prohibitively high potential to access the catalytically active
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Ru(V) state; however, the chloride ligated species, 2.1a, was described as being active.
We were not in agreement with this claim and set out to identify the active species (at the
same time as Sakai and coworkers, as it turned out).

Sakai et al. had reported some evidence in their initial studies that the chloride
ligand of 2.1a is replaced by water yielding the true active form of the complex, 2.1b.%°
Their primary evidence stems from indirect observations including: (i) an induction
period observed for 2.1a prior to the detection of O, that is not observed for 2.1b; (ii) the
increased rates and TON of the aqua complex as compared to the chloride complex; and
(iii) no detection of O, under catalytic conditions with excess chloride (0.5 M NaCl). We
had also been carrying out experiments concurrently to address this issue in a more direct
manner. The proton of the bipyridine directly adjacent to the monodentate coordination
site (labeled Ha in Figure 2-2) is acutely sensitive to substitution at that position and
serves as a convenient probe to observe ligand exchange. One particularly telling
experiment involved monitoring the *H NMR spectra of 2.1a dissolved in acidic D,O to
mimic catalytically relevant conditions over several hours (Figure 2-2). From the figure
it is apparent that dissolution of 2.1a in aqueous media quickly leads to the formation of
2.1b (presumably occurring due to the preservation of Cs symmetry). Furthermore, the
spectrochemical series indicates that an aqua ligand is a stronger field ligand, and thus
favoured over the weaker chloride as a result of repulsion occurring in the filled ty4 and
CI" p orbitals.

The rate of halide displacement of 2.1a in 0.1 M D,SO4 is ~1 $ 10 s™*, which
was also corroborated via UV-vis monitoring in 1 M HCIOy, clearly showing a dynamic

process favouring a ligand that shifted the metal-to-ligand charge transfer band of 2.1a to
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a species possessing a stronger-field ligand, that is ostensibly H,O in the aqueous
environment. This effect was assumed to be operative for the other chloro-ligated

species.
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Figure 2-2 'H NMR spectra of 2.1a dissolved in acidic D-O over several hours
highlighting the formation of 2.1b.

2.2.3 Catalytic Rates of Dioxygen Evolution of the Ru Polypyridyl Complexes

Catalysis was carried out using a well-established protocol using an excess of
Ce(IV) in the form of (NH,)2[Ce'(NO3)s] in 1 M HCIO, (Equation 2.1), with dioxygen
detection using a fluorescence-based detector in the headspace of the reaction vessel.

Specifically, the conditions chosen are very similar to those utilized by the Thummel
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group in their seminal report and are suitable for surveying catalytic performance of a

large number of complexes.®

Catalyst performance was primarily gauged through two parameters; the rate of
dioxygen evolution (koz) and the TON, and these values are summarized in Table 2-2 and
displayed in Figure 2-3. It is important to note that the purpose of the study was a survey
of catalytic performance under the same conditions to serve as an initial comparison to
prelude future mechanistic studies. Rigorous mechanistic evaluation was not the goal of
this study and the results presented here were the basis for future mechanistic work

detailed in Chapter 3.
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Table 2-2 Catalytic parameters of complexes 2.1 — 2.10b.

class  complex ko2($10*s™)* TON®

parent 2.1a 3.7 290
2.1b 5.1 320
2.2b 5.2 200
-OMe  2.3b 11 100
2.4b 12 60
2.5b 54 270
-Cl 2.6b 2.6 480
2.7b 2.8 400
2.8b 6.8 210
-COH  2.9b 2.0 460
2.10b 3.3 200
Meyer 2.11 6.0 50

% Rates determined by exponential fitting of O, evolution data by O,
sensor in the headspace; [catalyst] = 6.7 $ 10° M; [Ce(IV)] = 0.33 M. °
TON after 3 hr defined as (mol O)/(mol catalyst).

a) 100 b) 100 €) 100

-OMe Series -Cl Series 2.6b -COH Series

0, (umol)
0, (umol)

time (h) time (h) time (h)
Figure 2-3 Dioxygen evolution over 3 h for complexes 2.1b — 2.10b: [catalyst] = 6.7 $

10 M; [Ce(IV)] = 0.33 M; O, measured by O, sensor placed in headspace of reaction
vessel.

A useful illustration for the relation of rates to electron density can be shown by
plotting ko2 as a function of the Ru(V)/Ru(ll) redox potentials,*** 1/3 [(E1» Ru(V)/Ru(IV)
+ E12 Ru(1)/Ru(11)] for 2.1b — 2.10b, Figure 2-4. The use of this redox couple results
from both the Ru(I11)/Ru(ll) and Ru(V)/Ru(1V) redox processes presumably not

involving proton-coupled events that can complicate the measured potentials.
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Furthermore, the Ru(l11)/Ru(ll) redox couple is well-defined for each complex 2.1b —
2.10b, enabling a relatively accurate analysis, and the Ru(V)/Ru(IV) couple is the
catalytically active species, so its relevance to the rates of dioxygen evolution is
paramount to this study. From Figure 2-4, it is apparent that the rates are only marginally
influenced with electronic modification of the tpy ligand (red markers). Despite a voltage
difference of ~100 mV, the rates between 2.1b, 2.2b and 2.5b are essentially consistent,
with a slight increase for 2.8b. Compared to the tpy series (red markers, 2.2b, 2.5b, and
2.8b), the bpy modified series (black markers, 2.3b, 2.6b, and 2.9b) shows a much more
dramatic dependence on the Ru(V)/Ru(ll) redox couple. The voltage difference between
the complexes in the series spans nearly ~150 mV, and the rates correspondingly
decrease with increasing redox potential, going from 2.0 $ 10° s for 2.9b to 11 $ 10° s™
for 2.3b. For the triply-substituted series (blue markers, 2.4b, 2.7b, 2.10b) the trend in
the rates is dominantly impacted by modification of the bpy ligand.

Trends in the rates of the O, evolution data as a function of electron density can
be explained by invoking principles related to the trans effect and trans influence.
Electronic modification of the ligands trans to the active site, the Ru-O vector, has the
most dramatic impact on rates of the catalytic species investigated. Considering the
WNA mechanism proposed by Meyer and coworkers where the RDS was proposed to be
the release of dioxygen from the complex, the trend in complexes 2.1b — 2.10b supports
involvement of the trans effect to labilize coordinated dioxygen with complexes bearing
EDG on the bidentate ligands (e.g. 2.3b and 2.4b). Alternatively, the trend is also
somewhat consistent with an RDS involving oxidation of the complex to an active high-

valent state, such as [Ru¥=0]*" or [Ru¥-0,]**, however, it is more likely that an oxidation



63
event is not limited due to Nernstian effects shifting the oxidizing potential of Ce(1V) to
~1.9 V due to the large excess of oxidant. Importantly, the trends in the data are also not
consistent with O™ O bond formation as a potential RDS. The trans influence can be
thought to decrease electron-density at the Ru' O vector resulting in enhanced
electrophilicity at the [RuY=0]** units (e.g. 2.9b) and therefore would be expected to

undergo more facile reaction with an incoming H,O nucleophile.

14
2.4b
12 m
L 2
10 2.3b
» 8
5 2.8b
; @]
= 6 2.2b 2.5b
:(o . *.
4 2.1b
2.7b 2'.10b
‘ (=)
2 26b ¢
2.9b
0

080 08 090 095 100 1.05
E,, Ru"" (V vs NHE)

Figure 2-4 Rates of dioxygen evolution (koz) as a function of the Ru(\V//Il) redox couple.
The colours represent varying degrees of substitution, with tpy (red circle), bpy (black
diamonds) and both tpy and bpy (blue square) bearing substitutions. Note the reference
[Ru"(tpy) (bpy)(OH2)]** (2.1b) is shown as a black star.

2.2.4 Catalyst Stability and Decomposition Pathways
The relatively recent recognition of single-site metal complexes for water
oxidation necessitated a study involving catalyst deactivation and decomposition

pathways, as it was apparent from TONs that many of the catalysts were not capable of
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stoichiometric conversion of the Ce(1V) oxidative equivalents to O,. Indeed, the
presence of large excesses of Ce(1V) in these experiments permits a maximum
theoretically possible TON of ~1200, while the longest-lived catalysts studied herein had
TON of ~500 after three hours, but even these complexes began to display deactivation.
However, trends in the TON of the complexes can be rationalized, again based on
arguments involving the trans influence and trans effect.

Compared to the parent complex 2.1b, the complexes possessing EDG in their
periphery invariably produced TON that are markedly lower. Though the effect is
additive, where a higher degree of EDG substitution produced a lower TON, the effect
was much more pronounced when the EDG was situated on the bpy ligand trans to the
active Ru'O bond. As a comparison, 2.1b had a TON of 320 under while complexes
bearing successive degrees of EDG substitution produced TON of 200, 100 and 60 for
2.2b, 2.3b, and 2.4b, respectively. Conversely, complexes displayed higher TON with
respect to 2.1b only when the EWG were situated on the bpy ligand, with TON of 480
and 460 for complexes 2.6b and 2.9b, respectively. This trend can be rationalized by the
trans effect labilizing the bpy ligand upon formation of the Ru-oxo complexes. An 0xo
ligand is known to be a trans directing ligand arising from the large degree of "-electron
donation upon formation of multiple bonds to the metal centre, stabilizing an electron-
deficient metal.® The extent of "-electron donation competes with the electron density
present from the electron-rich bpy ligands containing EDG, elongating and weakening
the bpy N bonds trans to the oxo ligand. Conversely, bpy ligands bearing EWG are
better able to accommodate the increased electron-density imposed by the oxo ligand,

providing a degree of stability. Considering that the rate data are consistent with either
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release of O, from the metal, or possibly oxidation to a high-valent state as potential
RDSs, the complexes would spend a significant portion of their time sitting as [Ru'"-
0,]** or [Ru'V=0]** allowing sufficient time for release of the bidentate bpy ligand.
Interestingly, Catalyst 2.11 displayed one of the lowest TONSs, thus indicating that the
complex is relatively unstable under these conditions.

The trans influence was verified by DFT calculations of proposed intermediates
in the catalytic cycle of 2.1b with the Ru-N bond trans to the Ru-O vector significantly
increases in length from 2.056 A in [Ru"(tpy)(bpy)(OH2)]** to 2.203 A in
[Ru"(tpy)(bpy)(0)]** (Table 2-3). The increased Ru-Nyp, bond length leaves the

complex susceptible to dissociation of the bpy ligand.

Table 2-3 Selected Bond Lengths for DFT Optimized Geometries of Proposed Catalytic
Intermediates of 2.1b.

complex d(Ru-NY)  d(Ru-N?
A) A)
[Ru"(tpy)(bpy)(OH)]”* 2101  2.056
[Ru"(tpy)(bpy)(OH)]** 2.101 2.125
[Ru"(tpy)(bpy)(O)]* 2.112 2.203

Further evidence for dissociation of the bidentate bpy ligands as the likely
decomposition pathway comes from a large-scale catalytic experiment with 50 mg of
2.1b to identify potential decomposition products. After subjecting 2.1b to 1000
equivalents of Ce(1V) in 1 M HCIQ,, the only species observed following work-up using
dichloromethane was an oxidized bpy ligand, identified as 2,2i-bipyridine N,N:-dioxide

by *H NMR in 52 % yield based on the initial amount of 2.1b. Identical conditions using
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just the bpy ligand (in the absence of 2.1b) did not yield any evidence for the oxidation of
bpy, suggesting that Ru mediates the formation of oxidized bpy. Note that the synthesis
of 2,2i-bipyridine N,N:-dioxide from bpy reportedly requires 30% H,0,,*? suggesting the
possible role of proposed catalytic intermediates of 2.1b (e.g. [Ru"'-OOH]** or [Ru'V-
02]*") involved in formation of 2,2¢-bipyridine N,N:-dioxide.

Finally, the use of various other Ru complexes such as [Ru'"'(OH,)s]*",
RuCl3#3H,0, [Ru"(cymene)(bpy)(OH2)]**, and [Ru"'(tpy)(OH2)s]*" under identical
catalytic conditions produced negligible amounts of dioxygen. Formation of high-valent
Ru=0 units is not the dominant requisite for catalytic activity, as the highly oxidized
complex [Ru"'(tpy)(O).(OH,)]** containing two oxo moieties is known to be formed by
oxidation of [Ru"(tpy)(OH.)s]**.** Perhaps most importantly, the inactivity of these Ru
complexes strongly advocates a molecular origin for catalysis rather than formation of

Ru-oxide nanoparticles that are well-known water oxidation catalysts.***

2.3 Conclusions

The study presented herein provided one of the first extensive and systematic
investigations of water oxidation catalyzed by Ru polypyridyl complexes and the results
of the study are consistent with the WNA mechanism as originally proposed by Meyer
and coworkers. The lability of the chloride ligand of 2.1a in aqueous media was
investigated using *H NMR and UV-vis spectroscopy providing the first direct evidence
for the active complex arising from replacement of the chloride ligand with a water

molecule, forming 2.1b. Identification of a [Ru-OH,] bond being the active site of
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polypyridyl Ru complexes specifically favours the WNA mechanism for catalytic water
oxidation over the coordination expansion mechanism proposed by Thummel et al.?®

Electronic modification of the [Ru(tpy)(bpy)(OH.)]** scaffold through installation
of EDG and EWG at activating positions in the ligand framework resulted in varying
degrees of electron density at the Ru centre as evidenced by the electrochemistry of
complexes 2.1b — 2.10b. Comparisons of dioxygen evolution rates provided insight into
the catalytic mechanism through trends explained by invoking principles related to the
trans-effect and trans-influence. The most active complexes in terms of catalytic rates
contained EDG trans to the Ru-O vector (e.g. 2.3b), and contrarily, the least active
complexes contained EWG in the trans position (e.g. 2.6b and 2.9b). Modification of
only the tpy ligand resulted in minimal deviations in the rates of dioxygen evolution.
These trends strongly imply that the RDS involves the release of dioxygen from the Ru
centre, consistent with the mechanism proposed by Meyer and coworkers for 2.11.

The trans-effect and trans-influence were also invoked to explain trends in
catalyst stability represented by the relative TON of the complexes. DFT studies
displayed elongation of the Ru-Npyy bond trans to the Ru-O bond for 2.1b upon
formation of the [Ru'V=0] species. Identification of a decomposition product for 2.1b
and the inactivity of several other Ru complexes provide further support for the WNA
mechanism and the identification of a probable decomposition pathway involving the loss
of the bidentate bpy ligand. Complexes bearing EWG on the bpy ligand (e.g. 2.6b and
2.9b) are better able to accommodate the increased electron density imposed by the oxo

ligand, and therefore exhibited higher TON.
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The results of this study prompted us to more thoroughly investigate the
mechanism of water oxidation catalysis by Ru polypyridyl complexes leading to the

results discussed in the following chapter.

2.4 Experimental
2.4.1 Preparation of Compounds.

All reactions and manipulations were performed using solvents passed through an
MBraun solvent purification system prior to use; chloroform (CHCI3) and tetrahydrofuran
(THF) solvents were analytical grade (without stabilizer). Unless stated otherwise, all
reagents were purchased from Aldrich and used without further purification; 4,4'-
dichloro-2,2'-bipyridine (bpy-Cl) was purchased from BOC Sciences; 2,2'-bipyridine-
4,4'-dicarboxylic (bpy-CO,H) acid was purchased from Alfa Aesar and RuCl3#3H,0 was
purchased from Pressure Chemical Company. Purification by column chromatography
was carried out using silica (Silicycle: Ultrapure Flash Silica). Analytical thin-layer
chromatography (TLC) was performed on aluminum-backed sheets pre-coated with silica
60 F254 adsorbent (0.25 mm thick; Merck, Germany) and visualized under UV light.
Routine *H and *C NMR spectra were recorded at 400 MHz and 100 MHz, respectively,
on a Bruker AV 400 instrument at ambient temperature unless otherwise stated.

Chemical shifts (&) are reported in parts per million (ppm) from low to high field and
referenced to residual non-deuterated solvent. Standard abbreviations indicating
multiplicity are used as follows: br = broad; d = doublet; m = multiplet; s = singlet; t =
triplet. All proton assignments correspond to the generic molecular scheme depicted in

Figure 2. Elemental analysis, fast atom bombardment (FAB), electrospray ionization
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(ESI), and high-resolution electron-impact (EI) mass spectrometry (MS) data were
collected at the University of Calgary. Previously reported ligands, 4'-methoxy-2,2".6',2"-
terpyridine’® (tpy-OMe), 4'-chloro-2,2":6',2"-terpyridine'?® (tpy-Cl) and 2,2":6',2"-
terpyridine-4'-carboxylic acid*?’ (tpy-CO,H) were prepared according to published
procedures. Previously reported complexes Ru(tpy)Cls,*? [Ru(tpy)(bpm)CI]CI (2.11a) **
and [Ru(tpy)(bpm)(OH2)](Cl04), (2.11)** were prepared using the synthetic and

purification steps detailed below.

Scheme 2-1 General synthetic procedure for the preparation of water oxidation catalysts

2.1b " 2.10b and their respective precursors 2.1a — 2.10a: (a) RuCl;#3H,0, EtOH, reflux,
3 h; (b) 10 eq. LiCl, N-ethylmorpholine, MeOH:H,0 (5:1), reflux, 3 h; (c) 2 eq. AgCIO,,

H,0, reflux, 3 h. The *H NMR labeling scheme is shown for 2.1b ** 2.10b; the labeling is
identical for 2.1a ** 2.10a.

2.4.1.1 General Synthetic Procedure for Ru(tpy-R%)Cls (1-1V).

RuCl5#3H,0 (0.70 mmol) and tpy-R* (0.70 mmol) were combined in 50 mL of
EtOH and refluxed for 4 h. The mixture was cooled and the product was collected as a
red/purple solid upon filtration.

Ru(tpy-OMe)Cl; (I1). Yield: 83%; ESI-MS: m/z (%): 435 [(M-CI)*] (anal. calcd

for C15H13C|2N30RU+: m/z = 43495)
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Ru(tpy-CIClz (111). Yield: 85%; ESI-MS: m/z: 441 [(M-CI)*] (anal. calcd for
C1sH10CIsNsRU™: m/z = 440.90).
Ru(tpy-CO,H)Cl; (1V). Yield: 89%; ESI-MS: m/z: 449 [(M-CI)*] (anal. calcd

for C16H11C|2N302RU+: m/z = 44893)

2.4.1.2 General Synthetic Procedure for [Ru(tpy-R*)(bpy-R?)CI]ICI (2.1a — 2.10a).

Ru(tpy-RY)Cls (0.70 mmol) and bpy-R? (0.70 mmol) were combined with LiCl
(7.0 mmol) and N-ethylmorpholine (0.5 mL) in 30 mL of MeOH/H,0O (5:1). The mixture
was then heated at reflux for 3 h. Solvent was removed from the solution and the crude
product dry-loaded onto silica. The product was collected as a deep purple-coloured
band using acetone:methanol:water (3:1:1) saturated with LiCl as the eluent to ensure the
chloride ligated complex rather than mixtures of H,O or MeOH complexes. Typical R¢
values for the purple band were 0.65-0.75. Product fractions were combined and the
solvent removed to near dryness (~15 mL), and then 1 mL of concentrated HCI was
added to precipitate the product. The purple solid was then washed with 10 mL of 1 M
HCI and left to air dry. Yields and characterization are given below.

[Ru(tpy)(bpy)CI]CI (2.1a). Yield: 75%; *H NMR (400 MHz, [Dg]DMSO): * =
10.10 (d, *J(H,H) = 5.0 Hz, 1H; Ha), 8.93 (d, *J(H,H) = 8.2 Hz, 1H; Hp), 8.83 (d,
%J(H,H) = 8.1 Hz, 2H; He), 8.71 (d, *J(H,H) = 8.1 Hz, 2H; Hy), 8.64 (d, 2J(H,H) = 8.2
Hz, 1H; Hg), 8.35 (ddd, 3J(H,H) = 8.0, 7.9 Hz, “J(H,H) = 1.5 Hz, 1H; H¢), 8.21 (t,
%J(H,H) = 8.1 Hz, 1H; Hy), 8.07 (ddd, 2J(H,H) = 7.0, 5.7 Hz,*J(H,H) = 1.0 Hz, 1H;
Hg), 7.98 (ddd, 3J(H,H) = 8.0, 7.9 Hz, *J(H,H) = 1.5 Hz, 2H; H.), 7.78 (ddd, *J(H,H) =

8.0, 7.9 Hz, *J(H,H) = 1.4 Hz, 1H; Hg), 7.62 (d, 2J(H,H) = 5.5 Hz, 2H; H.), 7.38 (ddd,
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3J(H,H) = 7.5, 5.5 Hz, *J(H,H) = 1.2 Hz, 2H; Hy), 7.32 (d, *J(H,H) = 5.6 Hz, 1H; Hy),
7.09 (ddd, 3J(H,H) = 7.3, 5.7 Hz, “J(H,H) = 1.3 Hz, 1H; Hg); ESI-MS: m/z: 526 [(M-
CI)*] (anal. calcd for CosH19CINsORU™: m/z = 526.04); elemental analysis calcd (%) for
CosH10Cl:NsRue3H,0: C 48.79, H 4.09, N 11.38; found: C 48.87, H 4.33, N 11.51.

[Ru(tpy-OMe)(bpy)CI]CI (2.2a). Yield: 76%; *H NMR (400 MHz, CDsCN): "=
10.20 (d, *J(H,H) = 4.0 Hz, 1H; Ha), 8.58 (d, *J(H,H) = 8.0 Hz, 1H; Hp), 8.40 (d, *J(H,H)
= 8.0 Hz, 2H; Hy), 8.31 (d, 3J(H,H) = 8.0 Hz, 1H; He), 8.21 (ddd, *J(H,H) = 7.6 Hz,
*J(H,H) = 1.2 Hz, 1H; Hc), 8.14 (s, 2H; He), 7.91 (ddd, *J(H,H) = 6.4 Hz, “J(H,H) = 1.2
Hz, 1H; Hg), 7.86 (ddd, 2H, *J(H,H) = 8.0 Hz, “J(H,H) = 1.6 Hz; H,), 7.66 (m, 3H; Hap),
7.39 (d, 2J(H,H) = 5.2 Hz, 1H; Hy), 7.24 (ddd, 3J(H,H) = 7.6 Hz, *J(H,H) = 1.2 Hz, 2H;
Hb), 6.96 (ddd, *J(H,H) = 7.6 Hz, “J(H,H) = 1.6 Hz, 1H; Hg), 4.21 (s, 3H; OMe); ESI-
MS: m/z: 556 [(M-CI)*] (anal. calcd for Co6H,:CINsORU™: m/z = 556.05); elemental
analysis calcd (%) for CysH21CI,NsORue4H,0: C 47.06, H 4.41, N 10.55; found: C
47.25, H 4.33, N 10.61.

[Ru(tpy)(bpy-OMe)CI]CI (2.3a). Yield: 52%; *H NMR (400 MHz, [Ds]DMSO):
*=0.83 (d, *J(H,H) = 6.8 Hz, 1H; Ha), 8.79 (d, *J(H,H) = 8.0 Hz, 2H; H,), 8.67 (d,
J(H,H) = 8.0 Hz 2H; Hy), 8.58 (d, *J(H,H) = 2.4 Hz, 1H; Hp), 8.31 (d, *J(H,H) = 2.4 Hz,
1H; He), 8.14 (t, *J(H,H) = 8.0 Hz, 1H; Hy), 7.96 (t, *J(H,H) = 7.6 Hz, 2H; H.), 7.74 (dd,
3J(H,H) = 7.2 Hz, “J(H,H) = 2.4 Hz, 1H; Hg), 7.71 (d, *J(H,H) = 5.2 Hz, 2H; H,), 7.40 (t,
%J(H,H) = 6.4 Hz, 2H; Hp), 7.93 (d, *J(H,H) = 6.8 Hz, 1H; Hy), 6.70 (dd, *J(H,H) = 6.8
Hz, *J(H,H) = 2.8 Hz, 1H; Hg), 4.18 (s, 3H; OMe), 3.82 (s, 3H; OMe); ESI-MS: m/z:

586 [(M-CI)*] (anal. calcd for C,7H23CINsO,RU™: m/z = 586.06); elemental analysis calcd
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(%) for C27H,3ClNs0,Ru*4H,0+LiCl: C 44.06, H 4.25, N 9.52; found: C 44.27, H 4.28,
N 9.48.

[Ru(tpy-OMe)(bpy-OMe)CI]CI (2.4a). Yield: 74%; *H NMR (400 MHz,
CD5CN): "=9.91 (d, *J(H,H) = 6.8 Hz, 1H; H,), 8.38 (d, 2J(H,H) = 8.0 Hz, 2H; Hy),
8.13 (d, *J(H,H) = 2.8 Hz, 1H; Hp), 8.11 (s, 2H; He), 7.85 (m, 3H; He,), 7.75 (d, *J(H,H)
=5.6 Hz, 2H; H,), 7.51 (dd, 3J(H,H) = 6.4 Hz, *J(H,H) = 2.8 Hz, 2H; Hg), 7.26 (ddd,
3J(H,H) = 7.6 Hz, *J(H,H) = 1.2 Hz, 2H; Hy), 7.06 (d, *J(H,H) = 6.8 Hz, 1H; Hy), 6.54
(dd, *J(H,H) = 6.4 Hz, “J(H,H) = 2.8 Hz, 1H; Hg), 4.20 (s, 3H; OMe), 4.16 (s, 3H; OMe),
3.83 (s, 3H; OMe); ESI-MS: m/z: 616 [(M-CI)*] (anal. calcd for CgH2sCINsOsRuU™: m/z
= 616.06); elemental analysis calcd (%) for C2gH25CI,NsO3RueH,0: C 50.23, H 4.06, N
10.46; found: C 49.89, H 4.09, N 10.36.

[Ru(tpy-Cl)(bpy)CI]CI (2.5a). Yield: 63%; 'H NMR (400 MHz, [Dsg]DMSO): *
=10.07 (d, 3J(H,H) = 4.8 Hz, 1H; Ha), 9.09 (s, 2H; He), 8.95 (d, *J(H,H) = 8.1 Hz, 1H;
Hb), 8.80 (d, 2J(H,H) = 8.0 Hz, 2H; Hy), 8.66 (d, *J(H,H) = 8.0 Hz, 1H; Hg), 8.37 (ddd,
3J(H,H) = 7.8, 7.7 Hz, *J(H,H) = 1.4 Hz, 1H; Hc), 8.07 (ddd, %J(H,H) = 7.2, 7.0 Hz,
*J(H,H) = 1.0 Hz, 1H; Hg), 8.01 (ddd, 3J(H,H) = 7.8, 7.7 Hz, *J(H,H) = 1.3 Hz, 2H, H/),
7.78 (ddd, 3J(H,H) = 8.1, 8.0 Hz, *J(H,H) = 1.2 Hz, 1H; Hg), 7.64 (d, *J(H,H) = 4.9 Hz,
2H; Ha), 7.44 (d, 3J(H,H) = 5.3 Hz, 1H; Hy), 7.41 (ddd, ®J(H,H) = 8.1, 8.0 Hz, “J(H,H) =
1.1 Hz, 2H; Hy), 7.06 (ddd, *J(H,H) = 7.2, 7.0 Hz, *J(H,H) = 1.0 Hz, 1H; Hg); ESI-MS:
m/z: 560 [(M-CI1)*] (anal. calcd for Co5H1sCl.NsRu™: m/z = 560.00); elemental analaysis
calcd (%) for CzsH18ClsNsRue4H,0: C 44.95, H 3.92, N 10.49; found: C 45.02, H 3.96,

N 10.40.
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[Ru(tpy)(bpy-CI)CI]CI (2.6a). Yield: 54%; 'H NMR (400 MHz, [Ds]DMSO): *
=10.00 (d, 3J(H,H) = 6.0 Hz, 1H; Ha), 9.24 (d, *J(H,H) = 2.4 Hz, 1H; Hp), 8.98 (d,
*J(H,H) = 2.0 Hz, 1H; Hg), 8.82 (d, 2J(H,H) = 8.0 Hz, 2H; H,), 8.69 (d, %J(H,H) = 8.0 Hz,
2H; Hy), 8.23 (m, 2H; Hgy), 8.00 (ddd, *J(H,H) = 7.6 Hz, “J(H,H) = 1.2 Hz, 2H; H,), 7.71
(d, 3J(H,H) = 4.8 Hz, 2H; H,), 7.38 (ddd, *J(H,H) = 5.6 Hz, “J(H,H) = 1.2 Hz, 2H; Hy),
7.33(d, ®J(H,H) = 6.0 Hz, 1H; Hg), 7.21 (ddd, 3J(H,H) = 6.0 Hz, *J(H,H) = 2.4 Hz, 1H;
Hu); ESI-MS: m/z: 596 [(M-CI1)*] (anal. calcd for CasH17ClsNsRu™: m/z = 595.96);
elemental analysis calcd (%) for CsH17Cl4NsRue3H,0: C 43.88, H 3.39, N 10.23;
found: C 43.88, H 3.39, N 10.23.

[Ru(tpy-Cl)(bpy-CI)CIICI (2.7a). Yield: 60%; ‘*H NMR (400 MHz, [Ds]DMSO):
*=9.97 (d, 3J(H,H) = 6.4 Hz, 1H; Ha), 9.24 (d, “J(H,H) = 2.0 Hz, 1H; Hp), 9.08 (s, 2H;
He), 8.98 (d, *J(H,H) = 2.4 Hz, 1H; Hg), 8.77 (d, 2J(H,H) = 8.0 Hz, 2H; Hg), 8.23 (dd,
%J(H,H) = 6.0 Hz, *J(H,H) = 1.6 Hz, 1H; Hg), 8.02 (t, 2J(H,H) = 8.0 Hz, 2H; H,), 7.74 (d,
%J(H,H) = 5.2 Hz, 2H; H,), 7.47 (d, 3J(H,H) = 6.4 Hz, 1H; Hg), 7.40 (t, *J(H,H) = 6.8 Hz,
2H; Hy), 7.18 (dd, *J(H,H) = 6.4 Hz, *J(H,H) = 2.0 Hz, 1H; Hy); ESI-MS: m/z: 630 [(M-
CI)*] (anal. calcd for CosH16CIsNsRU™: m/z = 629.92); elemental analysis calcd (%) for
C2sH1sClsNsRue2H,0: C 42.85, H 2.88, N 9.99; found: C 42.81, H 2.61, N 9.87.

[Ru(tpy-CO,H)(bpy)CIICI (2.8a). Yield: 61%; *H NMR (400 MHz,
[Dg]DMSO): *=10.10 (d, 2J(H,H) = 4.0 Hz, 1H; Ha), 9.14 (s, 2H; He), 8.95 (d, 3J(H,H)
= 8.0 Hz, 1H; Hp), 8.90 (d, *J(H,H) = 8.0 Hz, 2H; Hy), 8.66 (d, *J(H,H) = 8.0 Hz, 1H;
He), 8.40 (ddd, 3J(H,H) = 8.0 Hz, “J(H,H) = 1.6 Hz, 1H; H¢), 8.10 (ddd, %J(H,H) = 6.8

Hz, *J(H,H) = 1.2 Hz, 1H; Hg), 7.99 (ddd, *J(H,H) = 8.0 Hz, “J(H,H) = 1.6 Hz, 2H; H,),
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7.79 (ddd, 3J(H,H) = 8.0 Hz, “J(H,H) = 1.2 Hz, 1H; H¢), 7.64 (d, *J(H,H) = 5.6 Hz, 1H;
Ha), 7.42 (ddd, *J(H,H) = 5.6 Hz, *J(H,H) = 1.2 Hz, 2H; Hy), 7.33 (d, 3J(H,H) = 5.2 Hz,
1H; Hy), 7.04 (ddd, *J(H,H) = 6.0 Hz, *J(H,H) = 1.2 Hz, 1H; Hg); ESI-MS: m/z: 570
[(M-C1)™] (anal. calcd for Co6H19CINsO-Ru™: m/z = 570.03); elemental analysis calcd
(%) for Ca6H19CloNs0,Ru*3H,0: C 47.35, H 3.82, N 10.62; found: C 47.68, H 3.75, N
10.79.

[Ru(tpy)(bpy-CO,H)CI]CI (2.9a). Yield: 41%:; *H NMR (400 MHz,
[Ds]DMSO): *=10.27 (d, 2J(H,H) = 6.0 Hz, 1H; Ha), 9.28 (s, 1H; Hp), 9.0 (s, 1H; HE),
8.86 (d, 2J(H,H) = 8.0 Hz, 2H; H), 8.72 (d, 3J(H,H) = 8.0 Hz, 2H; Hg), 8.45 (dd, %J(H,H)
=5.6 Hz, *J(H,H) = 1.2 Hz, 1H; Hg), 8.29 (t, 3J(H,H) = 8.4 Hz, 1H; H;), 8.01 (t, 3J(H,H)
= 7.6 Hz, 2H: H.), 7.62 (m, 3H; Hag), 7.45 (ddd, *J(H,H) = 6.0 Hz, “J(H,H) = 1.2 Hz,
2H; Hy), 7.35 (t, 3J(H,H) = 6.8 Hz, 2H; Hy); ESI-MS: m/z: 614 [(M-CI)*] (anal. calcd for
C27H19CINsO4RU™: m/z = 614.02); elemental analysis calcd (%) for
C27H10CI:NsO4RuU4H,0: C 44.95, H 3.77, N 9.71; found: C 45.39, H 3.94, N 9.91.

[Ru(tpy-CO;H)(bpy-CO,H)CI]CI (2.10a). Yield: 31%; 'H NMR (400 MHz,
[Ds]DMSO): *=10.01 (d, 2J(H,H) = 5.6 Hz, 1H; Ha), 8.97 (s, 2H; He), 8.93 (s, 1H; Hp),
8.64 (s, 1H; Hg), 8.62 (s, 2H; Hg), 8.22 (dd, 2J(H,H) = 5.6 Hz, *J(H,H) = 1.6 Hz, 1H; Hg),
7.92 (ddd, 3J(H,H) = 7.6 Hz, “J(H,H) = 1.2 Hz, 2H; H.), 7.59 (d, *J(H,H) = 4.8 Hz, 2H;
Ha), 7.33 (ddd, *J(H,H) = 5.6 Hz, “J(H,H) = 1.2 Hz, 2H; Hy), 7.30 (dd, *J(H,H) = 6.0 Hz,
*J(H,H) = 1.6 Hz, 1H; Hg), 7.21 (d, *J(H,H) = 5.6 Hz, 2H; Hy); ESI-MS: m/z: 658 [(M-
CI)*] (anal. calcd for CogH19CINsOsRU™: m/z = 658.00); elemental analysis calcd (%) for

C28H19C|2N505RU'3H202 C 44.99, H 3.37, N 9.37; found: C 45.21, H 3.54, N 9.41.
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2.4.1.3 General Synthetic Procedure for [Ru(tpy-R*)(bpy-R?)(OH.)](CIO.), (1b-10b).

[Ru(tpy-RY) (bpy-R?)CI]CI (0.17 mmol) (2.1a ** 2.10a) was combined with
AgClO,4 (0.34 mmol) and refluxed in 30 mL of H,O for 3 h. The red/purple mixture was
filtered through Celite. The volume of the filtrate was reduced followed by the addition
of 5 mL of 1 M HCIO, to precipitate the product. The purple solid was then washed with
5 mL of 1 M HCIO, and left to air dry. Yields and characterization data are specified
below.

[Ru(tpy)(bpy)(OH2)](CIO.,) (2.1b). Yield: 76%; *H NMR (400 MHz,
[Ds]DMSO): “=9.50 (d, *J(H,H) = 5.0 Hz, 1H; Ha), 8.95 (d, *J(H,H) = 8.2 Hz, 1H; Hp),
8.88 (d, 2J(H,H) = 8.2 Hz, 2H; H,), 8.74 (d, 3J(H,H) = 7.9 Hz, 2H; Hy), 8.64 (d, *J(H,H) =
7.9 Hz, 1H; He), 8.43 (ddd, *J(H,H) = 7.9, 7.8 Hz, “J(H,H) = 1.2 Hz, 1H; H¢), 8.33 (t,
J(H,H) = 8.1 Hz, 1H; Hy), 8.15 (ddd, 3J(H,H) = 7.0, 5.7 Hz, *J(H,H) = 1.0 Hz, 1H; Hg),
8.07 (ddd, 3J(H,H) = 7.9, 7.8 Hz, “J(H,H) = 1.2 Hz, 2H; H.), 7.79 (ddd, *J(H,H) = 8.0, 7.9
Hz, *J(H,H) = 1.3 Hz, 1H; Hg), 7.69 (d, 3J(H,H) = 5.4 Hz, 2H; Ha), 7.45 (ddd, *J(H,H) =
7.5, 5.5 Hz, “2J(H,H) = 1.2 Hz, 2H; Hy), 7.32 (d, %J(H,H) = 5.6 Hz, 1H; Hy), 7.09 (ddd,
3J(H,H) = 8.0, 7.9 Hz, “J(H,H) = 1.3 Hz, 1H; Hg), 5.89 (s, 2H; Ru-OH,); ESI-MS: m/z:
590 [(M-H,0-Cl0,)"] (anal. calcd for CosH19CINsO4RU™: m/z = 590.02); elementall
analysis calcd (%) for CosH21CI.NsOgRuU: C 42.44, H 2.99, N 9.90; found: C 42.24, H
3.03, N 9.86.

[Ru(tpy-OMe)(bpy)(OH2)](Cl04); (2.2b). Yield: 52%; *H NMR (400 MHz,
D,0): "=9.55 (d, *J(H,H) = 5.6 Hz, 1H; H,), 8.68 (d, *J(H,H) = 8.0 Hz, 1H; Hp), 8.46
(d, *J(H,H) = 8.4 Hz, 2H; Hy), 8.36-8.31 (m, 2H; Hec), 8.26 (s, 2H; He), 8.03-7.97 (m,

3H; Hg,), 7.84 (d, *J(H,H) = 4.8 Hz, 2H; H,), 7.70 (t, *J(H,H) = 7.6 Hz, 1H; H), 7.44 (d,
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%J(H,H) = 5.6 Hz, 1H; Hy), 7.34 (t, *J(H,H) = 6.4 Hz, 2H; Hy), 6.99 (t, *J(H,H) = 6.4 Hz,
1H; Hg), 4.28 (s, 3H; OMe); ESI-MS: m/z: 650 [(M-H,0-ClO4)"] (anal. calcd for
C27H23CINsOgRu ™: m/z = 650.04); elemental analysis calcd (%) for
C2sH23ClaNsO10Ru*H,0: C 41.34, H 3.34, N 9.27; found: C 41.22, H 3.53, N 9.14.

[Ru(tpy)(bpy-OMe)(OH,)](Cl04), (2.3b). Yield: 64%; 'H NMR (400 MHz,
[Dg]DMSO): *=9.25 (d, *J(H,H) = 6.5 Hz, 1H; Ha), 8.84 (d, *J(H,H) = 8.1 Hz, 2H; He),
8.71 (d, 2J(H,H) = 8.1 Hz, 2H; Hg), 8.60 (d, “J(H,H) = 2.6 Hz, 1H; Hp), 8.29 (d, *J(H,H)
= 2.6 Hz, 1H; Hg), 8.26 (t, 2J(H,H) = 8.1 Hz, 1H; H;), 8.05 (ddd, *J(H,H) = 6.9, 6.8 Hz,
*J(H,H) = 1.4 Hz, 2H; H.), 7.82 (dd, 1H, 3J(H,H) = 6.5 Hz, *J(H,H) = 2.6 Hz; Hg), 7.79
(d, 3J(H,H) = 4.8 Hz, 2H; H,), 7.47 (ddd, *J(H,H) = 6.8, 6.5 Hz, “J(H,H) = 1.1 Hz, 2H;
Hb), 6.94 (d, 3J(H,H) = 6.7 Hz, 1H; Hy), 6.69 (d, 3J(H,H) = 6.7, *J(H,H) = 2.6 Hz, 1H;
Hg), 5.65 (s, 2H; Ru-OHy), 4.20 (s, 3H; OMe), 3.83 (s, 3H; OMe); ESI-MS: m/z: 650
[(M-H,0-Cl0,)"] (anal. calcd for C,7H23CINsOsRU™: m/z = 650.04); elemental analysis
calcd (%) for Co7H25C1:NsO1:RueH,0: C 41.28, H 3.46, N 8.92; found: C 41.24, H 3.39,
N 8.80.

[Ru(tpy-OMe)(bpy-OMe)(OH2)](CIO4), (2.4b). Yield: 42%; "H NMR (400
MHz, D,0): "=9.30 (d, 2J(H,H) = 6.4 Hz, 1H; H,), 8.44 (d, 3J(H,H) = 8.0 Hz, 2H; Hy),
8.24 (s, 2H; He), 8.19 (s, 1H; Hp), 7.98 (t, *J(H,H) = 8.0 Hz, 2H; H.), 7.91 (d, *J(H,H) =
5.6 Hz, 2H; Ha), 7.87 (d, “J(H,H) = 2.4 Hz, 1H; Hg), 7.65 (dd, *J(H,H) = 6.4 Hz, *J(H,H)
= 2.4 Hz, 1H; Hg), 7.37 (t, *J(H,H) = 6.4 Hz, 2H; Hp), 7.13 (d, *J(H,H) = 6.4 Hz, 1H;
Hy), 6.60 (dd, 3J(H,H) = 6.4 Hz, “J(H,H) = 1.2 Hz, 1H; Hg), 4.27 (s, 3H; OMe), 4.23 (s,

3H; OMe), 3.85 (s, 3H; OMe); ESI-MS: m/z: 680 [(M-H,0-Cl0,)*] (anal. calcd for
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C2sH25CINsO;Ru™: m/z = 680.05); elemental analysis calcd (%) for CgH27CI,Ns012RU:
C,42.17; H, 3.41; N, 8.78. Found: C, 41.97; H, 3.73; N, 8.67.

[Ru(tpy-CI)(bpy)(OH2)](ClO,); (2.5b). Yield = 67%; *H NMR (400 MHz,
[Ds]DMSO): *=9.48 (d, *J(H,H) = 4.8 Hz, 1H; Ha), 9.15 (5, 2H; He), 8.96 (d, *J(H,H) =
8.0 Hz, 1H; Hp), 8.81 (d, 3J(H,H) = 8.0 Hz, 2H; Hy), 8.64 (d, *J(H,H) = 8.0 Hz, 1H; Hg),
8.44 (ddd, 3J(H,H) = 8.0 Hz, “J(H,H) = 1.2 Hz, 1H; H), 8.15 (ddd, 3J(H,H) = 5.6 Hz,
*J(H,H) = 1.2 Hz, 1H; Hg), 8.10 (ddd, 3J(H,H) = 8.0 Hz, “J(H,H) = 1.2 Hz, 2H; H,), 7.80
(ddd, 33(H,H) = 7.6 Hz, “J(H,H) = 1.2 Hz, 1H; Hg), 7.71 (d, *J(H,H) = 5.2 Hz, 1H; Ha,),
7.48 (m, 3H; Hy ), 7.07 (ddd, 3J(H,H) = 6.0 Hz, “J(H,H) = 1.2 Hz, 1H; Hg), 5.88 (s, 2H;
H,0); ESI-MS: m/z: 624 [(M-H,0-Cl0,4)*] (anal. calcd for CosH1gCIoNsO4RU ™ m/z =
623.98); elemental analysis calcd (%) for C,sH20CIsNsOgRueH,0: C 39.51, H 2.92, N
9.22; found: C 39.30, H 3.00, N 9.18.

[Ru(tpy)(bpy-C1)(OH2)](ClO.); (2.6b). Yield: 72%; *H NMR (400 MHz,
[Dg]DMSO): = 9.40 (d, 3J(H,H) = 4.0 Hz, 1H; Ha), 9.28 (d, “J(H,H) = 2.0 Hz, 1H; Hp),
8.98 (d, *J(H,H) = 2.4 Hz, 1H; Hg), 8.87 (d, 3J(H,H) = 8.0 Hz, 2H; H.), 8.73 (d, 3J(H,H) =
8.0 Hz, 2H; Hg), 8.34 (m, 2H; Hs}), 8.08 (ddd, %J(H,H) = 7.6 Hz, “J(H,H) = 1.2 Hz, 2H;
Ho), 7.79 (d, 2J(H,H) = 4.8 Hz, 2H; H,), 7.45 (ddd, *J(H,H) = 6.0 Hz, “J(H,H) = 1.2 Hz,
2H; Hy), 7.32 (d, 3J(H,H) = 6.4 Hz, 1H; Hg), 7.22 (ddd, %3(H,H) = 6.0 Hz, *J(H,H) = 2.0
Hz, 1H; Hy), 5.95 (s, 2H; H,0); ESI-MS: m/z: 660 [(M-H,0-Cl0,)*] (anal. calcd for
C2sH17CIsNsO4RU ™ m/z = 659.94); elemental analysis calcd (%) for

C25H19C|4N509RU'H202 C 37.80,H 2.66, N 8.82: found: C 38.23, H 2.39, N 8.83.
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[Ru(tpy-Cl)(bpy-CI)(OH2)](ClO,), (2.7b). Yield: 26%; poor yield is due to low
solubility of [Ru(tpy-CI)(bpy-CI)CI]CI in water. *H NMR (400 MHz, [Dg]DMSO): * =
9.37 (d, 2J(H,H) = 6.4 Hz, 1H; Ha), 9.28 (s, 1H; Hp), 9.14 (s, 2H; He), 8.98 (s, 1H; Hg),
8.79 (d, 2J(H,H) = 8.0 Hz, 2H; Hy), 8.32 (d, 3J(H,H) = 4.8 Hz, 1H; Hg), 8.11 (t, *J(H,H) =
7.6 Hz, 2H; H.), 7.81 (d, *J(H,H) = 4.8 Hz, 2H; Ha), 7.47 (m, 3H; Hgp), 7.19 (d, 2J(H,H)
= 4.8 Hz, 1H; Hy), 5.94 (s, 2H; H,0); ESI-MS: m/z: 694 [(M-H,0-CI04)*] (anal. calcd
for Co5H16CIsNsOsRuU™: m/z = 693.90); elemental analysis calcd (%) for
CusH15CIsNsOgRu: C 37.03, H 2.24, N 8.64; found: C 37.43, H 2.30, N 8.70.

[Ru(tpy-COzH)(bpy)(OH2)](Cl04); (2.8b). Yield: 75%; *H NMR (400 MHz,
D,0): "=9.58 (d, 2J(H,H) = 5.2 Hz, 1H; Hy), 9.05 (s, 2H; H), 8.73 (d, ®J(H,H) = 8.0 Hz,
1H; Hp), 8.58 (d, 2J(H,H) = 8.0 Hz, 2H; Hg), 8.38 (m, 2H; Hec), 8.09 (t, 2J(H,H) = 6.4
Hz, 1H; Hg), 8.04 (t, *J(H,H) = 7.6 Hz, 2H; H.), 7.83 (d, 3J(H,H) = 5.2 Hz, 2H; H,), 7.72
(t, 2J(H,H) = 7.2 Hz, 1H; Hg), 7.40 (t, *J(H,H) = 6.8 Hz, 2H; Hp), 7.28 (d, *J(H,H) = 5.6
Hz, 1H; Hy), 6.95 (t, *J(H,H) = 6.8 Hz, 1H; Hg); ESI-MS: m/z: 634 [(M-H,0-Cl0,)"]
(anal. calcd for Co6H19CINsOsRU™: m/z = 634.01); elemental analysis calcd (%) for
C26H2:CI:N5s04:Ru*2H,0: C 39.66, H 3.20, N 8.89; found: C 39.29, H 3.05, N 8.83.

[Ru(tpy)(bpy-CO,H)(OH2)](Cl04); (2.9b). Yield: 90%; *H NMR (400 MHz,
D,0): "=9.67 (d, 2J(H,H) = 6.0 Hz, 1H; H,), 9.16 (d, *J(H,H) = 1.2 Hz, 1H; Hp), 8.81
(d, “J(H,H) = 1.6 Hz, 1H; He), 8.55 (d, *J(H,H) = 8.0 Hz, 2H; H¢), 8.41 (m, 3H; Hypg),
8.22 (t, *J(H,H) = 8.0 Hz, 1H; Hy), 7.92 (ddd, 3J(H,H) = 8.0 Hz, *J(H,H) = 1.6 Hz, 2H;
Ho), 7.65 (d, 2J(H,H) = 5.6 Hz, 2H; H,), 7.54 (d, 3J(H,H) = 8.0 Hz, *J(H,H) = 1.2 Hz, 2H;

Hg), 7.34 (dd, 3J(H,H) = 6.0 Hz, *J(H,H) = 1.6 Hz, 1H; Hy), 7.26 (ddd, *J(H,H) = 5.6 Hz,



79
*J(H,H) = 1.2 Hz, 2H; Hp); ESI-MS: m/z: 678 [(M-H,0-Cl04)*] (anal. calcd for
C27H19CINsOgRU™: m/z = 678.00); elemental analysis calcd (%)
C27H21C1oN5013Ru5H,0: C 36.62, H 3.53, N 7.91; found: C 36.28, H 3.12, N 7.84.
[Ru(tpy-CO,H)(bpy-CO,H)(OH2)](CIO4), (2.10b). Yield: 77%; *H NMR (400
MHz, D,0): "=9.58 (d, 2J(H,H) = 6.0 Hz, 1H; H,), 8.90 (d, *J(H,H) = 1.2 Hz, 1H; Hp),
8.75 (s, 2H; He), 8.54 (s, *J(H,H) = 1.2 Hz, 1H; Hg), 8.36 (d, *J(H,H) = 8.0 Hz, 2H; Hy),
8.21 (dd, *J(H,H) = 6.0 Hz, “J(H,H) = 2.0 Hz, 1H; Hg), 7.80 (ddd, %J(H,H) = 7.6 Hz,
“J(H,H) = 1.6 Hz, 2H; H.), 7.54 (d, ®J(H,H) = 4.8 Hz, 2H; Hy), 7.16 (m, 3H; Hg), 7.02
(dd, *J(H,H) = 6.0 Hz, “J(H,H) = 2.0 Hz, 1H; Hg); ESI-MS: m/z: 722 [(M-H,0-Cl0,)']
(anal. calcd for CogH19CINsORU™: m/z = 721.99); elemental analysis calcd (%) for

C23H21C|2N5015RU°4H2C): C 36.89, H 3.21, N 7.68; found: C 36.59, H 3.33, N 7.93.

2.4.2 Physical Methods

Electrochemical measurements were performed under anaerobic conditions, and
recorded with a Princeton Applied Research VersaStat 3 potentiostat using dry solvents, a
glassy carbon working electrode (diameter = 3 mm), an Ag/AgCl (3 M NacCl; 210 mV vs
the normal hydrogen electrode (NHE)) reference electrode, and 0.1 M nBu;BF4/MeCN
for non-aqueous, and 0.1 M HNOj3 for aqueous solutions respectively. Potentials
reported herein are referenced to a normal hydrogen electrode (NHE). Electronic
spectroscopy data were collected using a Cary 5000 UV-vis spectrophotometer (Varian).
DFT calculations were carried out using B3LYP (Becke’s three-parameter exchange
functional (B3) and the Lee-Yang-Parr correlation functional (LYP)) and the LanL2DZ

basis set.*?***® All geometries were fully optimized in the ground states with the default
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spin assignments (i.e. Ru" = So; Ru'" = Dy; Ru'"Y = T,) and the geometries were verified
with vibrational spectra. All calculations were carried out with the Gaussian 03W
software package. *** Dioxygen evolution data were recorded using a custom-built
apparatus consists of a 10 mL round-bottom flask equipped with a septum and a threaded
side arm for insertion of the probe; total working volume is 16.8 mL. The flask was
charged with a solution of (NH4)2[Ce(NO3)s] (0.33 M) in 1 M HCIO,4 (3.0 mL) and the
headspace was purged with Nyg. A deaerated solution containing 2.0 ** 10*” mol of the
catalyst dissolved in water was then injected through a rubber septum yielding a catalyst
concentration of 6.7 ** 10 M, and stirred at ambient temperatures (24 + 2 °C) for the
duration of the experiment. Dioxygen evolution was monitored every 10 s with an
optical probe (Ocean Optics FOXY-OR125-AFMG) and a multifrequency phase
fluorimeter (Ocean Optics MFPF-100). Raw data from the sensor was collected by the
TauTheta Host Program and then converted into the appropriate calibrated O, sensor
readings in “% O,” by the OOISensors application. O, readings were calibrated by a
two-point method using atmospheric dioxygen as 20.9% O, and the zero reading was
obtained by purging the headspace of the flask with N, until a stable reading was
obtained. Anomalous trends are due to ambient temperature fluctuations in the

headspace of the flask.
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Chapter Three: Kinetic and Mechanistic Studies of Ce(IV)-Driven Water Oxidation
Catalysts Based on the [Ru"'(tpy)(bpy)(OH.)]** Scaffold

3.1 Introduction

The results from the initial survey of electronically modified complexes based on
the [Ru"(tpy)(bpy)(OH,)]** scaffold suggested that the catalytic performance was
dominated by the modification at the bidentate ligand. Relative to the parent complex,
2.1b, catalytic rates were seen to be faster for complexes containing EDG at the bidentate
ligand (e.g. bpy—OMe, complex 2.3b), and slower for complexes containing EWG at the
bidentate ligand (e.g. bpy—CO,H, complex 2.9b). Rates of dioxygen evolution as a result
of modification at the bidentate ligand were shown to be primarily a result of the trans-
effect where the EDG serve to labilize the release of O, from a [Ru'V-0,]*" complex;
however, it is also possible that the electron-rich complexes allow access to higher valent
states at lower oxidation potentials to access more reactive oxidation states. It should be
noted that Meyer and coworkers also saw a similar trend in a report of several different
Ru catalysts."?* The TON of the complexes, and hence their relative stability was also
influenced by the trans effect and trans influence. With EWG, the bond of the bidentate
ligand trans to the oxo (e.g. 2.9b), would be stabilized and hence, the complexes with
EWG at the trans position saw generally higher TON than the parent (2.1b) and
dramatically higher TON compared to complexes bearing EDG (e.g. 2.3b). At the time,
however, there had been no systematic study of molecular water oxidation catalysts with
electronic modification of the Ru-O vector. Detailed mechanistic and kinetic studies

were needed to precisely gauge the effects of the electronic modification on the catalytic
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cycle, and identification of the rate-determining step with Ce(IV)-driven water oxidation
(Equation 3.1; note that Ce(1V) is used to designate all Ce(IV) species present in solution

generated using (NH.)2[Ce' (NO3)e)).

In the meantime, Meyer and coworkers had established a more thorough
description of a catalytic cycle by extension of the work in the initial communication of
[Ru(tpy)(bpm)(OH,)]** (2.11) to include some DFT calculations.” They also performed
similar experiments with a related complex [Ru(Mebimpy)(bpy)(OH,)]** (Mebimpy =
2,6-bis(1-methylbenzimidazol-2-yl)pyridine) using similar spectrophotometric
experiments.®> However, their studies were focused on two apparently unrelated
complexes, and therefore more thorough investigations into the kinetics and mechanism
were needed for structurally related complexes with varied electron density at the metal
centre.

Complexes 3.1 — 3.3 were chosen as suitable candidates to study the catalytic

2.1%%in which it was

mechanism in more detail as result of studies presented in Chapter
shown that modification of the bidentate ligand had the most significant affect on

catalytic performance as a result of variable electron density at the metal center and
critical Ru-0 vector (3.1 — 3.3; Figure 3-1; note the change in numbering from the

previous chapter to aid the reader). With this goal, each of the complexes was first

evaluated electrochemically and spectroscopically to gain a fundamental understanding



83
of their redox chemistry. Following those analyses, catalytic studies were conducted by
spectrophotometrically monitoring the Ce(IV)-driven oxidation of water (Equation 3.1) in
acidic media. The reaction was also tracked with a probe to measure evolved dioxygen,
positioned in the reaction headspace as a secondary means of quantifying the catalytic
activity. Electrospray-ionization mass spectrometry (ESI-MS) conducted under catalytic
conditions and UV-vis spectroscopy were used to help structurally identify catalytic
intermediates. Rate constants for key (proton-coupled) electron-transfer steps were
determined by spectroscopic stopped-flow methods. The source of O-atoms in dioxygen
liberated during the reactions was investigated by **OH,-labeling and NO, detection

experiments.

y 2 y 2+
| NN | NN
=N, | =N, |
u u
H0” | N H0” | N
= N 27 NNAACOH
|, |, ‘
CO,H
3.1 3.3

Figure 3-1 Complexes investigated in this study for catalytic water oxidation.

Offering the first extensive analysis of a systematic series of water oxidation, the
present study provided unprecedented insights into the water oxidation mechanism. The
results of this chapter are the basis for a publication in late 2010 in Journal of the

American Chemical Society.’®* Adapted with permission from Wasylenko, D.J.;
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Ganesamoorthy, C.; Henderson, M.A.; Koivisto, B.D.; Osthoff, H.D.; Berlinguette, C.P.

J. Am. Chem. Soc. 2010, 132, 16094. Copyright 2010 American Chemical Society.

3.2 Results and Discussion
A proposed catalytic cycle depicted in Scheme 3-1 is based on experimental
evidence that will be discussed in the ensuing Chapter. Any references later in the text

referred to as ky are indicated.

[RUI!_L]2+

L 1
OZ Cel‘!
H,0 5
[Ce'(NOs)4] + 2 [Ru"-OH,J? call
NO,
ko2 ki

IV 2
[Ce‘V(N03)5] [RU OO] * [RUIII OH ]3+
\") 3+
ce + H* >T’ [RU OO] ‘T<
Kaux v 0, ko
CelV ell cel + 2H*

i[RI OOH]Z" [RuV=0p*

0-0
[RuV=0P** -

Celll

H,0

[Ru"-OHJ?*

{[RU"-OOHJ}*

Scheme 3-1 Summary of (possible) reaction pathways for 3.1 ** 3.3 describing relevant
(proton-coupled) electron-transfer steps, O-O bond formation, release of dioxygen, and
substrate binding (L = coordinating ligand; e.g., CI', MeCN; R=-H, 3.1; -OMe, 3.2; -
COzH, 3.3).
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3.2.1 Electrochemical Characterization of the Ru Complexes

A prelude for the electrochemistry of complexes 3.1-3.3 in 0.1 M HNO3 was
discussed in the previous chapter, but comparisons amongst these three complexes will
be discussed in more detail here with the inclusion of more advanced techniques. The
electron-donating and —withdrawing characteristics of the bpy—OMe and bpy-CO,H
ligands are evidenced by the cyclic voltammograms for 3.1 — 3.3 in 0.1 M HNOs (Figure
3-2). An oxidative sweep for 3.1 produces two closely spaced single-electron redox
processes at +1.04 V and a weaker signal at +1.23 V, that are assigned as the
[Ru"*OH.**/[Ru""OH,]* and [Ru"V=0]**/[Ru""*OH,]** (proton-coupled) redox
processes respectively (see inset (a) in Figure 3-2) along with a third signal at **+1.80 V
assigned as the [Ru¥=0]*"/[Ru'Y=0]*" redox process, which occurs with the onset of an
increase in current relative to the baseline due to the concomitant catalytic oxidation of
water. The weak currents associated with the [Ru'Y=0]*/[Ru"""*OH,]** redox couple
have been investigated and attributed to either disproportionation of the Ru(l1l)
complex,**? or slow kinetics of the one-electron/two-proton reaction at the electrode.™
Regardless, the overall process can be assumed to fit a PCET square scheme, even if the
kinetics and mechanism at the electrode surface are complex.?* The close proximity of
the first two signals is a consequence of (proton-coupled) electron-transfer processes
stabilizing the higher redox levels of the complexes, generating [Ru"""*OH,]** and

[Ru'V=0]%, respectively.®’
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Figure 3-2 Cyclic voltammograms recorded of 1 mM solutions of (a) 3.1, (b) 3.2, and (c)
3.3in 0.1 M HNOj at a scan rate of 100 mVs™. Insets: Truncated scans to highlight the
resolved Ru(l11)/Ru(11) and Ru(IV)/Ru(l11) features for 3.1 and 3.2 (scan rate 10 mVs™).
Note that the Ru(IV)/Ru(l1l) couple was not observed for 3.3 (see text).

Table 3-1 Summary of electrochemical data recorded for complexes 3.1""3.3in 0.1 M
HNO; and relevant pK, values of the respective aqua complexes, [Ru'"**OH,]** and
[Ru""*OH,]*".

Exz (V vs NHE)*” pK,
complex Ru™/Ru" RuV/Ru" Ru“/Ruv® [RU™OH,]*° [Ru""OH.*'"
3.1 1.04 1.23 1.80 10.5 1.7
3.2 0.91 1.24 1.77 11.2 3.2
3.3 1.16 rd 1.89 10.4 1.2

2 Complexes dissolved in 0.1 M HNO3 were measured at 50 mVs™. ° Redox couples
correspond to (proton-coupled) electron transfers assigned as
[Ru"""OH,]**/[Ru"""OH,]**; [Ru"V=0]*/[Ru""""OH,]**; and [Ru'"""OH,]**/[Ru"""OH,]**
respectively. © Determined by square-wave voltammetry (frequency, 100 Hz; step height,
0.5 mV; pulse height, 25 mV). 4Value could not be determined (see text). ® Determined
spectrophotochemically. " Determined electrochemically from the Pourbaix diagram.

The reversible one-electron [Ru'"""*OH,]**/[Ru"**OH,]*" couple occurs at 1.04,
0.91, and 1.16 V for 3.1 — 3.3, respectively, in accordance with the variable electron-
donating character of the substituents. The discrepancy of the respective one-

electron/two-proton [Ru'V=0]*"/[Ru""""OH.]* processes for 3.1 and 3.2 is much less

pronounced (~10 mV), which reflects a diminished level of &-backbonding in stabilizing
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the Ru(l11) redox level. Two distinct oxidation processes are not observed in the
voltammograms for 3.3 (discussed below).

Square wave voltammetry was used to estimate the redox potentials for the
[Ru¥=0]*"/[Ru'V=0]* redox couples because they are difficult to accurately determine
by cyclic voltammetry due to the onset of solvent catalysis occurring concomitantly with
the formation of the Ru(V) oxidation state (Figure 3-3). The square wave voltammetry
technique allows for the ability to greatly reduce background currents resulting in
increased sensitivity.*** Using square wave voltammetry a pronounced variation (~120
mV) is observed for the [Ru’=0]**/[Ru'V=0]*" couple for the series at 1.77, 1.80 and

1.89 V following the expected trend for 3.2, 3.1, and 3.3 respectively.

<
=
<
3.2
3.3
04 08 12 16 20

E (Vvs NHE)

Figure 3-3 Square wave voltammograms for 3.2 and 3.3 recorded in 0.1 M HNO3
(frequency: 100 Hz; step height: 0.5 mV; pulse height: 25 mV).
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Pourbaix diagrams for 3.1,%” 3.2, and 3.3 reveal that the [Ru"'-OH]**/[Ru"-
OH,]** and [Ru'V=0]*/[Ru"""OH]?** redox processes each differ by ~ 59 mV/pH over a
large pH range (Figure 3-4). Deviations from PCET Nernstian behaviour are observed in
regions where the dissociation of a proton is affected, leading to pH independence; i.e., at
relevant pKavalues. The peak separations of the Ru(l11)/Ru(ll) and Ru(IV)/Ru(l1l) redox
couples for 3.2 are approximately 200 mV over the pH 3.2-11.2 range. At pH < 3.2, the
oxidation of 3.2 is not associated with the loss of a proton based on the pH-independence
of the [Ru""""OH.]**/[Ru""*OH,]** redox couple. Consequently, the following oxidation
step is accompanied with the loss of two protons ([Ru'V=0]**/[Ru""""OH]**) in strongly
acidic media that is corroborated by the slope of ~ **118/pH below pH 3.2 observed in
Figure 3-4. Compound 3.2 is deprotonated at pH > 11.2 resulting in the pH-
independence of the Ru(ll) center until pH 12 where only one redox process is observed
and is assigned as a two-electron, one-proton event ([Ru'V=01**/[Ru"""OH]"). The
[Ru¥=071*/[Ru'V=0]* redox couple remains relatively constant at **1.77 V vs NHE over
the entire pH 0-13 range which is consistent with the lack of proton transfer associated

with the oxidation process.
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Figure 3-4 Plots of the pH-dependence on the electrochemical behavior (Pourbaix
diagram) of complexes 3.2 (a) and 3.3 (b). The red solid lines indicate trends in data;
diamonds, circles, and triangles correspond to the Ru(l11)/Ru(Il), Ru(IV)/Ru(lll), and
Ru(V)/Ru(1V) redox couples respectively. Dashed vertical lines indicate pK, values of
the [Ru"""OH,]*" and [Ru"""*OH,]*" from left to right, respectively (see Table 3-1).

The Pourbaix diagram for 3.3 displays some minor deviations relative to that of
3.1 and 3.2. For example, a smaller difference (~90 mV) is observed between the first
two successive PCET events over the 1.2 < pH < 10.4 range, indicating the instability of
the [Ru""*OH]*" form of 3.3. The first oxidation wave is pH-independent at 10.4 > pH <
1.2. The [Ru"V=01**/[Ru"""*OH]* couple was not observed at pH < 2.8 despite the
application of a variety of electrochemical experiments (such as slow and fast cyclic,
differential pulse and square wave voltammetric techniques), which can be attributed
again to either slow reaction kinetics at the electrode surface,**® or disproportionation of
the Ru(I11) form of the complex under acidic conditions.** The latter may be reasonable
for 3.3 considering the electron-withdrawing nature of the —CO,H group destabilizing the
protonated [Ru"'-OH,]** complex, favouring rapid disproportionation at low pH. At

higher pH values than ~4, the —-CO,H groups would be deprotonated and therefore have



90
more electron density, thereby stabilizing the high-valent [Ru'V=0]** complex.
(However, it should be noted that spectrophotometric titrations with Ce(IV) suggest three
distinct oxidation states of 3.3 accessible in 0.1 M HNO3 (see 3.2.2). Issues associated
with the one-electron/two-proton redox couple for 3.3 are complicated and beyond the
scope of this Chapter.) The [Ru¥=0]*"/[Ru'V=0]* couple for 3.3 was observed at ca. 1.9
V vs NHE over a significant pH region.

The Ew2vs pH plots facilitate the extrapolation of the pK. values of the aqua ligand
for 3.1-3.3, which are shown to track with electron density at the metal center; i.e., pKa
increases for 3.3, 3.1, and 3.2, respectively (Table 3-1 and Figure 3-4). The pK,’s of the
[Ru"-OH,]** complexes were independently verified by spectrophotometric titrations of
the respective complexes in buffered solutions and tracking the absorbance associated

with the 1 of the MLCT bands for the [Ru"—OH,]** and [Ru"-OH]"* forms (Figure 3-

a) 050 1 b) 024 c) 065

0.18 + pKa=11.2

absorbance (a.u.)
absorbance (a.u.)
absorbance (a.u.)

7 8 9 10 1" 12 13 9 10 1" 12 13 6 7 8 9 10 1" 12 13
pH pH pH

Figure 3-5 Spectrophotometric determination of pKavalues for the [Ru"-OH,]** forms of
a) 3.1, b) 3.2 and c¢) 3.3. In each case the absorbance of the !« for MLCT bands for
[Ru"-OH,]** (black) and [Ru"-OH]" (red) complexes are monitored by titrating a ~ 5 $
10 M solution of the [Ru"-OH,]** complex in pH 7 buffered solution with aliquots of 5
M NaOH.
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3.2.2 Spectroscopic Characterization of the Redox Levels at pH 1

Characterization of accessible redox levels under catalytically relevant conditions
potentially allows comparison of spectroscopic features and rational assignment of redox
states. Furthermore, determination of the spectra for the [Ru"—OH,]**, [Ru""""OH,]**,
and [Ru'V=0]*" complexes permits identification of spectroscopic handles of each of the
redox states for kinetic experiments ki, kz, ks and ko.o (Equations 3.2-3.5; discussed in

more depth later).
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Figure 3-6 Electronic absorption spectra of the [Ru"—OH,]** (black), [Ru"""*OH,]** (red)
and [Ru'V=01]* (blue) redox levels for (a) 3.1, (b) 3.2, and (c) 3.3. The Ru(lIl) and
Ru(IV) redox levels were generated by stoichiometric titrations of the complex (5 $ 10
M) with Ce(1V) in 0.1 M HNOs.
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The absorbance profiles of the three different valence forms of each complex
found early in the proposed catalytic cycle (i.e., [Ru"—OH,]**, [Ru"""*OH,]**, and
[Ru'vY=0]%*") for 3.1-3.3 are provided in Figure 3-6. The Ru(ll) species for all three
catalysts exhibits the signature MLCT band between 470 and 500 nm along with higher
energy ligand-based &-&* transitions. Oxidation of each of these complexes results in a
bleaching of this broad visible band leaving prominent spectral features in the UV region.
Respective Ru(l1l) and Ru(lV) species were each generated by adding stoichiometric
equivalents of Ce(1V) to 5 $ 10° M solutions of the respective complexes in 0.1 M
HNOg; clear isosbestic points were observed in titration experiments with 3.1 ** 3.3 and
signal the successive stoichiometric conversion of [Ru"—OH,]* to [Ru"""*OH_]*" and
[RuV=0]*" An example of a redox titration for 3.1 is given in Figure 3-7, showing the
clean conversion of one form to the other via the following reaction Equations 3.2 and

3.3.

a) 20 - b) 14
n +
[RU -OHZ] + Ce(IV) [RUI"-OH2]3‘ + Ce(IV) 2=
[Ru"-OH,J** + Ce(lll) k2N [RuV=0]2* + Ce(ll)
~ 15}
5 —~ 10 |
@ s
ek ©
8 ——0eq Ce(lV) > 08 — 1.0eq Ce(1V)
S 10 — < o—
3 ~ S ——1.33eq Ce(IV)
— Ce(lV q Ce(IV)
g —g g3eq f‘*e-:[l\/‘: g 06 - 1.50eq Ce(IV)
(.‘é; 0.6 e(IV) § —1. ;u gen\vlz
— ().84eq Ce(IV) L — 1.84eq Ce(IV)
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Figure 3-7 Spectrophotometric titrations of a 5.0 $ 10" M solutions of 3.1 with variable

quantities of Ce(IV) in 0.1 M HNOs indicating the indicated reactions (k; and k»
respectively).
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The relative stabilities of the Ru(ll) oxidation state for each of the catalysts in
solution towards spontaneous oxidation (monitored by tracking the bleaching of the
MLCT band) are progressively higher for 3.2, 3.1, and 3.3, respectively. This behaviour
is more pronounced in stronger acids (e.g., 1 M HNO3), where 3.2 is rapidly oxidized to
Ru(111) while concomitantly reducing a coordinated NO3™ anion via a series of
reactions.*** Complex 3.1 undergoes this same decomposition at a slower rate
corresponding to a pseudo-first-order rate coefficient of 1.8 $ 10 s while 3.3 is stable
ina 1.0 M HNOs solution over a period of several weeks. Consequently, all of the
electron-transfer rates and catalytic measurements were carried out in 0.1 M HNOg3 to
suppress the spontaneous decomposition of 3.1 and 3.2 in solution at lower pH values and
to evade the formation of complex hydroxides when Ce(I1V) is dissolved in aqueous
media at pH levels greater than ~1.**® It is also of note that determination of rate
constants for subsequent reaction steps (e.g., ks, ko-o) at pH 0 is impeded by the strong
absorbance of 1 M HNOs at < 350 nm masking the absorbance region of interest.

The stability of the [Ru'Y=0]*" form of 3.3 in solution was monitored in order to
investigate whether O-O bond formation could occur at an electron-deficient Ru(IV)
complex. The [Ru'V=0]*" species that is generated in solution after addition of two
equivalents of Ce(1V) undergoes a slow decomposition to species with spectral features
indicative of Ru(ll) and Ru(l11) oxidation states due to the weak absorbance features at
490 and 690 nm respectively that emerge (Figure 3-8). Decay of the [Ru'V=0]** complex
was found to be dominated by a process that is second-order in [3.3], thereby indicating a
bimolecular decomposition pathway with a rate of 1.2 M s, Possible explanations to

account for both the bimolecular nature and the spectroscopic features that emerge, and
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given that definitive isosbestic points are not observed, multiple simultaneous reactions
are likely occurring. The dominant pathway can be rationalized by invoking a
disproportionation reaction (kaisp, Equation 3.6) between two [Ru'Y=0]*" complexes
yielding [Ru"'-OH]** and [Ru¥=07** which then rapidly reacts with water to give
[Ru"'-0,H]* via ko.o. Alternatively, considering the UV-vis spectra of the oxo-bridged
“blue-dimer” (1.1) with a metal-to-metal charge transfer (MMCT) absorbance maxima of
642 nm,*® it is possible that two [Ru'V=0]** moieties couple (keoup) to yield a [Ru'"'-O-
O-Ru""1** complex with an MMCT band at 690 nm. A bathochromic shift compared to
the blue dimer being a result of extended conjugation provided by any combination of the
—CO,H, 0,* and tpy groups (Equation 3.7). However, a comparison of the strong molar
extinction coefficient for the MMCT band associated with the blue dimer compared with
the relatively weak absorbance seen here, would not support Keoup.

Emergence of a Ru(ll) state potentially indicates O-O bond formation from the
[Ru'V=0]* complex (ko.of; Equation 3.8). Regardless of the true nature of the reactions
occurring, it is apparent that the Ru(lV) state of complex 3.3 is unstable and further

investigation is warranted.

There is evidence of a similar bimolecular process occurring for 3.1, although at a

much slower rate of ~0.3 M™ s™. Both of these proposed reaction pathways deviate from
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the acid-base mechanism and not only show evidence of a bimolecular O-O bond
formation pathway but also provide evidence that nucleophilic attack of an electron-
deficient [Ru'Y=0]?* by water can possibly occur. Spectroscopic data monitoring the

[Ru'=0]*" forms of 3.1 and 3.2 do not support the occurrence of ko.o!.
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Figure 3-8 Spectral changes associated with decomposition of the [Ru'Y=0]** form of

3.3 ("t = 60 min over 16 h). Inset: Initial rates of [Ru'Y=0]*" decomposition as a

function of [3.3]%; data was monitored after the first 10 min at 350 nm. The data shown in

the main figure is associated with the blue circle in the inset.

3.2.3 Kinetics of Ce(1V) Oxidation Reactions and O-O Bond Formation

Intermolecular electron-transfer steps ki-ks (Equations 3.2-3.4) and dioxygen
bond formation step ko.o (Equation 3.5) were determined by stopped-flow methods (k;
and kz) and stoichiometric mixing experiments (ks and ko.o) in 0.1 M HNO3 by adding
equimolar quantities of Ce(IV) to the Ru(ll), Ru(l1l) or Ru(IV) forms of each of the three
catalysts (Table 3-2). The first two electron-transfer steps can be quantified by

monitoring the rates of the reaction according to Equations 3.9 and 3.10; and extracting
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rate constants using Varian Cary WinUV Kinetics software to fit an absorbance vs time
trace according to a second order reaction. The first electron-transfer step kj is rapid for
each of the catalysts; ko is slower but still rapid, and follows the trend 3.3 > 3.1 > 3.2.
Both of these electron-transfer events are relatively fast for all of the catalysts and do not
represent RDSs within the respective catalytic cycles. It is noteworthy that k, tracks with
the opposite trend expected based on thermodynamic potentials and may reflect the

relative stabilities of the Ru(l11) complexes in the trend 3.2 > 3.1 > 3.3.

Table 3-2 Electron transfer rate constants of 3.1 ** 3.3 for k; and ko in 0.1 M HNO3 at 25
+2 °C.

reaction reaction description complex”
step P 3.2 3.1 3.3
1 -1 [RUII—OH2]2+ +Ce(lV) =" 5 4 . 1b
ki (M™s™) [RUIII—OH2]3+ + Ce(ll) 1.7%$10 44%10 rapid
11 3+ -ww
o (Mt sty [RU ~OHI™ + Ce(IV) 46$10° 6.6 10° 33%10°

[Ru"V=0]*" + Ce(lll) + 2 H"

2 [complex] = [Ce(IV)] = 5$ 10° M. Rate constants represent an average of 10
consequetive trials with standard deviations < 10%. ° Time-scale too short to be resolved
(i.e.>10°M™*s™h

Values of ks were determined by tracking the rate of Ce(1V) or [Ru'V=0]* decay
(and/or the onset of a distinctive [RuY=0]*" species) following the addition of one

equivalent of Ce(1V) to the respective [Ru'V=0]*" forms of the catalysts (Equation 3.4) in

0.1 M HNOg. Itis important to note that the redox potential for the Ce(IV)/Ce(l1l) redox
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couple was measured to be ~1.5V in 0.1 M HNO3, which is 300-400 mV lower than the
Ru(V)/Ru(1V) redox couples for each of the catalysts. Furthermore, calculation of the
redox potential using the Nernst equation with two equivalents of Ce(l1l) (in order to
oxidize the Ru(lIl) forms to the Ru(lV) form) and one equivalent of Ce(IV) results in a
slight lowering of the Ce(IV) reduction potential to ~ 1.45 V. Thus, there is a significant
underpotential associated with formation of the active [Ru¥=0]*" complex under these
conditions. With superstoichiometric amounts of Ce(1V) (> 10 equivalents), the opposite
effect supervenes and the potential for the Ce(IV)/Ce(l1l) redox couple is raised, likely
removing or lowering this barrier.

Following Equation 3.11, and assuming the formation of the active [Ru/=0]**
complex a subsequent ko.o step can then be extracted according to Equation 3.12 using
the corresponding integrated rate law described in Equation 3.13: (A) absorbance at time
t; (Ao) absorbance at t = 0; A¢ = absorbance at t¢ (Table 3-3). This procedure was shown
to be particularly effective for the analysis of single-site catalysts by Meyer and
coworkers® but produced a disparate and often ambiguous set of results for each of the
catalysts in this study.

The combination of 1 equivalent of Ce(IV) with the [Ru'Y=0]** form of 3.1,
produced a similar plot as that observed by Meyer and coworkers for the
[Ru(tpy)(bpm)(OH,)]** complex.®* Figure 3-9 plots absorbance vs time at 307 nm
(corresponding to the greatest spectral changes), where the initial decrease in absorbance
is assigned as the consumption of Ce(1V) due to the strong absorbance features of Ce(1V)
at <400 nm. Fitting the absorbance trace to a second-order decomposition (Equation 3.6)

gives a rate of ks for 3.1 at ~4.0(8) M™* s in 0.1 M HNOs, which is comparable to
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Meyer’s value for [Ru(tpy)(bpm)(OH2)]*" at 5 M™ s.% The second regime of the
reaction is assigned as the critical O—O bond formation reaction (ko.o), and spectral
features arise at 688 nm that are consistent with a ligand-to-metal charge transfer
(LMCT) for [Ru'"'-0,H]* polypyridyl systems® and importantly this peak is not present
in the [Ru"'-OH]** form of 3.1 from the Ce(IV) titration experiments (Figure 3-6).
Fitting the absorbance vs time trace at 688 nm to a first order reaction (Equations 3.7 and

3.8) yields values of ko.o for 3.1 at 2.3(1) $ 10* s™.

Table 3-3 Electron transfer rate constants for ks and the rate of O—O bond formation, ko.o
for 3.1 3.3in 0.1 M HNO3z at 25 + 2 °C.

reaction : N complex®
step reaction description 32 31 33
IV_~13+ -w
ks (Mt sty [RU =01+ Ce(IV) 3.7(5) 4.0(8) v

[RuY=07** + Ce(lll)

V_~13+ -w
Ko-o (s™) EEE'E%]ZH];J_EEF 3.02) $10° 23(1)$10* 8$10™

2 [complex] = [Ce(IV)] = 4.7 $ 10 M. Rate constants represent an average of 3 trials
with one standard deviation indicated in parantheses. b Competing reaction pathways
likely complicate this value.
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Figure 3-9 Time dependent UV-vis spectra following the addition of 1 equivalent of
Ce(IV) to the [Ru'V=0]*" form of 3.1 in 0.1 M HNOs. a) Spectral changes associated with
the consumption Ce(IV) (**'t = 30 min over 4 h). Inset: kinetic trace monitored at 307 nm.
b) Spectral changes associated with the formation of [Ru"'-0,H]** for 3.1. ("'t = 30 min
over 5 h). Inset: kinetic trace monitored at 688 nm.

A similar set of experiments for 3.2 yields less distinguishable features and
assignments given here are speculative (Figure 3-10). A kinetic trace following the
absorbance as a function of time at 320 nm reveals two regimes of reactivity with
reasonably well-defined isosbestic points. Over the first ~13 000 s, the absorbance
decreases, which is consistent with the consumption of Ce(IV). Assignment of this
regime to a reaction corresponding to ks for 3.2 results in a second-order rate constant of
3.7(5) M s Although this value is remarkably close to ks for 3.1, it should be
cautioned that decomposition for 3.2 may be occurring, as it was shown in the previous
chapter that the complexes bearing EDG were subject to more facile decomposition,
especially at higher valent states.® Other side-reactions may be occurring and the
feature being monitored may not correspond to k3. Assigning the second regime as O-O
bond formation is consistent with spectroscopic features in Figure 3-6 for a Ru(l1l)

species that generally have absorbances in the UV region that are stronger than those of
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the higher valent states. The O—O bond formation is a pseudo-first order reaction in the
aqueous media, and gives a value of ko.o at 3.0(2) $ 10° s™. This reaction is rather slow;
in fact it is slower than the rate measured for 3.1. This slow rate of O-O bond formation
is consistent with the EDG imparting greater electron density at the [RuY=0]** unit and
consequently lowering the electrophilicity of the oxo unit, rendering it less susceptible to
nucleophilic attack by a water substrate. In contrast to 3.1, there were few spectral
changes over the course of the reaction (~60 000 s) possibly indicating the stability of

higher valent forms of 3.2.
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Figure 3-10 Spectral changes upon addition of 1 equivalent of Ce(IV) to the [Ru'V=0]**
form of 3.2 in 0.1 M HNO3 displaying the two regimes (a, b) and the kinetic trace (c)
monitored at 320 nm.

In the case of 3.3, the addition of 1 molar equivalent of Ce(IV) to the [Ru'V=0]*
species leads to a successive decrease and increase in absorbance again over time, most
dramatically at 320 nm (Figure 3-11). While this behaviour is expected assuming ks and
ko-o, there are two additional pathways that diverge from the [Ru'V=0]*" species that may
be operative based on the observed spectral changes (see 3.2.2, e.g., ko-of and Kaisp);

however, there are noteworthy discrepancies. Because electron-transfer step ks is
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expected to be very slow under these conditions due to the energetic demands of
oxidizing the Ru(IV) complex, and from the observed bimolecular activity observed for
the [Ru'V=01** species, it is difficult to confidently assign the reactions occurring, the
spectral changes are somewhat different from those in Figure 3-8. Assuming the WNA
mechanism, the rate of ks is found to be ~2 M™* s by fitting the absorbance trace at 490
nm as the formation of the [RuY=0]*" species. Subsequent O-O bond formation step koo
is attributed to the emergence of spectral features at 690 nm with a rate of ~8 $ 10 s™,

which is notably faster than for both 3.1 and 3.2.
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Figure 3-11 Spectral changes for a 5.0 $ 10" M solution of 3.3 following the addition of
3 molar equivalents of Ce(IV) in 0.1 M HNOs at 25 + 2 °C. Inset: absorbance changes at
indicated wavelengths.

It should be mentioned that the assignment of spectral bands is difficult and the
harsh conditions and instability of the higher oxidation states can complicate the accurate
assignment of specific steps and rates. Meyer and coworkers’ use of these methods may

have been the result of fortuitous use of complexes that yield definitive and quantitatively
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meaningful rates. It is for this reason, other methods of characterization were employed
(e.g. ESI-MS, isotopic labeling, etc.). We attempted to carry out DFT calculations on the
proposed catalytic intermediates for the series 3.1-3.3, however, the extent of the
computations required significant resources that were unavailable within our laboratory.
Furthermore, the studies presented herein were based on experimental findings and a

following study employing DFT calculations is certainly worth investigating. **

3.2.4 Spectrophotometric Determination of Catalytic Rates by Monitoring the
Consumption of Ce(1V)

The consumption of Ce(1V) was monitored in 0.1 HNO; (Figure 3-12) at 360
nm* to determine the observed catalytic rates (ke) for the reaction described in Equation
3.1; relevant data are collected in Table 3-4. Values of k., determined from the
spectrophotometric experiments are presented in terms of Ce(1V) consumption. A direct
comparison of the rates obtained here can be compared to observed rates of dioxygen
evolution from the relation from Equation 3.1 where; -(1/4)d[Ce(1V)]/dt = d[O,]/dt. A
typical reaction involves adding 30 equivalents of Ce(1V) to a 1.0 - 9.0 $ 10”° M solution
of the catalyst.

The spectrophotometric determination of k., for 3.1 and 3.3 reveals a dominant
pathway that follows zero-order dependence in [Ce(IV)] over the initial stages of the
reaction due to the linear decrease in absorption with time. (Under catalytic conditions for
3.3in 0.1 M HNOs3, a visible precipitate forms in the reaction flask; this process is
concentration dependent with higher concentrations leading to more rapid formation of

the precipitate.) A linear relationship between initial reaction rates and [Ru] indicates
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that the catalytic behaviour follows the rate expression -d[Ce(IV)]/dt = kex[RuU]
(determined by the slopes in Figure 3-12 a and c), which implies that the RDS is not
associated with an oxidation step or an interaction with a Ce species. Considering that
the oxidation of the purported [Ru'V—0,]** complexes for 3.1 and 3.3 are unlikely based
on thermodynamic considerations, and that ko.o is presumably faster for 3.3 than 3.1 (yet
keat follows an opposite trend), the RDS is assigned as ko, for both catalysts. This
assignment is analogous to that of Meyer and coworkers assessment of
[Ru(tpy)(bpm)(OH,)]** under similar conditions.*> This result indicates that, under
conditions of excess Ce(IV), the ks step is enhanced due to Nernstian effects (e.g., E is

1.43 and 1.54 V with 3 and 30 equivalents of Ce(IV) in 0.1 M HNOg, respectively)

assuming outer-sphere electron transfer reactions.
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Figure 3-12 Spectrophotometric determination of ke, for (a) 3.1, (b) 3.2, and (c) 3.3 in
0.1 M HNOgs at 25 £ 2 °C by tracking the initial rates (t = 0-600 s) of Ce(1V)
consumption at 360 nm as a function of [Ru] following the addition of 30 equivalents of

Ce(IV) to the catalyst.

The extraction of ke, for 3.2, on the other hand, reveals behaviour that is non-zero

order in [Ce(IV)] and follows the expression —(1/4)d[Ce(IV)]/dt = kea[3.2][Ce(IV)],



104
where ke= 0.25 M s (Figure 3-12b). This rate expression is aligned with the RDS
being ks (ksis ~3.7 M™* s%), which underscores how electronic parameters can affect the
position of the RDS. Furthermore, independent experiments depicted in Figure 3-13 also
derive a rate constant of ~0.3 M s, The higher ke value for 3.2 compared to 3.1 and
3.3 also indicates that there is favourable dioxygen release from a Ru(V) level relative to
a Ru(IV) center and/or the electron-donating groups help to labilize the (end-on® or side-
on*¥"3) peroxo ligand. Note that the slope in Figure 3-12b does not pass through the
origin, which suggests the contribution from another competing pathway that consumes
Ce(IV) that may be related to a decomposition route. Indeed, an irreconcilable issue
arises with the ko.o value measured in the kinetic experiments above being only ~3.0 x
10 s (t, = 23 100 s) which is nearly an order of magnitude slower than ke at 0.25 M™
s™ (under catalytic conditions with 30 equivalents of [Ce(IV)], tu2 = 1850 s). While a
slow koo value is expected for 3.2 based on the EDG trans to the Ru oxo, the data is not
consistent with this step being rate limiting. Given that the values obtained for “ko.o”
and the y-intercept of the catalytic rate experiment are similar, and that the “ko.o” is far
too slow to be involved in the catalytic cycle, it is proposed to represent the rate of a
deactivation or decomposition route.

It should be noted that similar experiments to those shown in Figure 3-13 were
conducted for 3.1 and 3.3, but revealed a much lower dependence on [Ce(1V)], possibly
suggesting that the catalytic reactions for 3.1 and 3.3 are dominated by first-order

dependence in [Ru], although catalysis may be best described as mixed first and second-

order (i.e. rate = kea[RU] + keaf[RU][Ce(IV)]).
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Figure 3-13 Initial rates (M s™) of Ce(IV) consumption as a function of [Ce(IV)] (a) and
[3.2] (b) in 0.1 M HNOs. All initial rates were collected fromt=0-600sat25+2°C by
monitoring the consumption of Ce(1V) at 360 nm.

Table 3-4 Spectrophotometric determination of catalytic rate constants (kca) for 3.1 — 3.3
at25+2°C?

0.1 M HNO; 1.0 M HNO;
complex rate expression Keat " rate expression Keat "
1.6$10%s™ IV 11
3.1 Kea[3.1] (4400) kea[3.1][Ce"Y] 5.5 MTsT(840)
25M1s? 4
3.2 kea[3.2][Ce"] ?18‘20) s kea[3.2][Ce"Y] 45 M s (12)
1.1$10%s? 4
33 kea3.3] (640$0)0 S al33lce™] 2.3 M1 s (2000)

A[Ru]=1.0-9.0$ 10 M; [Ce(IV)] = 3.0 - 27 $ 10 M; ke determined by monitoring
the consumption of Ce(lV) at 360 nm in the spectrometer. b t1> values indicated in
parantheses; first-order = In(2)/keat; second-order = In(2)/ke[Ce' 1o, =>° where values of
[Ce'], = 30[Ru] where [Ru] =5 $ 10° M.

An incidental outcome of these experiments is the spectral profiles that converge
at the end of the catalytic runs (Figure 3-14). The dominant species under catalytic
conditions for 3.1 is consistent with a Ru(1V) complex (e.g., [Ru'V=0]*" or [Ru'V-0,]*"),
which is aligned with the significant energetic barriers associated with ks and ko,. The

time-dependent spectra for 3.2 do not converge on the [Ru'V=0]** complex and support

the dominant species in solution possibly being a [Ru'Y—0,]** species. The spectral
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difference may also reflect the stabilization of different bonding motifs of the [Ru'v-
0,]** complex late in the catalytic cycle relative to 3.1 (i.e., end-on versus side-on).

In the case of 3.3, the spectral changes are distinctive in that a signal at 486 nm
begins to emerge over time. This is an intriguing result because this band is a signature
of a Ru(ll) MLCT transition, but the Ru(Il) complexes specified in Scheme 3-1 are
presumably all susceptible to rapid oxidation in the presence of Ce(IV). Coupled to the
knowledge that the catalysts bearing EWG display the highest long-term stability, the
onset of this signal is attributed to the stabilization of the Ru(ll) resonance form of the
side-on peroxo/dixoygen complex (Scheme 3-2) by the electron-withdrawing groups.
These collective results indicate that the generic assignment of ko, as the RDS may be
complicated by the precise bonding arrangement of the Ru(IV) species late in the

catalytic cycle; this specific feature currently lacks clarity in the literature.®*

Scheme 3-2 Possible resonance forms of [Ru'-0,]** complexes.

A significant increase in the rate of consumption of Ce(1V) was observed in 1.0 M
HNO; for all of the catalysts and each follow the expression rate = kex[Ru][Ce(IV)]
(Table 3-4). The ke value is particularly rapid for 3.2 (45 M s™%), while 1 is only
slightly faster than that of 3.3. (There is no observable precipitate for 3 under these
conditions.) This trend is attributed to ks being rate-determining for all three catalysts

under these conditions (consistent with that of 2.11), so that ke is dictated by the
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accessibility of the Ru(V) level; i.e., 3.2 > 3.1 > 3.3. The disparate rates at pH 0 and 1
highlight how reaction conditions can affect catalytic activity given that ksand ksare 3.7
and 0.25 M s%in 0.1 M HNO3, respectively, but ke in 1.0 M HNOsis 45 M s, An
issue arises involving the O-O bond-forming step. The rates for all three catalysts are
drastically faster at pH 0 than at pH 1, even surpassing the proposed steps that do not
involve oxidation (i.e., ko-o0), thereby specifically suggesting an alternate O-O bond-
forming pathway since ks can bypass ko2. A thorough investigation of these mechanistic
implications is rendered very difficult by the use of 1.0 M HNOj that prevents UV-vis
monitoring due to the masking of spectroscopic features <350 nm. A detailed DFT study
could potentially provide insights in this regard and provides motivation for future

studies.
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Figure 3-14 Spectral changes as a function of time following the addition of 30
equivalents of Ce(IV) in 0.1 M HNO; for (a) 3.1 (5.0 $ 10 M), (b) 3.2 (2. $ 10° M), and
(c) 3.3(2.5$ 10° M). Spectra are measured in 60-min time intervals; arrows indicate
trends in data. The spectra for the [Ru'V=0]*" forms of each of the catalysts are provided
as a benchmark.
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3.2.5 Determination of Catalytic Rates of Dioxygen Evolution

Time-dependent dioxygen evolution measurements were measured for each of the
complexes using a fluorescent probe in the headspace of the reaction vessel (Figure 3-15
and Table 3-5). In contrast to the previous experiments, these trials require a large excess
of Ce(IV) (i.e., > 200 equivalents) to generate a significant quantity of dioxygen in the

headspace for a satisfactory signal-to-noise level.
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Figure 3-15 Dioxygen evolution traces for 3.1 ** 3.3 in (a) 0.1 M HNOg, (b) 1 M HNO3
([Ru] = 7.0 $ 10°° M; volume = 3 mL; [Ce(1V)] ) 13 mM).

In 0.1 M HNOg, the catalytic rate of dioxygen evolution (Keps.02) for 3.2 (1.5 $
10" s) is approximately twice that of 3.1 (0.61 $ 10 s™%); both follow the expression
d[O2])/dt = kops-02[Ru] (zero-order in [Ce(IV)]) under pseudo-first-order conditions
(Figure 3-15a). Stoichiometric conversion of oxidizing equivalents to dioxygen are
observed only for 3.2 over a 20 hour period due in large part to the faster catalytic rates
of 3.2. While complications arise for measurements with 3 due to the formation of

precipitates over the course of the reaction, catalysis persists following zero-order
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reaction behaviour at *3$ 10° M s™. This observation is ascribed to either slow
dissolution of a catalytically active form of 3.3 or dioxygen formation on the surface of a
nanoparticulate decomposition product. Over longer time periods, 3.1 and 3.3 may be
able to mediate the complete consumption of Ce(1V), though complications are likely to
arise due to the instability of Ce(1V) in solutions over a period of days and/or stability of
the complexes themselves. In 0.1 M HNO; the amount of dioxygen formed is less than
stoichiometric for 3.1 and 3.3 and approximately stoichiometric for 3.2.

In 1.0 M HNOg, the rates of dioxygen evolution by all three catalysts are
enhanced by more than an order of magnitude and follow the trend 3.2 > 3.1 > 3.3
(Figure 3-15). For each of the catalysts, the amount of dioxygen evolved corresponds to
the amount of oxidant introduced into the reaction flask (sufficient for ca. 50 turnovers).
The initial TOF for 3.2 is nearly 0.1 s, representing one of the highest TOF reported at
the time (late 2010) for a single-site Ru polypyridyl water oxidation catalyst. These
dioxygen evolution experiments further support that the position of the RDS and the

stability of the complexes can be affected by reaction medium.
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Table 3-5 Observed rates of dioxygen evolution and catalyst efficiencies in HNO; at 30
+2°C?

0.1 M HNO; 1.0 M HNO;

complex Kobs-02 initial TOF  efficiency Kobs-02 initial TOF
PIEX (5107 sY)° ($10%sY)° (%) ($ 107 s’ ($102sh)°

3.1 0.61 0.33 80 10 3.9

3.2 1.5 1.1 ~100 18 9.7

3.3 - 0.56 50¢ 6.9 3.7

& Measured using a fluorescent optical probe in the headspace of the reaction vessel with
200 equivalents of Ce(1V); [Ru] = 7.0 $ 10° M; [Ce(1V)] = 1.4 $ 10 M. ® Pseudo first-
order rate constant obtained by exponential fit of dioxygen evolution traces (error + 5%).
¢ Initial turnover frequency (TOF) calculated from maximal initial rate and is defined as
moles of O, per mole of catalyst per second. ¢ Catalyst efficiency is defined as the
consumption of Ce(1V) resulting in stoichiometric equivalents of dioxygen (max 20 h; =
5%). °A precipitate forms over the course of the reaction leading to zero-order behaviour
in [3.3] with rate ~3$ 10° M s™.

3.2.6 Electrospray lonization Mass Spectrometry Studies

Electrospray-ionization mass spectrometry (ESI-MS) is a soft ionization
technique that has demonstrated the facility to probe reactions under catalytic conditions
in order to provide a snapshot of catalytically relevant intermediates.****** Generally,
polar solvents are required to stabilize charges in ESI-MS, and most instruments are well
equipped to evaporate solvents with boiling points as high as water. Although neutral
species are invisible to ESI-MS, all predicted intermediates in the catalytic pathways of
3.1-3.3 are anticipated to bear a charge (Scheme 3-1), thus enabling the ESI-MS study of
native reactions at optimal concentrations or loadings. Also fortuitous is the fact that
many of the catalytic intermediates in this study are characterized by unique empirical
formulas that appear in a distinct region of the mass spectrum; thus the tedious issue of
delineating the overlapping spectroscopic signals of chemically similar compounds is

avoided (e.g., [Ru'V=0]*" versus [Ru'V—0,]*").
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Figure 3-16 Positive and negative ion electrospray mass spectrum of a solution of 3.1
([3.1] = 1 mM) recorded immediately after the addition of (a) 1, (b) 2, (c) 3, (d) 4, and (e)
16 equivalents (catalytic conditions) of Ce(IV) in 0.1 M HNOs. Insets: Expanded m/z
regions showing experimental and calculated isotope patterns of selected signals.
Assignment of signals not described in figure: [Ru(tpy)(bpy)]2+ (A); [Ru(tpy)(bpy)OH]"
(D); {[Ru(tpy)(bpy)I(NO3)}" (E); {[Ru(tpy)(bpy)OH](CIO.)}" (Gy);
{[Ru(tpy)(bpy)Ol[Fe(NOs)s]}" (H); [Fe(NOs)s]™ (L); [Ce(NOs)s0]” (M); and
[Ce(NO3)3(ClO4)] (O).
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Figure 3-16 shows the mass spectra of 3.1 measured shortly (t = 6 s) after the

addition of 1, 2, 3, 4, and 16 equivalents of Ce(IV) in 0.1 M HNOs. The addition of 1-2
equivalents of Ce(1V) (Figure 3-16a-b) reveals a solution with a mixture of the expected
cationic Ru(l11) and Ru(1V) metal species that reach a charge balance with the various
anions present in solution (residual Ru(ll) is observed and may be present in solution due
incomplete mixing and/or charge reduction processes occurring during ionization). The
spectrum obtained after the addition of 3 equivalents of Ce(1V) to 3.1 does not reveal any
signals corresponding to a [Ru¥=0]*" species in experiments recorded 6 seconds, 1
minute (Figure 3-16¢), 60 minutes, and 2 days after mixing the reagents. The addition of
another equivalent of Ce(IV) (Figure 3-16d) leads only to a minor change in speciation,
with the notable appearance of the intermetallic ion pair K {[Ru(tpy)(bpy)O]-
[Ce(NOs)s]} (K). Because ClO4, NOs5', and [Ce"'(NOs)4] are present in greater
quantities than [Ce'(NOs)s]  at this stage of the reaction, this as an indication that the
[Ru'vV=0]* fragment may have a higher affinity for [Ce(NO3)s] than any of the other
anions present in solution. An obvious interpretation of the observation of K is the
assignment of it as {[Ru" (tpy)(bpy)OJ**-[Ce"'(NOs)s]*}" a result of strong electrostatic
attraction between the highly charged species immediately following an outer-sphere
electron transfer (ks). However, it is also conceivable that an auxiliary reaction pathway
involving [Ce(NOs)s]” was operative, with a Ce(IV) ion playing a role in activating one of
the N-O bonds of the NO3. Evidence for this strong interaction and subsequent O-O bond
formation was provided by MS/MS of K, which resulted in a mass consistent with

[Ru(tpy)(bpy)(02)]" (R) at 523.15 m/z (Figure 3-17). This interaction may also be
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responsible for the formally endergonic electron transfer between the catalyst and Ce(1V)

and/or the stabilization of the highly oxidizing [RuY=0]**/[Ru'V=0]*" centers.
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Figure 3-17 Positive ion ESI-MS/MS of {[Ru(tpy)(bpy)O][Ce(NOs)s]}" (K) in Figure 3-
16 highlighting that R is a product of the gas-phase fragmentation process. Remaining
species are assigned as [Ru(tpy)O]" (S); [Ru(tpy)(N2C1oH,)O]" (T);
{[Ru(tpy)(bpy)OI(NO3)}" (U); {[Ru(tpy)(bpy)O][Ce(NOs)s]}" (V);
{[Ru(tpy)(bpy)O-][Ce(NOs)s]}" (W); and {[Ru(tpy)(bpy)O.][Ce(NOs).]}" (X).

The mass spectrum recorded under catalytic conditions (i.e, 3.1/Ce(1V) 1:16; t &
10 min after mixing; Figure 3-16e) provides a snapshot of the various intermediates that
are generated rapidly under genuine catalytic water oxidation reaction. ESI-MS has been

99.105 o after the

used several times to characterize species at the end of a catalytic run,
independent generation of various intermediates,™* but only one other study provided
ESI-MS of a catalytically active solution without the observation of any interesting
catalytic intermediates.”” Note that the relatively high concentration of reagents rapidly
produces dioxygen, so the conditions are expected to be suitable to observe intermediates

at various stages of the catalytic cycle. The spectrum under these conditions bears a close

resemblance to those recorded after the addition of 3-4 equivalents of Ce(IV); however,
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there are new signals that are instructive to this analysis; for instance a signal
corresponding to the dioxygen complex, [Ru(tpy)(bpy)(O2)]" (R), which liberates
dioxygen under MS/MS conditions (Figure 3-18). It has been suggested that our
assignment of R was incorrect, stating: “...we believe that the species Wasylenko et al.
observed to have an ESI-MS signal at m/z 523.15 is likely [Ru(tpy)(bpy)(OOH)]+ (MW
523.54).”*% The authors failed to consider that our assignment was based on MS/MS
studies that clearly showed a liberation of O, and that 523.54 is the average molecular
weight and does not correspond to the most intense peak in a mass spectrum (m/z

"0,]* complex does

523.15). Therefore, the assignment of R is indeed correct. A [Ru
not appear in the proposed catalytic cycle (or in any other proposed mechanisms to date)
and its presence may arise from either charge reduction processes during the ionization
process or through alternate mechanistic pathways (e.g. kaux). The intensity of R is only
1% of the mass spectrum, but it does provide rare structural evidence of an authentic
Ru-O, complex. Similar experiments were conducted on 3.2, and the solution-phase ESI-
MS and MS/MS of the bimetallic {[Ru(tpy)(bpy-OMe)(0)]-[Ce(NO3)s]}" were consistent
with the results reported for 3.1. It is noteworthy that dioxygen complexes of Ru and Ir

have been previously observed by ESI-MS in gas phase reactions,****** but the

observation of such a species from a solution phase reaction has limited precedent.
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Figure 3-18 ESI-MS/MS fragmentation pattern of [Ru(tpy)(bpy)(O2)]" (m/z 523.15).

(Note that the loss of H,O is a consequence of the contribution of
[Ru(tpy)(bpy)(O)(OH,)]* (m/z 525.15).

3.2.7 180 Labeling Experiments

Compelling evidence that there is at least one competing pathway to the WNA
mechanism is provided by isotopic labeling experiments in **OH,-labeled water (Table 3-
6). Tracking the relative concentrations of the gases that form in the headspace under
catalytic conditions at pH 1 revealed that 3.1 and 3.2 produced a higher level of 1°0="°0
and lower levels of *°0="20 and **0="%0 than would otherwise be expected if only the
WNA mechanism is operative (reliable data for 3.3 could not be collected because of the
formation of the precipitate). Given that the only other source of oxygen atoms present in
the respective reaction flasks is a stoichiometric quantity of ClIO4” counterions and a
significant excess of NO3™ (from the acid and Ce(I1V)), it can be inferred that the anions
are involved in the O-O bond-forming step (note that control ESI-MS experiments of
Ce(IV) sitting in a solution with **0-labeled water exclude 0 being incorporated into

Ce(1V) on a timescale of hours.) It is primarily on theseexperimental findings that an
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auxiliary O-O bond formation pathway Kkaux is proposed in Scheme 3-1. The results in
Table 3-6 support the notion that an O-atom is derived from a source other than water. In
the case of 3.2, for example, the isotopic distribution is consistent with 10-12% of the
evolved dioxygen containing an O-atom from an alternate source via an auxiliary O-O

bond formation pathway.

Table 3-6 Relative abundance of *°0="°0, **0="20, and **0="%0 generated during the
oxidation of **OH,-labeled water by 3.1 and 3.2 in 0.1 M HNO3.2

relative abundance
complex O, isotopomer observed” theoretical® % deviation®

*o="0 0.90(3)  0.837 8
3.1 0="80 0.09(3)  0.156 -41
80="80 0.004(1) 0.0072 -45
0="*0 0.862(1) 0.843 2
3.2 %0=%0 0.133(1) 0.150 -11
¥0="20 0.055(1)  0.0067 -18

2[Ru] = (2.9 - 3.4) $ 10" M; [Ce(1V)] = 0.08 — 0.09 M:; total volume = 2.9 — 3.5 mL. b
Relative ratios of dioxygen signals; one standard deviation from at least three separate
trials indicated in parantheses. ¢ Probability of 10% ‘®0O-labeled water producing *0,,
%0, and %0, is 0.81, 0.18 and 0.01 respectively; values account for dilution imparted by
solution mixing. ¢ % deviation = (observed — theoretical)/theoretical x 100%; theoretical
values assume both O-atoms of dioxygen are derived from water.

In order to corroborate the theory of an O-O bond-forming step involving a NOx
source, experiments were conducted to verify the evolution of NO, during catalysis (see
Kaux IN Scheme 3-1). While GC-MS did not prove to be an effective method for detecting
this particular species at modest concentrations, laser cavity ring-down spectroscopy
proved to be a useful tool in this regard:**® NO, was detected immediately following the

addition of catalyst to a solution of Ce(1V) in 1.0 M HNO3 (Figure 3-19). Moreover, the

maximum rate of NO, evolution tracks the maximum rate of dioxygen evolution (a short
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delay in signal response is due to transit of the analyte to the sensor within the sample
chamber). In combination with the ®0H, labeling studies, the detection of NO, provides
evidence of the existence of at least one other mechanistic pathway with an O-atom
derived from a source other than water, signifying the complexity of the reactions
occurring under these harsh acidic and oxidizing conditions.

From the amount of dioxygen expected from the intial concentration of CAN,
there is little more than 1% NO, formed on a molar basis over the course of the reaction.
However, NO; is unstable in aqueous media and reacts with water and dioxygen to
produce HNOg, therefore the amount detected represents a lower limit and larger

quantities are likely produced.
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Figure 3-19 Detection of NO; following addition of 3.1 (8.0 $ 10" mol) to a solution of
CAN (0.083 M) in 2 mL of 1.0 M HNO;. Total flow rate = 5.16 L min™ using air as the
carrier gas. Note that there is negligible evolution of NO; from the solution of CAN in
1.0 M HNOg, demonstrating that the presence of 3.1 promotes the formation of NO;,
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3.3 Summary

Given the large amount of varied experimental work described in this chapter, a
summary of the catalytic cycles is provided here with an emphasis on each of the

complexes 3.1 — 3.3 presented sequentially. The intent of the study was to build on the
mechanistic findings of homogeneous water oxidation catalysts that had begun to appear
in the literature by establishing specifically how electron density at the metal site affects
the catalytic activity of mononuclear octahedral polypyridyl Ru(ll) complexes, which had
yet to be investigated. The mechanistic studies presented in this chapter unveils a
complicated reaction landscape that is impacted by reaction medium and expands on the
prevailing and simplistic WNA mechanism as documented by Meyer et al. as of early
2010.%

There is supporting evidence that each of the complexes undergoes some
variation of the WNA mechanism in 0.1 M HNO, with deviations that arise as a result of
the varied electron density at the metal site imparted by the bidentate ligands that are
particularly influential on the critical Ru-O vector. Arguments presented in Chapter 2
suggested a single mechanism for each of the complexes studied and invoked the trans-
effect and trans-influence as factors controlling catalytic rates. This is conceivably the
case in strongly acidic media (e.g. 1 M HCIO, and 1 M HNO,) and with a large excess (>
5000 molar equivalents) of Ce(IV) that may serve to render oxidation steps as non-rate

limiting.

3.3.1 Description of the Catalytic Cycle of 3.1

The combination of electrochemical, spectroscopic, mass spectrometry and
isotopic labeling studies on 3.1 are largely supportive of the WNA mechanism being

dominant in 0.1 M HNO,. Generation of the catalytically active [Ru¥=0]*" complex
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allows facile O-O bond formation from an incoming water substrate. Spectroscopic
kinetic studies indicate a RDS that is independent of [Ce(IV)] and first-order in [3.1].
Spectroscopic determination of k., is notably slower than the purported k,_, step and the
RDS is therefore assigned as k,, consistent with Meyer and coworker’s study of
[Ru(tpy)(bpm)(OH,)]**.** Rates are significantly greater in 1.0 M HNO, with a shift in
the rate expression to become first-order in both [3.1] and [Ce(1V)] indicating an
oxidation step as the RDS. Given that k, is expected to be enhanced by the higher
reduction potential of Ce(IV)/Ce(lll) in 1.0 M HNO,, the RDS is therefore assigned as an
oxidation step later in the proposed catalytic cycle, namely k.. This assignment
implicates that previous steps in the catalytic cycle are enhanced, such as kg, that may be
a result of the lowering of activation barriers associated with O-O bond formation.

Evidence for auxiliary sources of oxygen atoms is suggested from the
combination of mass spectrometry, isotopic labeling and NO, detection using 3.1. The
most likely source of adventitious oxygen atoms is the abundant nitrate anions present
from both the reaction medium (i.e. HNO;) and (NH,)[Ce(NO;),] indicating that the
prevailing notion of (NH,)[Ce(NO,),] acting solely as an innocent oxidizing agent may

not be entirely accurate in the study of water oxidation catalysis.

3.3.2 Description of the Catalytic Cycle for 3.2

The most facile of the three complexes studied here is 3.2, and the most notable
difference is associated with the catalytic rate expression shifting towards a first-order
dependence on [3.2] and [Ce(IV)] in 0.1 M HNO; as compared to 3.1. A dependence on

[Ce(IV)] suggests an electron transfer step as the RDS. Kinetic spectroscopic studies
suggest that the oxidation occurs later in the catalytic cycle as the purported k, rate

constant was found to be faster than k_,. On these grounds it is reasonable to assign the
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RDS as k; followed by rapid reductive elimination of dioxygen. However, spectroscopic
studies attempting to quantitate k., for 3.2 are inconsistent as the rates were found to be

an order of magnitude slower than k. It is therefore reasonable to assume that the
spectroscopic features associated with k, o in the spectroscopic studies are made difficult

by alternate, potential decomposition pathways that are consistent with earlier studies
suggesting that 3.2 undergoes relatively rapid deactivation or decomposition. Evidence

for auxiliary pathways is again provided by the combination of spectroscopic, mass
spectrometry and isotopic labeling.

Water oxidation is rapid in 1.0 M HNO, with a rate expression that suggests first-
order behaviour in both [3.2] and [Ce(IV)], and the RDS is assigned again as Ks.

Dioxygen evolution experiments reveal stoichiometric conversion of Ce(IV) equivalents
into dioxygen (50 turnovers) with an intitial TOF of ~0.1 s™* which was one of the most

rapid single-site Ru-based catalysts at the time.

3.3.3 Description of the Catalytic Cycle for 3.3

The most electron-deficient catalyst studied in this series, 3.3 exhibits the least
stability at higher oxidation states with evidence for reactivity at the Ru(l11) and Ru(1V)
states. The disappearance of the Ru(IV)/Ru(ll1) redox couple for 3.3 at low pH suggests
the possibility of disproportionation resulting in a net two-electron redox process, or from
Kinetic issues at the electrode surface. Titration experiments advocate the presence of at
least three distinct oxidation states (e.g. Ru(ll), Ru(l1l) and Ru(IV)), however, the
electron-withdrawing nature of the carboxylic acid groups renders the [Ru'V=0]*" species
reactive. Spectroscopic studies carried out on the [Ru'Y=0]?* form of 3.3 suggest a

bimolecular decomposition pathway that is most consistent with a disproportionation
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pathway to produce [Ru"'-OH]** and [Ru=071**, the latter can then continue along the
WNA mechanistic pathway. There exists the possibility that O-O bond formation is
occurring at the [Ru'V=0]?* complex, but further studies are needed.

Under catalytic conditions, the data is most consistent with a rate expression that
is zero-order in [Ce(IV)] and first-order in [3.3]. The RDS is suggested to involve the
release of dioxygen from a [Ru'V-0,]*" complex (ko) at a slower rate than 3.1.
Spectrophotometric experiments under catalytic conditions in 0.1 M HNOj reveal a
growing spectral feature that is suggestive of a Ru(ll) MLCT band. Reconciliation of this
feature under conditions of excess Ce(IVV) may involve resonance forms of the dioxygen
complex. Also, under catalytic conditions in 0.1 M HNOs, an insoluble material is
formed that appears to remain active towards water oxidation, but at a much slower rate
and with a zero-order dependence that may suggest that catalysis persists upon
dissolution of an active species. In 1.0 M HNOjs the rates are significantly enhanced and
the data is suggestive of a rate expression with first-order dependence on both [3] and
[Ce(IV)] indicating an oxidation step as the RDS.

Dioxygen evolution experiments in 0.1 M HNO; are complicated by the
formation of a precipitate, but in 1.0 M HNOs, catalysis is relatively rapid and proceeds

to stoichiometric production of dioxygen based on the amount of Ce(IV) present.

3.3.4 A Comment on Results from Other Research Groups Studying 3.1
Subsequent studies of catalytic water oxidation by 3.1 have appeared in the

literature by other research groups. Being the simplest single-site Ru polypyridyl
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complex with well-established redox and spectroscopic characterization, 3.1 serves as a
prototypical catalyst.

Sakai and coworkers have studied 3.1 rather extensively.***" In their initial report

they suggested a rate law that was first-order in [3.1] and [Ce(IV)] therefore suggesting
oxidation to [RuY=0]*" as the RDS. Their evidence for the first-order dependence on
[Ce(IV)] was based on the shape of the dioxygen evolution profile, which can be fit to a
single exponential function, however, a quantitative variance of [Ce(IV)] was not
performed. Also of note is that their experiments were carried out in non-buffered
aqueous solutions, which may facilitate alternate pathways (as it will be presented in the
next chapter that mechanisms are significantly impacted by reaction media). Sakai and
coworkers have also explored the non-innocent nature of Ce species towards chemical
reaction steps, namely O-O bond formation."’ They suggested a radical coupling
mechanism between a [RuY=0]** and a [Ce'V-OH] species. Their evidence was based
primarily on DFT calculations of energetics and of the electronic structure of
[Ce"(OH)(NO,).]* which was described as having spin density located on the hydroxyl
group. Although this proposal is interesting and may be supportive of some of the results
presented in this chapter, no evidence for [Ce"(OH)(NO,):]* was found in our ESI-MS
studies. Very recently Sakai and coworkers quantified and characterized proposed
intermediates using spectral deconvolution and provided a more thorough kinetic analysis
of 3.1. Their studies were conducted in 0.1 M HCIO, and again invoked a hydroxyl Ce
species involved in rate-determining O-O bond formation.'*® Comparable rate constants
to those presented in this chapter were found with a values of k, and k., at ~10 M™* s™
and ~4 1 10 s respectively (although note their assignment of k, ,, differs from ours as

it involves O-O bond formation with a Ce species).
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Another in-depth study of 3.1 was very recently reported by Angeles-Boza and
Roth, where they employed dioxygen fractionation to determine competitive oxygen
atom kinetic isotope effects from natural abundance water and DFT studies with results
that suggest irreversible O-O bond formation as the RDS in 0.1 M HCIO,.*® The authors
also noted that the nature of the transition state can be strongly influenced by the nature

of the catalytic medium.

3.4 Conclusions

This study provides evidence that catalytic water oxidation driven by Ce(IV)
provides access to reaction pathways that diverge from the prevailing WNA mechanism
for single-site catalysts. The preference for each of these pathways is dependent on
reaction conditions and electron density at the metal site. The position of the RDS is
shown to be sensitive to electron density at the Ru center and shows that higher catalytic
activity is attained when the [RuY—0,]** is made accessible (i.e., RDS is ko rather than
koz2). However, too much density at the metal site can compromise the critical bond
formation step, thus highlighting the inherent limitation for achieving high catalytic rates
with catalysts of this type. This study also demonstrates that a minor auxiliary reaction
pathway may be operative that enables the incorporation of an O-atom from a source
other than water (e.g., Ce(IV)) into the dioxygen product. These findings provide

important insight into the design and study of homogeneous water oxidation catalysts.
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3.5 Experimental
3.5.1 Preparation of Compounds

Ligands 2,2";6',2"-terpyridine (tpy), 4,4'-dimethoxy-2,2'-bipyridine (bpy-OMe)

and 2,2"-bipyridine (bpy) and the oxidant, (NH.)2[Ce'(NO3)s] (ACS grade; Ce(1V)) were
purchased from Aldrich while Ru complex precursor RuCls#3H,0, was purchased from
Pressure Chemical Company and all were used without further purification. The ligand
4,4'-dicarboxy-2,2'-bipyridine (bpy-CO,H) was synthesized according to a published
procedure.™ Compounds [Ru"(tpy)(bpy)(OH2)](Cl04). (3.1), [Ru"(tpy)(bpy-
OMe;,)(OH,)](CIO.); (3.2), and [Ru'"(tpy)(bpy-CO,H)(OH.)](CIO4), (3.3) were prepared
and purified as previously reported.*® Acid solutions were prepared from concentrated
HNO3 (70% ACS grade) and distilled, deionized water and were measured to have a pH

of 1.07 and 0.05 for 0.1 M HNOs, 1.0 M HNOg, respectively.

3.5.2 Physical Methods
3.5.2.1 General Electrochemical and Spectroscopic Methods

Electrochemical measurements were performed under anaerobic conditions, and
recorded with a Princeton Applied Research VersaStat 3 potentiostat. The electrodes
consisted of: a freshly polished glassy carbon working electrode (CH Instruments,
diameter = 3 mm); a Ag/AgCI reference electrode (3 M NaCl; 210 mV vs. NHE); and a
Pt wire counter electrode. All potentials reported are referenced to a normal hydrogen
electrode (NHE) and recorded at ambient temperatures (25 £+ 2 °C). Electrochemical

experiments at variable pH values were carried out in phosphate buffer at pH > 6 and
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acetate buffer at pH < 6 with | = 0.1 M ([analyte] = 1 mM). Electronic spectroscopy data
were collected on a Varian Cary 5000 UV-vis spectrophotometer.

Kinetic measurements were performed by stopped-flow methods using a Hi-Tech
Scientific SFA-20 coupled to the Cary 5000 spectrometer and absorbance versus time
traces were collected at appropriate wavelengths. Unless otherwise stated, rate constants
were determined by fitting absorbance versus time traces using the kinetics-fitting
algorithm within the Varian Cary WinUV Kinetics Application [Version 3.00(182)]
software package. An average of 10 trials was used to determine reported values of k;
until consequetive trials yielded standard deviations of less than 10% were achieved.

3.5.2.2 Dioxygen Evolution Experiments

Dioxygen evolution data was recorded using a custom-built apparatus consisting
of a 10-mL round-bottom flask equipped with a septum and a threaded side arm for
insertion of the probe; total working volume is 16.8 mL. In a typical experiment, the
flask was charged with a solution of (NH4)2[Ce(NOs)s] (CAN; Ce(1V)) in 3.0 mL of the
acid solution (13 mM) and the headspace was then purged with Ny for ca. 20 min until
a stable reading was obtained. Note that the Ce(1V) solution was not purged to maintain
dioxygen saturation of the reaction solution so that a rapid response to dioxygen
evolution could be measured. A deaerated solution containing the catalyst was then
injected through a rubber septum resulting in a catalyst concentration of ~7 $ 10™ M.
The solution was stirred in a temperature modulated oil-bath at 25 + 2 °C for the duration
of the experiment. Dioxygen evolution was monitored every 10 s with an optical probe
(Ocean Optics FOXY-OR125-AFMG) and a multifrequency phase fluorimeter (Ocean

Optics MFPF-100) calibrating using N2 purging as a zero-point and air as 20.9%. Raw
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data from the sensor was collected by the TauTheta Host Program and then converted
into the appropriate calibrated O, sensor readings in “%0,” by the OOISensors

application.

3.5.2.3 Electrospray-lonization Mass Spectrometry Experiments

Separate solutions of 3.1 (1 mM) and Ce(1V) (variable) in 0.1 M HNO3 were
prepared and taken up in separate syringes for the ESI-MS experiments and directed to
the capillary for ionization (combined flow rate = 50 pL/min). All mass spectra were
recorded on a Waters Micromass Q-TOF Micro mass spectrometer or Agilent
Technologies 6520 Accurate-Mass Q-TOF LC/MS spectrometer. Instrument parameters
were optimized to maximize observed spectra: capillary voltage (3200 V); source
temperature (100°C); desolvation temperature (300°C); desolvation flow rate (250 L/hr);
cone voltage (20 V); collision voltage (1 V); quadrupole ion energy (2 V).

3.5.2.4 ®0H; Labeling and NO, Experiments

The *®OH, labeling studies were performed using water containing ~8% “0OH, on
a weight basis purchased from Cambridge Isotopes Labs. The **OH, content was
internally calibrated by examining the ratios of **C**0*0 (m/z 46) and *2C**0, (m/z
44).%% The reactions were performed in the same apparatus as used for the dioxygen
evolution studies. In a typical experiment, a solution of Ce(I1V) (0.11 M) in HNOs
solutions was degassed by thoroughly purging the solution and headspace with dinitrogen
until a stable dioxygen reading was obtained (ca. 30 min). A deaerated solution of the
catalyst dissolved in H,O was then injected via syringe into the stirring Ce(1V) solution;

the additional *®*OH, content was taken into account. After the dioxygen reading had
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stabilized indicating the stoichiometric consumption of Ce(lV), a 10 pL sample of the
headspace was directly injected into a Varian 210 GC/MS lon Trap containing a
Molsieve 5A gas separation column and an ion-trap set to focus on ions within the m/z
20-80 range. Traces of individual ions were determined by extracting the desired m/z
value from the spectrum; relative concentrations of isotopes were determined by
integrating the area under the signal of the appropriate extracted m/z value. The reported
values correspond to the average distribution of isotopomers from three separate
injections of the headspace gases. Instrument calibration was performed by injecting
quantities of air prior to analyses to determine relative ratios of N,, O, and Ar with
standard deviations of = 10%.

Mixing ratios of NO, were monitored by optical absorption at 405 nm using
cavity ring-down spectroscopy; the spectrometer has been described in detail
elsewhere.*® Each experiment involved the initial sampling of the headspace of a
reaction flask containing a 1.0 M HNOj3 solution of Ce(1V) (2.0 mL). After a baseline
response was obtained, a sparged solution containing the catalyst was added to the
sample chamber. All concentrations and conditions were the same as those for the

dioxygen evolution experiments described above.
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Chapter Four: Understanding the Role of Ce(IV) and the Acid Medium in the Study
of a Homogeneous Water Oxidation Catalyst

4.1 Introduction

Experiments designed to characterize the performance of homogeneous water
oxidation catalysts are often carried out in a strongly acidic medium using a sacrificial
oxidant,*+°2899215L152 \while this may provide the illusion of congruency in the field,
there is actually significant variance in the experimental protocols used by different
research programs. Over the course of the studies presented in Chapter 3, it became
apparent that the reaction medium had a profound effect on the observed reaction rates
and therefore most likely impacted the mechanism of water oxidation catalyzed by
polypyridyl Ru complexes. Catalytic reaction rate coefficients (kca), for example, can be

quantified by monitoring dioxygen evolution using various methods (e.g., Clarke

39,41,61,94,99 89,153 52,75,113

electrode, optical probe, pressure transducer, gas

chromatography50,109,154

), or monitoring the decay of the oxidant
spectrophotometrically.®*%%12 The majority of studies use (NH4)-[Ce'Y(NOs)q]
(Ce(1V)) as the sacrificial oxidant (Equation 1) in different media, but other chemical
oxidants have also been employed (e.g., Co(111),** [Ru"'(bpy)s]** 2910915115156 o 6
and HSOs ®%). There had, however, been no thorough investigation of how the most
commonly employed terminal oxidant, Ce(IV), behaved in various media nor how these
conditions impacted catalysis.

This void in the literature prompted us to scrutinize the prototypical water

oxidation catalyst, [Ru(tpy)(bpy)(OH,)]** (hereafter referred to as 4.1), using a variety of
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probes and reaction conditions common to the field to better establish how these
variables can affect the catalytic parameters using Ce(IV) as the terminal oxidant.
Relevant catalytic steps identified for 4.1 are shown in the proposed catalytic mechanism
in Scheme 4-1.

Ceric ammonium nitrate, (NH.),[Ce"(NOs)s] (ambiguous Ce(IV) species are
simply referred to as Ce(1V) herein), was used as the terminal oxidant for this study
because of its prevailing use in the field. It has been widely documented that Ce(1V) is a
favourable one-electron transfer agent for these types of studies on the basis that it has a
high oxidation potential (E1» = 1.70 V vs NHE in 1.0 M HCIO,) with sluggish reactivity

toward water in the absence of a catalyst,**’

it is unlikely to block any vacant
coordination sites of the active catalyst, and has long been thought not to participate in
dioxygen formation pathways (although we and Sakai et al.*" have provided evidence to
the contrary with respect to the latter point). A potential limitation of Ce(IV) is that its
utility is limited to pH > 1 because of complications that arise from hydrolysis reactions
of Ce(1V) species,* which, in turn, can also react with the Ru catalyst.**’ While fully
circumventing hydrolysis is unlikely, all catalytic studies herein were carried out in
strongly acidic media to reduce the potential for delivery of an O moiety to the reactive
[Ru=07* species.

The results presented in this chapter were the basis for a publication in Inorganic
Chemistry that was published in early 2011.2%% Adapted with permission from

Wasylenko, D.J.; Ganesamoorthy, C.; Henderson, M.A.; Berlinguette, C.P. Inorg. Chem.

2011, 50, 3662. Copyright 2011 American Chemical Society.
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Scheme 4-1 Proposed reaction pathways for 4.1 describing relevant (proton-coupled)
electron-transfer steps (e.g., ki-ks), O1O bond formation (e.g., ko-o, Kaux), and the
exclusion of dioxygen (e.g., koz, ko2') during the catalytic oxidation of water by 4.1
driven by Ce(IV). (Note that kaux can also potentially involve a free NO3™ anion rather
than [Ce(NOs)s].)

4.2 Results and Discussion

The results from previous mechanistic studies of 4.1 presented in Chapter 3
suggested that the catalytic cycle conforms largely to the WNA mechanism in 0.1 M
HNO3; media (denoted by black arrows in Scheme 4-1), first outlined by Meyer et al. for
2.11 and other single-site Ru catalysts.****'% Sjgnificant rate enhancements were
observed in 1.0 M HNOs. This increase could not be accounted for by the reduction
potential of the Ce(IV)/Ce(lll) redox couple upon going to the lower pH value (as
suggested by others), as chemical steps (i.e. ko-o) would necessarily have to be enhanced
as well. Furthermore, a significant extrinsic source of O-atoms (i.e. not from

H,O/H30"/OH") was observed when catalysis was performed in 1.0 HNOs;. We therefore
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sought to probe, in detail, the chemistry of Ce(1V) in the context of water oxidation

catalysis studies.

4.2.1 Solution Behaviour of the Terminal Oxidant, (NH4)-[Ce'(NO3)q]

In order to better understand the nature of Ce(1V) in solution, an analysis of
(NH,)2[Ce"V(NO3)s] dissolved in four different acid media (HCIO,, CF3SOsH (HOTH),
HNO3, and H,SO,) was carried out at acid concentrations of 0.1 and 1.0 (pH ~ 1 and 0
respectively). A combination of electrochemistry, spectrophotometry, mass spectrometry
and isotopic labeling provided elucidation of how the varied conditions influence the
coordination sphere of the Ce(1V) ion, the thermodynamics of the Ce(IV)/Ce(l11) redox

couple and the stability of the Ce(IV) ion in aqueous solutions.

4.2.1.1 Electrospray lonization Mass Spectrometry of (NH,)[Ce'V(NO3)s] Dissolved in
Agueous Acid Media

Despite the rich history of cerate oxidimetry, the identities of the Ce(IV) species
that exist in solution has not been explicitly defined.**>***%* E|ectrospray-ionization
(ESI) mass spectra was recorded on solutions of (NH,)2[Ce'(NO3)s] shortly after
dissolution in 0.1 M solutions of HOTf, HCIO,4, and HNO3 (Figure 4-1), and neat water
(Figure 4-2) in order to spectrometrically characterize species present. Experiments were
not conducted with the 1.0 M acids due to potentially adverse effects on the instrument.
With the caveat that ESI-MS signal intensities do not necessarily reflect relative analyte

165-170

concentrations, the spectra nonetheless provide insight into what species are present

in solution. The dominant Ce(1V) signal in the mass spectrum recorded in HNO3
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corresponds to [Ce'(NOs)s]” (Figure 4-1b). This species contrasts the solid state
structure of (NH.)2[Ce'(NO;)s] being identified as [Ce(NOs)s]* ;™ however, it is
possible that a NOs™ ion is lost during a charge-reduction process within the spectrometer
or simply in solution. Signals corresponding to hydrolyzed species in solution may be
responsible to an extent, for the pH dependence of the electrochemical data (discussed
below).*¥>18:172 1t has also been postulated that [Ce(NOs)s(OH)]* is the species that
interacts with the catalyst, where the hydroxyl radical ligand undergoes O-O bond
formation with a [Ru=0] unit.**’ No evidence for [Ce(NO3)s(OH)]* was observed by
ESI-MS in 0.1 M HNOs, but a closely related species, [Ce™(NO3)3(0O)] was observed.
However, it is possible that multiple hydrolysis complexes of this type are present if
(NH,)2[Ce'(NOs)g] is dissolved in neat water in the case of Sakai’s study, which would
presumably enhance the concentration of the purported [Ce(NOs)s(OH)]* species in their
proposal. However, this does not account for the relative distribution of the O=0
isotopomers found from experiments conducted in HNO3 given that the hydroxide
originates from water (Figure 4-2); thus, a pathway that involves abstraction of O" from a

NOj" ion is also needed (e.g., kaux; See Chapter 3).
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Figure 4-1 ESI negative ion spectra of (NH4)2[Ce'’(NO3)¢] in 0.1 M solutions of (a)
HCIO,4, (b) HNO3 and (c) CF3SO3H. Select signal assignments are indicated; remaining

signals are provided in Table 4-1 and Table 4-2. (Each spectrum was recorded < 5 min
after dissolution.)

N [Ce"(NO2)501~
100 [Ce (N03)3O]‘ 100, 100
1 [|141ce®0 14100160
50\ 80/
> |
@ 60| 60
s g,
= xmi % 14306160
[72]
2 1415180
% [Ce"(NO3)4]~ 20‘ 14356160 20
:\o RoTErTET 0343 344 346
[Ce"(NO3),0,]" [Ce"(NO3)s)”
O lI T l T T T L 1
200 300 400 500 600 700 800
m/z

Figure 4-2 Negative ion electrospray mass spectrum of (NH),[Ce'"(NOs)¢] dissolved in

neat water. Inset: Isotopic distribution of [Ce'V(NO3);0]" in H,™2O-labelled water (ca.
9% w/w). O-atom exchange between water and NOs' was not observed.
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Table 4-1 Assignments of labeled peaks of (NH,)[Ce'V(NO3)s] in 0.1 M HCIO, in
Figure 4-1a. (Note the spectrum was recorded in low resolution mode.)

label m/z

assignment

341.60
378.60
387.60
415.60
424.60
454.60
461.60
498.60
537.60
0 636.60

P OO ~NOOITA~WNE

[Ce(NO3)30]
[Ce(NO3)2(ClO4)OT
[Ce(NO3)s]
[Ce(ClO4)2(NO3)OT
[Ce(ClO4)(NO3)s]
[Ce(ClO4)30]
[Ce(ClO4)2(NO3)(NO,)OT
[Ce(ClO4)3(NO3)I
[Ce(ClO4)4]-

[Ce(ClO4)s]

Table 4-2 Assignments of labeled peaks of (NH,),[Ce'V(NO3)g] in 0.1 M HOTf in Figure

4-1c.

label m/z assignment

1 387.86 [Ce(NOs)s]

2 449.85 [Ce(NO3)s]”

3 474.82 [Ce(OTH)(NO3)s]

4 536.80 [Ce(OTf)(NO3)]

5 561.78 [Ce(OTf)2(NO3),]

6 602.76 [Ce(OTf)z0]

7 623.77 [Ce(OTf)2(NO3)s]

8 648.74 [Ce(OTf)3(NO3)]

9 710.73 [Ce(OTf)3(NO3),]

10 729.72 {[Ce(OTf)3(NO3),](OH3)}
11 735.71 [Ce(OTH)]

12 797.70 [Ce(OTf)4(NO3)]

13 816.69 {[Ce((OTf)4(NO3)](OH3)}
14  884.66 [Ce(OTf)s]”

15  903.65 {[Ce(OTf)s](OH3)}

Dissolution of (NH4),[Ce'(NOs)¢] in HCIO, (Figure 4-1a and Table 4-1) or

HOTT (Figure 4-1c and Table 4-2) expectantly renders a distribution of annated species

with minor quantities of [Ce'V(NOs)s]” still present in solution. Recognition of this

feature is important because the anions serve to shield the positive charge of the Ce(IV)

ion from the cationic metal catalyst and will therefore affect intermolecular electron-
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transfer reactions. Furthermore, this interaction was expected to affect the Ce(1V)/Ce(l11)

redox couple, which could have implications on catalysis (vida infra).

4.2.1.2 Spectrophotometric Determination of Ce(IV) Stability in Various Acidic Media

Experiments revealed a disposition of the Ce(1V) absorbance spectrum to be
affected upon light exposure under certain conditions, thereby prompting us to examine
the rate of optical decay in each of the acids. Photolytic loss of NO3* from Ce(1V) in
HNO5 at 360 nm has been previously documented.!” The absorbance signal of the
Ce(IV) species was monitored as a function of time (Figure 4-3), which appears as a
shoulder (i.e., +max < 300 nm) in 0.1 M solutions of HCIO4, HOTT, and HNOs. Data
collection in 0.1 M H,SO,4 was not successful because of precipitate formation
(presumably Ce(SOy),). The absorbance signal of NO3™ (+max = 301 nm; , = "'7.8
M™ cm™) also precluded spectrophotometric experiments from being carried out in 1.0 M
HNO3 that require monitoring at < 350 nm. While there is minimal decay observed in
HOTT and H,SO, solutions, appreciable spectral decay occurs in HCIO, and HNO3 under
ambient laboratory light (e.g., 60 W fluorescent light bulbs). This spectral decay is more
prominent at higher molarities; e.g., 77% and 38% of the diagnostic signal is lost within 2
hin 1.0 M HCIO, and HNOs, respectively (Table 4-3; Figure 4-3). Although this process
may be suppressed by preventing exposure to light (Figure 4-3b), these observations call
attention to the importance of preparing fresh solutions of (NH4)o[Ce'Y(NO3)g] prior to
each catalytic run or stopped-flow experiment. Moreover, it also raises a potential issue

with instruments (e.g., diode-array spectrometers used by many in the field) that expose
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the solution to broad spectral light for long time periods and/or ambient laboratory

- H 39,94,121
lighting.
a) b)
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Figure 4-3 Time-dependent decay of Ce(IVV) monitored at 360 nm in: (a) HNO3 (red),
HCIO4 (blue) and HOTT (black) (data collected at 2 minute intervals; samples stored in
enclosed sample chamber over the course of the experiment); and (b) different
concentrations of HNO3 with (solid line) and without (dashed line) exposure to ambient
laboratory light in between scans (data collected at 5 minute intervals).

4.2.1.3 Electrochemical Characterization of (NH4),[Ce'(NOs)s] in Various Acid Media

Given that the acid medium appears to affect the identity of the Ce(IV) salt in
solution, the electrochemical behaviour of Ce(1V) was examined in each of the relevant
acids. Each cyclic voltammogram (CV) was recorded using freshly polished glassy
carbon electrodes (examples can be seen in Figure 4-4). Electrochemical measurements
of Ce(IV) at pH 0 were complicated by a very weak current response for the
Ce(IV)/Ce(l1) couple, and also the formal potential lying in the same region that solvent
is oxidized at the glassy carbon electrode.'™ Consequently, square wave voltammetry

was utilized to approximate the formal potential in each of the 1.0 M acid solutions

(Table 4-3).
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Table 4-3 Summary of Ce(IV)/Ce(l1l) reduction potential and spontaneous
spectrophotometric degradation of Ce(IV) in the various acid solutions.

relative decay™® (%)

E*”® exposure to  no light
acid  pKa [acid] (M) (V vs NHE) !5.” (nm) light® exposure
oo w T
HOTE A4 o0 a1 3
wo 133, =T
P

#Values taken from cyclic or square wave voltammograms of a 31 mM solution of
Ce(1V) in the respective acid solution; glassy carbon working electrode; [Ag]/[AgCI]
reference electrode; Pt wire counter electrode; scan rate of 50 mV s™. "[Ce(IV)] = 1.5 !
5.0 " 10" M. °Percent decay of Ce(IV) 90 minutes after dissolving the oxidant in the
respective acid. “ Ambient laboratory conditions illuminated by 60 W fluorescent light
bulbs (no exposure to sunlight); ® Decay curves follow first-order behaviour: Kgecay = 2.6 **
10 s (1 M HCIO,), 9.5 " 10° s (0.1 M HCIO,), 1.5 " 10 s (1 M CF3SOsH), and 8.8
" 10° s (1 M HNO3) when exposed to light. sh indicates shoulder. ¢ Complete
absorbance profile of Ce(IV) is masked by absorbance of HNOgzyg). " Value could not be
obtained because Ce(IV) precipitates as Ce(SO4), in 0.1 M H,SO,.

An important outcome of these experiments is that data recorded at pH 1 discloses
a relatively static Ce(1V)/Ce(l11) formal potential in each of the acids (i.e., "*1.45 V at pH
1). While higher oxidation potentials were observed at pH 0, only a minor deviation in
each of the different acids was observed (e.g., 1.53-1.57 V at pH 0; Table 4-3).
Electrochemical experiments were performed on Ce(I1V) in 0.1 M HNO3 and HCIO,
solutions buffered with KNO3; and NaClQOy4, respectively, to render an ionic strength of
1.0 M. In both cases, the measured formal Ce(IV)/Ce(l11) potential was found to be 1.43
V vs NHE, providing further evidence that the oxidizing potential of Ce(lV) introduced
as (NHg)-[Ce'V(NOs)g] is pH dependent, but not necessarily acid dependent. These

observations are important because the purported sensitivity of the Ce(IV)/Ce(l11) redox



138
potential to acid type (e.g., +1.70 V in 1.0 M HCIO,; +1.61 V in 1.0 M HNO3)'"® is often
used to rationalize different reaction rates in different acids.'"

Significant differences were not observed using (NH4)2[Ce'"(NOs)s] as the Ce(IV)
source. This inconsistency presumably arises because data recorded in different acid
solutions was still recorded using (NH.)2[Ce' (NO3)¢] as the oxidant in the different
acids, yet the redox potentials of Ce(IV) that are typically cited in the literature
correspond to data recorded on Ce(IV) salts in the presence of a single anion of interest
(i.e. Ce(ClOy), in HCIO4 and Ce(S0.); in H,S04etc.).%1* Thus, the dissolution of
(NH,)2[Ce"(NO3)g] at pH 1 in HOTf and HCIO, does not result in the full displacement
of the NOj3" ligands from the Ce(IV) ion (supported by ESI-MS data at pH 1) and/or the
different acid anions do not perturb electron density at the Ce(IV) ion to a significant
extent. The pH dependence of the redox potentials (e.g., ~150 mV/pH unit) does indicate
that the equilibriated Ce(IV) species exist as doubly or triply protonated in solution. It is
not possible to completely rule out partial hydrolysis occurring to some extent, even in

acidic media, which is consistent with previous proposals put forth for

(NH,)2[Ce"(NO3)s]**" and Pourbaix diagrams of Ce(ClO4),.***
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Figure 4-4 Cyclic voltammograms of (NH,),[Ce'V(NO3)e] at a scan rate of 100 mV s
using a glassy carbon working electrode in a) 0.1 M HNO3 and b) 0.1 M HCIO..

Cyclic voltammograms of (NH4),[Ce'(NOs)s] at pH 1 in each acid reveal peak
potential differences (%E,) ranging from **0.08 V at slower scan rates (# = 10-500 mV/s)
to 0.20 V at - = 1000-3000 mV/s. A linear relationship between peak current and #"?
between 10 and 250 mV/s was observed in each of the acids to confirm diffusion-
controlled electron-transfer kinetics at the electrode surface. The ratios of anodic to
cathodic peak currents (iy/ipc), corrected for background current, reveal a clear acid
dependence: ipa/ipc = "'1.6, "*2.8, and "*5.5 in 0.1 M solutions of HOTf, HNOs, and
HCIO4. The observation that ipa/ipc is > 1 in each of the acids suggests that a chemical
reaction involving the consumption of the Ce(IV) species (e.g., anion or solvent

133 and is consistent

oxidation, photolysis) may complicate the heterogeneous redox event,
with data presented in Figure 4-3 that shows instability of the Ce(IV) species in the

different acid media.
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4.2.2 Spectroscopic and Electrochemical Properties of 4.1

The next stage of this study was to define the physicochemical properties of 4.1 in
each of the different acids (Table 4-4). The acid-dependence of the redox couples in each
of the acids was not remarkable and will therefore be described only briefly here. Cyclic
voltammograms of 4.1 measured in each of the acids reveal two closely spaced reversible
oxidation waves corresponding to metal-based Ru(l11)/Ru(I1) and Ru(I1VV)/Ru(l11) redox
processes (the Ru(1V)/Ru(lll) is poorly defined, see Chapter 3). At both pH 0 and 1, the
first oxidation step is solely an electron-transfer process, while the second oxidation
process is accompanied with the loss of two protons (resulting in slow kinetics at the
electrode and poor resolution) to form [Ru'V=0]** (Scheme 4-1; Equations 3.2 and 3.3).
In all cases, the onset of the Ru(V) wave (Epa = 1.70-1.78 V) is concomitant with a
definitive catalytic currents corresponding to water oxidation (Figure 4-5). A
complication arises in H,SO,4 as voltammograms reveal the presence of an additional
redox process at about +0.85 V that becomes more prominent with time and is ascribed to
the formation of the annated species, [Ru(tpy)(bpy)(HSO4)]". "

The maximum of the signature metal-to-ligand charge-transfer (MLCT) band for
4.1 is centered at about 475 nm in all of the acids. Tracking the intensity of this band as a
function of time revealed that 4.1 is stable over at least several hours in each the acid

solutions except 1.0 M HNOg3, where it undergoes a spontaneous one-electron oxidation

to form [Ru'"""*OH,]**.*3*
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Figure 4-5 Cyclic voltammograms of 1 mM solutions of 4.1 (red traces) and a blank
(black traces) using a glassy carbon working electrode at a scan rate of 100 mV s in (a)
1.0 M HNOg, (b) 1.0 M HCIO4, (c) 1.0 M HOTf and (d) 1.0 M H,SO4. The weak
response in 1.0 M HCIO, and 1.0 M HOTT is due to the low solubility of 4.1.
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Table 4-4 Summary of electrochemical data for [Ru(tpy)(bpy)(OH2)]** (4.1) recorded in
the various acid media utilized in this study.

E” (V vs NHE)?
Ru(lll)/ Ru(1V)/ Ru(V)/
acid  [acid] (M) Ru(ll) Ru(lll) Ru(IV)

"0 Y T am 1
T Yo To 1w 17
mos Yo 1o 1z 1ap
SO gt 1o a5 170

[4.1] = 1 mM; glassy carbon working electrode, 3 mm diameter; Ag/Ag/Cl counter
electrode; Pt wire counter electrode; 50 mV s™ scan rate. ° Observed with the onset of
the catalytic wave. © Poorly defined.

4.2.3 Acid-Dependence of Electron-Transfer and O-O Bond Formation Steps.

Stopped-flow spectrophotometric techniques were used to examine the acid-
dependence of the relevant bimetallic rates (ki, k, and k3 in Scheme 4-1) of electron-
transfer between Ce(IV) and 4.1 in HCIO4, HNO3, and HOTT (Table 4-5). The
combination of equal concentrations of 4.1 and Ce(IV) were expected to follow second-
order behaviour (Equations 3.9 and 3.10) for bimetallic reaction steps k; and k. The
time-dependent decay of the Ru(l1) signal was used to extract ki, while k; was obtained
by tracking the decay of Ce(IV) and/or the emergence of the shoulder of the [Ru'V=0]**
species at 350 nm when another aliquot of Ce(IV) was added to a solution containing
[Ru"-OH_]** (Figure 4-6). All k, values were found to be on the order of **10° M s™*;
however, a further level of precision could not be certified and were therefore excluded
from Table 4-5 to avoid providing a misleading portrayal of trends. At pH 1, k; is

slightly higher in HNO;3 than in HCIO, and HOTT, which can perhaps be ascribed to the
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relatively higher thermodynamic driving force in HNO; (e.g., %Gy = -40, -38, and -36 kJ
mol™ in HNOs, HCIO,, and HOTH, respectively, using the electrochemical data from

Table 4-3 and Table 4-4).

a) oss b) 0.356
= 3 0355
& 060 &
3 £ 0354
< <
S @ abs (expt) 3
N abs (exp! 3
® 0.55 w— abs (fit) ® 0.353
8 8
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2 2 0351 * abs (expt)
© @ g
* abs (fit)
0.45 — L 0.350 ' ! !
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Figure 4-6 a) Representative stopped-flow data in 0.1 M HNOg tracking the spectral
decay of 1 at 476 nm of 4.1 for the determination of k;. b) Stopped-flow determination of
ko by tracking the increase in absorbance at 350 nm associated with the shoulder of the

[Ru'V=0]* species at 350 nm.

The k; and ks electron-transfer steps are found to be faster at pH 0 than pH 1 by at
least an order of magnitude, and the variability of these values in each of the different
acids is significantly more pronounced at pH 0 than pH 1 (Table 4-5). Of critical
importance to this study is the fact that k; is markedly fast in HNOj3 at both pH 0 and 1.
The %Gxn values in each of the acids do not seem to account for the magnitude of k; in
HNO; relative to HCIO4 and HOTT. Thus, it appears that the rate of electron-transfer
between the Ce(1V) ion and the catalyst is dictated less by thermodynamic driving force
than by kinetic factors, such as the NO3" ion mediating faster electron-transfer between
the two metal species. Experimental support of the mediation of electron transfer by

NOj3" anions is supported by stopped-flow experiments of k; in 0.1 M HNO; with added
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KNO3; to maintain an ionic strength of 1.0 to serve as a comparison to values of k; in 1.0
M HNOs. In 0.1 M HNO3, values of ky were found to be 44 $ 10° M s, while in both
0.1 M HNO3/0.9 M KNO3 and 1.0 M HNOg, the rates were too fast to be measured by
our apparatus (i.e. ky > 600 000 M™* s™) suggesting that NOs™ ions serve to facilitate
electron transfer between Ce(IV) and 4.1. A similar set of experiments carried out in 0.1
M HCIO4 with 0.9 M NaClO, revealed similar, but less dramatic enhancements with
values of k; of 12 $10° M™ s, 120 $ 10° M s and 280 $ 10° M™ s™ in 0.1 M HCIO,,

0.1 M HCIO4/0.9 M NaClO4 and 1.0 M HCIO4 respectively.

Table 4-5 Experimentally determined (proton-coupled) electron transfer and catalytic
rate coefficients for 4.1.2

acid UV-vis optical probe

ki $ 10° ks koo $ 10 Koo eff]

[acid] (M*sH)? (M?'s?h) s Keat" ($10°s1)" TOF (%)

HClO, 1.0 280 200(20) -9 025 M*st 19 8.3 100
0.1 12 8(4) 1.2(3) 50$10°s' 7.4 35 69

HNO; 1.0 >600° £ -9 88M'st 93 46 100
01 44 4(1) 2.3(1) 16$10°st 12 33 85

HOTf 1.0 110 90(30) -9 013M?*s* 89 50 100
0.1 21 3(1) 1.2(3) 40%$10°st 7.9 56 75

a[4.1] = 1-5 " 10° M. ° Rate = -d[Ru"""OH.]/dt = k:[Ru""*OH,][Ce(1V)]; measured by
spectrophotometric monitoring of Ru(ll) decay at 476 nm. © Faster than the timescale of
the instrument, i.e. ty» < 0.033 s. ¢ Rate = -d[Ce'v]/dt = ks[Ru'V=0][Ce(IV)]; measured
by spectrophotometric monitoring of Ce(IV) decay at 309 nm. °®Values cannot be
determined due to absorbance by NOs. " Rate = d[Ru'"""O,H]/dt = ko.o[RUV=0];
measured by spectrophotometric monitoring of growth of the absorbance signal at 688
nm. Value in parentheses correspond to standard deviation of . 3 trials. ¢ A spectroscopic
signature at pH O that corresponds to koo was not found. " Rate = -d[Ce'V]/4dt =
kea[RU"""OH2][Ce(IV)]", where n = 0 and 1 at pH 1 and pH 0, respectively. ' Rate =
d[O,)/dt = koo[Ru'"""OH,]; data is recorded under pseudo zero-order conditions in
[Ce(1V)]; standard deviations are + 10%. ' Efficiency (eff.) is defined as the number of
moles of dioxygen produced per mole of oxidant present in the reaction flask: eff. = (mol
0,)/(mol CAN/4) ™ 100%, standard deviations are + 3%.



145
Tracking the time-dependent absorbance trace of the [Ru'V=0]* species of the

catalyst following the addition of 1 equivalent of Ce(IV) in each of the acids can
potentially yield values of ks and ko.o. Analogous behaviour is observed for 4.1 in each
of the 0.1 M acids (Figure 4-7). A viable spectroscopic signal corresponding to ko-o
could not be determined in any of the 1.0 M acids because the derived rates were slower
than ke Data recorded at pH 1 shows that ko.o is approximately twice as fast in HNO3
at 2.3 $10™ s compared to the other acids with identical rates of 1.2 $ 10* s™. This
result is attributed to the higher basicity of NOs” compared to CIO, and OTf by
benefiting the O-O bond formation step in accordance with the base-assisted atom-proton

113" Within this scenario, the NO3™ acts as

transfer (APT) step documented by Meyer et a
a base to accept a proton from the incoming H,O substrate during O-O bond formation to
circumvent the formation of a higher energy intermediate (e.g., [Ru""""O.H2]**). While a
second water substrate can also act as a base, and is likely the case in HOTf and HCIOy,

the reaction appears to be accelerated in HNO; because of the higher basicity of NO3”

compared with H,0 (pK, of HsO" and HNO; are -1.74 and -1.3, respectively).
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Figure 4-7 Time-dependent absorbance traces at 4.1 = 309 nm following the addition of 3
equivalents of Ce(IV) to [Ru"""OH2)** ([4.1] = 4.5 - 5.5 $ 10" M) in HCIO4 and HOTf at
(@) pH 1 and (b) pH 0. The absorbance changes are attributed to successive reaction steps
ks and ko.o (Scheme 4-1).

4.2.4 Spectrophotometric Determination of Catalytic Rate Coefficient, Kcat.

Values of ke, were obtained by monitoring the consumption of Ce(IV) at 360 nm
spectrophotometrically under catalytic conditions (i.e., 30 equivalents of Ce(1V)),*® and
follow the same trends as k; in each of the acids (Table 4-5). At pH 1, the reaction rate
expression is best represented by d[O,]/dt = —(1/4)d[Ce(1V)]/dt = kcx[4.1] in each acid
(Figure 4-8). The RDS in HNOj is ko.o on the basis that it is resonant with ke (i.€., "2 $
10*s™). In HOTf and HCIO, the RDS s assigned as koz because ke is first-order in
[4.1] and slower than ko.o by a factor of ~3. These observations indicate that NO3;™ may
play a role in enhancing the liberation of dioxygen because much faster catalytic rates are
observed in HNOj3 and koo is the RDS; that is, NO3™ accelerates both koo and koz. In
HCIO,4, and HOTT, the ko, step is significantly diminished and appears to become rate

limiting. It is not possible to completely rule out the possibility that ko.o can become
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rate-limiting in all acids under different reaction conditions given the slight differences in
Ko-o and Kcqt used in this study.
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Figure 4-8 Spectrophotometric determination of ke, by monitoring the consumption of
Ce(IV) over 2000 s at 360 nm using variable quantities of 4.1 with 30 equivalents of
Ce(lV) ina) 0.1 M HCIO4, b) 0.1 M HNO3 and c¢) 0.1 M HOTf. The data point at [4.1] =
0 mM is taken from the initial rate determined from spontaneous decrease in the
absorbance signal at 360 nm of Ce(IV) in each of the 0.1 M acids (Table 4-3). Note that
in the case of 0.1 M HCIO,4 and HOTT, the initial rate is taken after an initial rapid
decrease in absorbance.

At pH 0, the rate expressions in each acid are better described as d[O,]/dt = -
(2/4)d[Ce(IV)]/dt = keat[1][Ce(1V)], which are aligned with ks being the RDS. The slope
of initial rates of Ce(IV) consumption versus [4.1] does not pass through the origin in any
of the 1.0 M acids (Figure 4-9), thereby suggesting that the rate law expression contains
another term that adds to the overall observed reaction rate. This second term likely
contributes to the catalytic cycle in Scheme 4-1 (i.e., does not involve a deactivation
pathway) because the catalyst efficiencies in each of the acids is found to be at least
100% (Table 4-5). On these grounds, it is proposed that ko.o (or possibly ko) is

competitive with ks, and the rate expression is more accurately described as d[O,]/dt =
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ks[1][Ce(1V)] + ko-o[4.1], where ks and ko.o are 5.5 M s and 9 $ 10° s, respectively,

in 1.0 M HNO:s.
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Figure 4-9 Spectrophotometric determination of kc: by monitoring the consumption of
Ce(IV) at 360 nm using variable concentrations of 4.1 and 30 equivalents of Ce(IV) in

1.0 M solutions of (a) HCIO,4 (%t = 2000 s), (b) HNOg3 (%t = 500 s), and (c) HOTT (%t =
2000 s).

Spectrophotometric catalytic experiments with Ce(1V) conducted in neat water
revealed an absorbance trace at + < 400 nm that increased over time and is thus not
attributed to Ce(lV) decay. This behaviour is presumably a consequence of Ce(IV)
hydroxides dominating reactivity;****’ thus, further experiments in the absence of acid
buffer were not carried out.

Experiments were carried out in 0.1 M HNO3 and HCIO, solutions at a constant
ionic strength of 1.0 M using the aforementioned buffer conditions that were employed
for ki. The measured ke value (0.48 M s%) ina 0.1 M HNO3/0.9 M KNOjs solution was
not only much faster than data collected in a 0.1 M HCIO4/0.9 M NaClO4 solution (0.053
M™ s, but also faster than the values obtained in 1.0 M HCIO, (0.25 M s*) and 1.0 M

HOTf (0.13 M™* s™). An interpretation of these results is that the higher ionic strength
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leads to ks being the RDS as a result of enhanced charge-transfer kinetics, which is

aligned with the catalytic data obtained at pH 0.

4.2.5 Kinetic Isotope Effect Experiments.

To further probe the position of the RDS under catalytic conditions, experiments
were conducted to study a possible H/D kinetic isotope effect (KIE) using deuterated 0.1
M DNOs3 and DCIO, and comparing the relative values of the initial rates (i.e., KIE =
(d[Ce(IV)]/dt)u/(d[Ce(IV)]/dt)p of Ce(1V) consumption measured
spectrophotometrically). The observed KIE in 0.1 M DNO3 was determined to be 0.43,
suggestive of an unsymmetrical transition state in the RDS that resembles the product
(e.g., [Ru"-O,H,]*"), or a pre-equilibrium step preceding the RDS which may be a Ru/Ce
ion pair bridged by a water molecule. An inverse KIE has been observed for
organometallic Ir complexes under catalytic conditions;’” however, the effect for 4.1 is
more pronounced. In fact, the Ce(IV) decay trace was markedly nonlinear in 0.1 M
DNOgs indicative of a rate law that is non zero-order in [Ce(IV)]. This data lends some
credence assignment of the RDS in HNOs being ko-o, and NO3 (or a Ce(1V) species with
a nitrate) participating in a base-assisted concerted APT step via a pre-equilibrium step
involving a protonation event.™®*” In HCIO,, the ClO,4 anion is not basic enough to assist
the APT process, thereby leading to a slower koo step. Assignment of the RDS as ko> in
HCIOy, is further supported by the lack of a KIE (i.e., KIE = 1.0) conducted in 0.1 M

DCIO.,.
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4.2.6 Catalytic Parameters Determined by Optical Probe.

Catalysis was also quantified by measuring dioxygen evolution in situ using a
fluorescence optical probe in the headspace of a closed reaction vessel using a larger
excess of Ce(1V) (i.e., [Ce(IV)]/[1] = 200:1). The amount of Ce(IV) is much greater than
that used in the aforementioned spectrophotometric experiments in order to gain a
sufficient signal-to-noise ratio for dioxygen detection. Over the course of these studies, it
was found that at least 200 equivalents of Ce(1V) are required to produce a satisfactory
signal at catalyst concentrations appropriate for spectrophotometric experiments (i.e.,
[4.1] =5 $ 10° M). This quantity of Ce(IV) saturates the absorbance signal in UV-vis
experiments, which prohibits a direct comparison of measurements obtained by the two
techniques under exactly the same reaction conditions. This discrepancy is useful in
delineating the role of the acid medium because six NO3™ anions comprise each molecule
of Ce(1V); that is, every experiment listed in the optical probe column of Table 4-5
contains an appreciable amount of NO3™ regardless of the acid medium. The delivery of
Ce(I1V) as (NH4)4[Ce'V(SO4)4]*2H,0 was successful in certain acids, but the rate of
dioxygen evolution was significantly lower because of anation of the catalyst, and/or the
lower oxidizing potential of this salt (i.e., "*1.44 V vs NHE in 1 M H,SO,); the poor
solubility of other Ce(1V) salts (e.g., Ce(SO,),, Ce(OH),) precluded effective experiments
completely devoid of NOs'.

The observed reaction rate coefficients for dioxygen evolution (Kqps) using this
large excess of Ce(IV) generates pseudo first-order conditions in each of the acid
solutions, which enables an exponential fitting of the time-dependent dioxygen evolution

data to extract kops (Table 4-5).°° Representative fittings of dioxygen evolution collected
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in 1.0 M HCIO4 and HNO3 are provided in Figure 4-10. The trends in Kqps Values follow
Keat, Including a markedly faster reaction rate in HNOs. The absolute ko,s Values are,
however, typically higher than ke, because of the higher amount of Ce(1V) used. The Kops
values using an even larger excess of Ce(IV) (i.e., 5000 equivalents) were all found to be
on the same order of magnitude in the different acids (e.g., 3.6 - 5.8 $ 10 s™), with only
a slight deviation in values at pH 0 and 1. This observation highlights how using a lower
Ce(IV)/catalyst ratio can reveal more pronounced differences in reactivity. These
conditions are also less likely to lead to issues such as over-oxidation and catalyst
degradation.

Using 200 equivalents of Ce(1V) also facilitates the extraction of a catalyst
efficiency value. In 1.0 M acid solutions (except H,SQO,), a stoichiometric amount of
dioxygen evolution is observed (i.e., 100% catalyst efficiency); however, catalyst
efficiency is diminished in all acids at pH 1. The lower values may be skewed to an
extent by the spontaneous decomposition of Ce(IV) over the longer time frame of the
experiment, but deactivation or decomposition of the catalyst cannot be ruled out under
these conditions. At higher concentrations of 4.1 (e.g., 4 $ 10 M), catalyst efficiency is
~100% at pH 0 and 1 because of the enhanced reactivity at higher concentrations. The
initial TOFs were also established with the optical probe by measuring the TONs over the
first 30 minutes of the reaction. Initial TOFs may sometimes provide a more
representative metric with respect to catalytic activity when decomposition pathways are

present. In the case of 4.1, the TOFs for 4.1 follow similar trends to both kea and Kops.
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Figure 4-10 Time-dependent dioxygen evolution traces in 1 M HNO3z and 1 M HCIO,
([Ce(1V)] = 0.013 M; [4.1] = 7 ** 10”). The black line represents a first-order fitting of
the data according to the exponential equation: mol O, = (mol O,)s(11e™).

4.2.7 Isotopic Labeling Experiments.

To ascertain the origin of the oxygen in the gaseous product, a series of labeling
experiments were carried out using **O-enriched water. A comparison of the ratios of the
0=0 isotopomers (i.e., *°0="°0, **0="%0, 0="%0) observed in the gas phase reveal that
there is an extrinsic source of oxygen for experiments carried out in HNO3 (Table 4-6).
Sources of oxygen other than water in the reaction flask include the CIO4” counterions (2
equivalents/4.1), free NO5™ derived from the acid (ca. 3000 equivalents/4.1in 1.0 M
HNO3 and ca. 300 equivalents/4.1 in 0.1 M HNOs), and Ce(IV) (1200 equivalents/4.1 for
all acids). Given that ESI-MS studies have shown that the high-valent forms of 4.1 may
have a special affinity for [Ce(NO3)s] over the other ions, it is postulated that
[Ce(NOs)y]” is the source of adventitious oxygen and also likely NOs’, a claim that is

corroborated by the evolution of NO; in the headspace of the flask under catalytic
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conditions (Chapter 3). O-atom exchange between water and NOj3™ ions in HNO3; was not
observed on a time scale relevant to these studies, but note that it has been shown by
McKenzie et al. to play an important role with catalysts of lower activities.”’
Interestingly, the kayx pathway is suppressed in the other acids (Table 4-6). This
observation can be rationalized by some of the NO5 ligands about the Ce(1V) ion being
displaced by the conjugate base of the acid medium. Experiments in HOTT, for example,
will involve a Ce(1V) ion that is coordinated by OTf ions, an anion that would be less
susceptible to bond activation. Consequently, experiments in this acid medium appear to
shunt the kayx pathway and force reactivity through the acid-base mechanism. A similar
result is observed in experiments carried out in HCIO,4. These results lend caution to
carrying out water oxidation studies with Ce(IV) in HNOj3 as the dramatically increased

observed rates of catalysis may indeed be the result of unwanted side reactions.
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Table 4-6 Relative abundance of O, isotopomers generated during the oxidation of
8 0H,-labeled water by 4.1 at pH 1 and 0 using three different acid anions.?

relative abundance
acid ion 0.1 M acids 1.0 M acids
obs.? theor.® %dev.® obs?  theor.® % dev.
HNO; ™0="0 0.90(4) 084 79 097(1) 085 +14
%0=%0 0.092(34) 0.16 -41 0.031(7) 015  -79
80="80 0.0040(14) 0.0072 -44 0.0013(3) 0.0063 -79

HClO, *0='°0 0.82(1) 084 -2 085(1) 085 0
%0=%0 0.17(2) 015 10 0.15(1) 015 0
¥0="0 0.0072(3) 0.0071 0.4 0.0057(1) 0.0063 -10

HOTf *0='°0 0.82(2) 084  -1.7 086(2) 086 1

%0=%0 0.17(2) 016 9.3 0.14(2) 014 -4

¥0="20 0.0072(2) 0.0072 0 0.0052(7) 0.0059 -11
a[4.1] = 2.9 - 3.4 " 10™* M; [Ce(1V)] = 0.11 M; total volume acid = 2.5 — 2.7 mL. .°
Observed ratios of isotopomers; values in parentheses represent one standard deviation of
the measured values taken over at least three separate runs. © Theoretical ratios; based on
probability of 10% *®0OH,-labelled water producing *0,, **O,, and *0, is 0.81, 0.18, and
0.01, respectively; values in table take dilution factors into account. ¢ % deviation =
(observed-theoretical)/theoretical ** 100%; theoretical values assumes both O atoms of
dioxygen are derived from water.

4.3 Summary and Conclusions.

This chapter provides a comprehensive analysis of how reaction conditions can
affect the evaluation of water oxidation catalysts that rely on Ce(lV) as the terminal
oxidant. Complex 4.1 is a robust, well-defined catalyst that offers the rare opportunity to
extract catalytic parameters in different media in the absence of substantial
decomposition, annation, and solubility issues. The critical message that this chapter
delivers is that the acid medium can affect both the reactivity of the catalyst and the
terminal oxidant, and therefore plays an integral role in measurements recorded under
catalytic conditions. An examination of Ce(1V) in the different acids, for example,

demonstrates that the salt spontaneously decomposes in acids with weakly coordinating
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anions, and is accelerated in the presence of ambient laboratory light conditions. This
feature calls attention for the need for researchers to prepare fresh solutions of Ce(1V)
prior to experiments. Moreover, the acid anion can provide access to pathways that may
be competitive to dioxygen evolution in catalytic studies; for example, the acid anion can
participate in the O-O bond formation step (i.e., Kaux); Spontaneous oxidation of 4.1in 1.0
M HNOs.

The extent to which different experimental protocols affect reaction metrics has
not been explicitly addressed to date, thereby rendering it difficult to reconcile the
relative behaviour of different catalysts in the literature. To help bridge this gap, this
study compared the catalytic rate coefficients using two independent methods (e.g.,
fluorescence optical probe, spectrophotometrically) using a wide range of Ce(1V)/catalyst
ratios that are common to the field. Despite the different concentrations required for the
two measurement techniques, the optical probe for dioxygen detection using a Ce(1V)/
4.1 ratio of 200:1 provides the same general trends in d[O.]/dt as those determined by
tracking Ce(1V) decay spectrophotometrically with Ce(1V)/ 4.1 ratio of 30:1 (Table 4-5).
Faster rates determined with the optical probe are attributed to the higher amount of
Ce(IV) relative to 4.1. A larger excess of Ce(IV) (i.e., 200 equivalents of Ce(IV)/1) leads
to a convergence in catalytic parameters that may mask subtle mechanistic details.

The clear acid dependence of ke, kobs @and the single reaction steps (e.g., ki, ks, ko-
o, Ko2) also has direct implications to developing mechanistic schemes akin to Scheme 4-
1. For example, previous studies on the paradigmatic “blue dimer”,

[(bpy)2(H-0) Ru"'ORU"'(OH,)(bpy)2]** (1.1), have shown that higher reaction rates are

observed in HCIO, relative to the other acids. The variability in thermodynamic driving
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force is often invoked as the principal driver for this acid dependence on the basis that the
Ce(IV) ion is cited to be a stronger oxidant in 1 M HCIO, (E°, Ce(I1V)/Ce(lll) = 1.70 V)
than 1 M HNO;3 (E°, Ce(IV)/ Ce(lIl) = 1.61 V). While these trends are indeed consistent
with the relative pK, values of the acids, data presented here contrasts these claims in two
ways: (i) the reduction potential of Ce(IV) is not sensitive to the acid medium holding the
pH at parity; and (ii) the highest kops and ke, Values are observed in HNO3, not HCIO,.
Electrochemical analysis of Ce(1V) in each of the different acids is in better agreement
with a previous report that the formal oxidation potential of Ce(1V) is not particularly
sensitive to the acid medium.!”® The notion that the Ce(IV)/Ce(l11) potential is sensitive
to the acid is likely rooted in comparing the redox data of Ce salts with more weakly
coordinating anions.

It is notable that reaction rates are much faster in HNOs than the other acids at the
same pH. The NOj" anion appears to not only mediate faster electron-transfer kinetics,
but seems to enhance other steps in the catalytic cycle. The relatively high basicity of the
NOj3 anion appears to play a critical role in accelerating reactivity by (i) assisting the
rate-limiting O-O bond formation step via a concerted base-assisted APT process and (ii)
enhancing the exclusion of dioxygen from the [Ru'V-0,]** species. While the O-O bond
formation step is slower in the other acids, the liberation of dioxygen is significantly
diminished and becomes rate-limiting in HCIO, and HOTT. This finding is important
because it shows that the position of the RDS in the catalytic cycle can be affected solely
by the acid medium. This claim is corroborated by the disparate KIE data recorded in the
different acids. While faster reactivity is observed in HNOs, it should be cautioned that

an O-atom derived from NO3™ may be incorporated into the final dioxygen product to a
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reasonable extent via kayx. This auxiliary pathway can be suppressed in the other acids
(Table 4-6), which is consistent with a study by Llobet et al. showing that the water
oxidation catalyst, cis-[Ru" (bpy).(H20).]*, proceeds through the acid-base mechanism
exclusively in experiments conducted with Ce(IV) in 0.1 M HOTf.**

The study presented herein highlights the need to balance a number of
experimental factors when extracting catalytic parameters for catalysts of this type.
These collective observations hint that water oxidation driven by Ce(1V) with catalysts
related to 4.1, for instance, may need to be carried out in HOTT to circumvent undesirable
complications, for example, kaux in HNO3, spontaneous decay of Ce(1V) in HCIO,,
annation problems associated with H,SO4 and HCI. However, the slower reactivity of 4.1
in HOTf may lead to other drawbacks (e.g., lower catalytic TONs and efficiencies
because of access to deactivation pathways) given that the higher redox levels of Ru

catalysts are less stable; thus, the faster reactivity in HNO3 can be advantageous despite

the possibility of the kax pathway.

4.4 Experimental Section
4.4.1 Preparation of Compounds.

Ligands and concentrated acid solutions were purchased from Aldrich, RuClse
3H,0 was purchased from Pressure Chemical Company; all reagents were used without
further purification. Compound [Ru(tpy)(bpy)(OH>)](C10,), (4.1) was prepared and
purified as previously reported.*® HOTTF acid solutions were prepared from reagent
grade (>98%) HOTf as a 1.0 M solution in a glass bottle and stored over prolonged

periods at 5 °C; the 1.0 M solution was sufficiently devoid of UV-absorbing impurities.
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HCIO4, HNO3, and H,SO, acid solutions were prepared from concentrated acid solutions

and distilled, deionized water.

4.4.2 Physical Methods.

Electrochemical measurements were recorded with a Princeton Applied Research
VersaStat 3 potentiostat, a glassy carbon working electrode (diameter = 3 mm), a Pt wire
counter electrode, and a Ag/AgCl reference electrode (3 M NaCl, 0.210 V
vs NHE). Potentials reported herein are referenced to a normal hydrogen electrode
(NHE). Electrochemical measurements of Ce(IV) in acid solutions (5 mL) were
concluded within an hour of solution preparation with [Ce(1V)] = 31 mM.

Electronic spectroscopy data was collected on a Varian Cary 5000 UV-vis
spectrophotometer. Kinetics measurements were performed by stopped-flow methods
using a Hi-Tech Scientific SFA-20 coupled to the Cary 5000 spectrometer, and
absorbance versus time traces were collected at appropriate wavelengths. Rate constants
were determined by fitting absorbance versus time traces to a first- or second-order
function using the kinetics fitting software supplied with the Varian Cary WinUV
Kinetics Application software package (software version 3.00(182)) or manually using
Microsoft Excel. Reported values of k; were collected by tracking the decay of the Ru(ll)
species (i.e., (-d[Ru"-OH,]/dt = ky[Ru"-OH,][Ce(IV)]) under equimolar concentrations
and repeated until standard deviations of < 10% were achieved over at least five
consecutive runs. At least three runs were carried out to determine ks and kKo.o by

tracking the absorbance signal versus time at 309 nm (ko.o could also be extracted by the
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signal at 688 nm). Unless specified otherwise, ks was determined by observing the
spectral decay at 309 nm assigned as the decomposition of Ru(lV) or Ce(IV) (e.g., (-
d[Ru'V=0]/dt = ks[Ru'V=0][Ce(1V)]) species using the integrated rate law for a second
order reaction, 1/[X]; = 1/[X]. - kst where [X] may represent either [Ru'V=0]* or
[Ce(1V)] decay under equimolar conditions. ko.o was determined by fitting the onset of
the spectral signature corresponding to the [Ru'"'-O,H]** species (i.e., d[Ru""-O,H]/dt =
ko-o[Ru'"'-O,H]) using the corresponding integrated rate law described by In[(A-Ao)/(A/ -
Ao)] = ko-ot, where A = absorbance at time t; A, = absorbance at t = 0; A, = absorbance
att,. Spectrophotometric experiments utilized the molar extinction coefficient (*) value
of the !,ax associated with the MLCT band of 4.1 (476 nm; 9900 M cm™) for the
accurate determination of [4.1]. Kinetic isotope effect (KIE) experiments were
determined using the method of initial rates at roughly the same concentrations of
catalyst and Ce(IV) in 0.1 M HNO; ([Ru] = 3.8 $ 10 M; [Ce(IV)] = 1.1 $ 10 M) and
HCIO, ([Ru] = 3.9 $ 10° M; [Ce(1V)] = 1.2 $ 10 M), but in D,O rather than H,0O; the
KIE was measured spectrophotometrically by monitoring the decay of Ce(1V) at 360 nm
and taking the relative ratios of reaction rates (i.e., (d[Ce(IV)]/dt)n/(d[Ce(IV)]/dt)p. In all
of the above experiments, the Ce(IV) solutions were freshly prepared with
(NH,)2]Ce"V(NO3)g] in the desired acid solutions and used within 5 min of preparation.

Dioxygen evolution was monitored using a custom-built apparatus consisting of a
round-bottom flask equipped with a septum and a threaded side arm for insertion of the
probe (working volume = 14.4 mL). The flask was charged with a solution of CAN in
3.0 mL of solvent, and the headspace was purged with N»(g) for about 20 minutes until a

stable reading was obtained. Note the solution was not purged to ensure O, saturation
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and a rapid response for O, generated. A deaerated solution containing the catalyst was
then injected through a rubber septum, and stirred in a temperature modulated oil bath
(30 £ 2 °C) for the duration of the experiment. Dioxygen evolution was monitored every
10 seconds with an optical probe (Ocean Optics FOXY-OR125-AFMG) and a
multifrequency phase fluorimeter (Ocean Optics MFPF-100). Data from the sensor was
processed by the TauTheta Host Program and then converted into the appropriate
calibrated O, sensor readings in “% O, by the OOISensors application. Standard
deviation of the O, readings given by the instrument was determined to be £ 3% of the
total moles of O, produced from repeated control experiments, while standard deviations
in the rates as obtained by this method were found to be + 10%.

The ' OH, labeling studies were performed using water containing 9.87% “*0OH,
on a weight basis prepared from a 98.7% *®0OH, solution purchased from Cambridge
Isotopes Laboratories. Reactions were performed in the same apparatus as used for the
dioxygen evolution studies. In a typical experiment, 2 mL of **OH, (9.87 %) was added
to the flask followed by an appropriate amount of concentrated acid solution (conc.
HNO3, 15.8 M; 70% HCIO,4 11.6 M) to achieve a 0.1 or 1.0 M acid concentration. For
HOTT, an appropriate amount of triflic anhydride was added to achieve 0.1 and 1.0 M
solutions. The flask was sealed after Ce(IVV) was added to reach a concentration of 0.10
M; the solution and headspace were then purged with N2(g) until a stable dioxygen
reading was obtained (ca. 20-30 minutes). A deaerated solution of the catalyst dissolved
in H20 (8.0 $ 107 mol) was then injected via syringe into the stirring Ce(IV) solution; the
additional *®OH; content was taken into account. After the dioxygen reading had

stabilized indicating the stoichiometric consumption of Ce(1V), several 10-20 puL samples
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of the headspace were directly injected into a Varian 210 GC/MS lon Trap containing a
Molsieve 5 A gas separation column and an ion-trap set to focus on ions within the m/z
20-80 range. Traces of individual ions were determined by extracting the desired m/z
value from the spectrum; relative concentrations of isotopes were determined by
integrating the area under the signal of the appropriate extracted m/z value. Introduction
of atmospheric oxygen inherent to this method was corrected for by repeated injections of
pure N2 and noting the ratio of O,/N2, which was found to be 1.7 £ 0.4%. This ratio was
then subtracted from the *0, signal in the labeled **OH, studies.

All electrospray-ionization mass spectra (ESI-MS) were recorded on an Agilent
Technologies 6520 Accurate-Mass Q-TOF LC/MS spectrometer. Instrument parameters
were optimized to maximize observed spectra: capillary voltage (3200 V); source
temperature (100 °C); desolvation temperature (300 °C); desolvation flow rate (250 L/h);

cone voltage (20 V); collision voltage (1 V); quadrupole ion energy (2 V).
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Chapter Five: Electrochemical Studies of a Co(Il) Complex with a Tetrapodal
Pentadentate Ligand

5.1 Introduction

Studies that involved Ru polypyridyl complexes revealed several important
insights into what is required of a molecular water oxidation catalyst. A rather obvious
requirement is a transition metal that has several accessible oxidation states. An
oxidatively stable ligand framework is also needed to prohibit decomposition and
subsequent release of the metal ion into solution that could lead to potentially active
metal-oxide species that may be the true origin of catalysis.>*"® Studies presented in
Chapters 2 and 3 suggested that the primary decomposition route involved the loss of
ligands that were situated trans to the active M-O vector. As shown in Chapter 2, the
complex also requires a vacant coordination site to accommodate a water molecule that
ultimately leads into arguably the most important characteristic of molecular water
oxidation catalysis: the ability to accommodate proton-coupled electron transfer (PCET)
processes to access high-valent, catalytically active redox states at reasonable
electrochemical potentials 242324120180

Scouring the literature with these goals in mind, the tetrapodal, polypyridyl
pentadentate ligand, 2,6-(bis(bis-2-pyridyl)-methoxymethane)pyridine (PY5),

k'® and Feringa®® in 1997, was deemed to be a suitable

independently reported by Stac
candidate. Many complexes of first-row transition metals utilizing the PY5 ligand have
been characterized by the Stack group,*®® and the ligand environment allows a convenient

probe of the spectrochemical series through substitution at the single available
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coordination site.*** Furthermore, Fe and Mn complexes have been shown to be
structural and functional models for enzymatic C-H bond activation reactions undergoing
hydrogen-atom transfer (HAT).*#-18187 Attempts were made in our lab to install a Ru
ion within the ligand framework, but with limited success due perhaps, to sluggish ligand

exchange by Ru(ll) ions. Fueled by the work of Nocera®" 188189

and colleagues on
heterogeneous films of Co-oxides, the advance of Co as a potentially viable water
oxidation catalyst prompted us to install a Co ion into the ligand framework of PY5 to
test for catalytic water oxidation.

The following chapter details the investigations of [Co" (PY5)(OH,)](Cl0,), (5.1;
note [Co" (PY5)(OH,)]** and [Co"(PY5)(OH,)](CIO.), will be used interchangeably as

the spectator anion is not likely involved in electrochemical studies) as a water oxidation

catalyst and serves largely as the basis for two communications in Chemical

115 116
1, 2,

Communications published in early 201 and early 201 as well as work that is
currently ongoing. The majority of the studies were performed electrochemically, and
the following chapter involves many electrochemical and electrocatalytic techniques and

theories.

5.2 Results and Discussion
5.2.1 Synthesis and Molecular Structure of [Co" (PY5)(OH2)](CIOy), (5.1)

Synthesis of the desired complex was straightforward and simply involved
stoichiometric mixing of the ligand and [Co(OH)s](CIO4), in 3:1 methanol/water under
N2 overnight. The pure complex could be isolated following reduction of the solution

volume and incubation in a refrigerator overnight to afford pale yellow crystals of 5.1 in
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high yield. High quality crystals suitable for X-ray diffraction were obtained by slow
evaporation over a period of two weeks of an aqueous solution of 5.1 in order to conserve
the H,O ligand in the vacant coordination site (Figure 5-1). The complex, 5.1, possessed
all the aforementioned features deemed necessary for a robust, molecular water oxidation

catalyst.

Figure 5-1 Molecular structure of [Co"(PY5)(OH.)](CIO.), (5.1) determined by X-ray
diffraction with 50% probability ellipsoids; H-atoms of ligand omitted for clarity (further
crystallographic details can be found in the Appendix B).

Complex 5.1 bears similarity to other first-row transition metal complexes with
the PYS5 ligand.’® Expected pseudo-octahedral geometry about the Co(ll) ion is
observed, with a bending of the axial pyridyl moiety of 21° from ideal geometry defined
by the plane defined by the equatorial Co-Ny plane (Co-Neg) bonds, that is commonly
observed with complexes of the PY5 ligand; a result of steric strain imposed by the —
OMe groups adopting a syn configuration due to steric constraints from the pyridyl

groups. There is, however, evidence that in solution complexes of the PY5 ligand bear
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C, symmetry.’*® An average Co-Neq bond distance of 2.159(2) A and Co-Nax bond
distance of 2.059(2) A is consistent with a high-spin Co(ll) ion. A Co-O bond distance of
2.027(2) A is observed, slightly shorter than other similar complexes,*®* likely a result of
the bent axial pyridyl group. Notably, the crystal was of sufficient quality to accurately
define the location of the H-atoms of the aqua ligand that were found to be within

distances and angles to be considered as hydrogen bonded to the CIO4” counter ions.

5.2.2 Preliminary Studies of Proton-Coupled Electron Transfer of the Co(111/11) Redox
Process

As an initial means of characterizing 5.1, electrochemical studies were undertaken
to characterize various valence states accessible by the complex. Furthermore, the
identification of PCET chemistry occurring would provide motivation towards potential
water oxidation catalysis.

Electrochemical measurements of 5.1 in an agueous medium allows for a
convenient method to probe for PCET with the adjustment of pH levels. Dissolution of
5.1 in appropriate buffer solution for the pH range in question allowed for
characterization of the thermodynamics associated with the Co(l11)/Co(ll) redox process.
According to the Nernst equation, electrochemical potentials associated with an electron
transfer process can be impacted by the proton requirements of an intimately bound
ligand with variable pK,’s associated with electron density. Therefore, predictions can be
made based on the electrochemical dependence of the electron transfer process in

question, to the resultant proton demands.
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Figure 5-2 Cyclic voltammograms of 5.1 taken at various pH levels highlight evidence
for PCET chemistry.

There are numerous examples of PCET occurring at a [M—OH;] moiety with
single Ru polypyridyl complexes bearing an aqua ligand;***** however, there did not
exist any examples of first-row transition metals undergoing well-defined PCET of the
type, [M"=OH,]*/[M"™—OHJ*. It was therefore necessary to document the PCET
behaviour of 5.1 in this context, as this is a hallmark of potential molecular water
oxidation catalysts. It is also interesting to note that Co(ll) complexes are almost entirely
characterized by high-spin d’ electron configurations, while Co(l11) complexes nearly
always adopt low-spin d® electron configurations. Therefore, it is expected that PCET
occurring with a Co(I11)/Co(ll) redox couple also involves a spin transition, which is

unprecedented with this type of PCET to date.™®

(Note: unless stated otherwise,
electrochemical measurements reported herein are collected in 0.1 M potassium

phosphate (KPi) or acetate buffer solutions using a freshly polished glassy carbon
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working electrode with a 3 mm diameter; a Cu/CuSO, or Ag/AgCI reference electrode;
and a Pt wire counter electrode; at a scan rate of 50 mV s)

Variations in the pH and subsequent characterization of the Co(l11)/Co(ll) redox
couple revealed detailed and unprecedented thermodynamics attributable to PCET
chemistry. Example cyclic voltammograms are shown in Figure 5-2. Over a large pH
range, the E;/, potential associated with the Co(l11)/Co(ll) redox couple displayed
variations according to -59 mV/pH that are expected for a 1 e/1 H* redox event dictated
by the Nernst equation (Equation 5.2). This provides strong evidence that the
Co(l11)/Co(l1) couple also involves proton transfer to the solvent (note that herein, as with
previous chapters the relative redox and protonation levels will be designated as
[Co"™OH,]™™ " with n being the valance state of the Co ion and x being the proton
content).

The Co(l11)/Co(ll) redox process was found to be diffusion controlled as a result
of the linear dependence of the peak current (ip; measured in A) to the square-root of the
scan rate (#) in accordance with the Randles-Sevcik equation at 298 K (Equation
5.3):1%31% \here n is the number of electron of the redox couple, A is the electrode area
in cm?, D is the diffusion coefficient of the redox active species in cm?s™; C is the bulk
concentration of the redox active species in mol cm™. Furthermore, scan-rate dependence
measurements of this redox couple allow for the determination of the diffusion
coefficient (D) of 5.1 (~3 $ 10°® cm? s™) from the slope of a plot of i, vs -/* which is a

useful parameter for later electrocatalytic studies.
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Pourbaix diagrams are useful for determination of many useful thermodynamic
metrics (Figure 5-3). The use of a Britton-Robinson buffer (equimolar concentrations of
acetate, phosphate and borate anions) further allows determination of relevant
thermodynamic parameters because the buffer solution responds linearly to titration by
[OH] between pH values between 2-12. The pK, levels for the respective protonated
species define regions that bracket PCET chemistry (i.e., the deviations from the
expected Nernstian slope of -59 mV/pH occur). Intersection of the Nernstian and proton-
independent slopes allows for extraction of relevant pK, values for the respective species.
At pH levels < 2.7 the redox process is defined as a simple electron transfer process
described by the [Co"'-OH,]**/[Co"-OH,]* redox couple at 0.51 V. At pH levels > ~12,
the redox process is best described again as a single electron transfer process,
[Co"'-OH]"/[Co"-OH]" at ~-0.02 V where solubility issues associated with the
monovalent complex and/or decomposition prohibit accurate measurements beyond pH
~12.

Evidence for well-defined PCET occurring at the [Co—OH,] centre suggested the

opportunity to access higher valence levels that may prove to be catalytically active,
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which then prompted further work into the potential electrocatalytic properties of this

molecule towards water oxidation.

0.8
” 3 [Co(PY5)(OH,)**
[Co"-OH,] 5.1
Eo 0.6
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Figure 5-3 pH-dependent electrochemistry associated with of the Co(111)/Co(ll) redox
process (Pourbaix diagram) of 5.1 in 0.1 M Britton-Robinson buffer. Relevant
thermodynamic metrics of pK, and E° values are indicated (see text).

5.2.3 Evidence for Electrocatalysis and Electrochemical Mechanistic Studies of 5.1

In neutral to mildly basic pH ranges, scanning cyclic voltammograms of 5.1 to
higher anodic potentials revealed another feature at ~1.4 V that displays currents that are
more than an order of magnitude higher than the diffusional event associated with the
[Co"'-OH]**/[Co"-OH,]** redox couple (Figure 5-4). The second redox process is
irreversible and these two characteristics are highly suggestive of an electrocatalytic

process occurring. Molecular electrocatalysis is defined as a freely-diffusing chemical



170
species undergoing catalytic turnovers at an electrode surface with a substrate present in
solution, which results in relatively high currents as the redox catalyst is cycling through
a catalytic mechanism.’® Also note that it was deemed necessary to use ultra-pure water
and a Cu/CuSQ, reference electrode so as to avoid contamination from CI that occurs at

similar potentials to those observed for electrocatalysis.
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Figure 5-4 Cyclic voltammogram of 5.1 (red trace) at pH 9.2 and blank (black trace)
electrolyte.

The second oxidation event is pH-independent at ~1.4 V as measured using
square-wave voltammetry with little variation over the pH range of ~7-12, and thus lead
to its assignment as a [Co'V—~OH]**/[Co"'-OH]** redox couple. A pH-dependence of this
redox process would be suggestive of the formation of a [Co'V=0]* species, which is
prohibited by the “oxo-wall” due to the absence of sufficiently low-lying and vacant d-
orbitals to stabilize the O ligand through the required * bonding interactions of the Op

orbitals and the ty, set of the d° octahedral Co complex.”**"** Though there is evidence
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for the existence of a formal [Co'V=0] species in a pentacoordinate environment,'*® the
complex here is most accurately described as [Co'Y—OH]** with a bond order of 1.5
between the Co and O. There is very little evidence for terminal Co'"-O fragments as

19197 a5 a result of the low-lying d® electronic

they are anticipated to be highly oxidizing,
configuration, and indeed Co(IV) is suggested to be the catalytically active state of other
Co-based water oxidation catalysts.”**#*'*® The OH" moiety of [Co'Y—OH]*" is
anticipated to be much less electrophilic than analogous [Ru'Y=01** or [RuV=07]** species
and therefore is likely unable to undergo O-O bond formation through nucleophilic
attack of the weakly nucleophilic H,O, which may explain the absence of this redox
process at pH < ~7 as the attacking nucleophile in the case of [Co'V—-OHJ** is suggested
to be OH". Although the [Co'V-~OH]**/[Co"'-OH]** redox process could be visible in the
absence of catalysis, it may be kinetically limited at the electrode surface in the absence
of hydroxide ions to undergo catalysis (discussed below). Confirmation of ligand
stability was accomplished by cyclic voltammetric studies of [Zn(PY5)(OH2)](CIO,),
that revealed no oxidation processes up to the solvent limit in mildly basic aqueous
solutions.

More compelling evidence for hydroxide as the incoming substrate is provided by
pH-dependent studies of the electrocatalytic feature (Figure 5-5). It is clearly evident that
increasing the hydroxide concentration of the solution dramatically increases the catalytic
current (ica). Furthermore, the shapes of the voltammograms are consistent with a
catalytic process that is kinetically controlled by a chemical step that is limited by
diffusion of a substrate (e.g. OH") to the catalyst near the electrode surface.'®

Implications of the pH-dependence on i¢, are that water oxidation by 5.1 is relatively
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rapid and suggests O-O bond formation via Equation 5.4 as the rate-limiting process,

which is consistent with many other water oxidation mechanisms reported to

74,111,136,149,152,199
date.
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Figure 5-5 Cyclic voltammograms of 5.1 at various pH levels highlighting the increased
catalytic currents (ica) at higher pH values (higher [OH]).

5.2.3.1 Electrochemical Mechanistic Studies of 5.1

The observed pH-dependence on the ic,, coupled with evidence for a chemical
step limiting catalysis, prompted further investigations of the catalytic mechanism and
identification of the rate-determining step (RDS). Analogous to traditional methods for
kinetic and mechanistic investigation of homogeneous catalysis, theories and methods

have been developed to use electrochemical methods for the study of electrocatalysis and
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have been widely implemented.!38180191.200-204 Tha neak or limiting current associated
with the catalytic event (ica) can be related to readily available and measureable
parameters, Equation 5.5: where C is the bulk concentration of the catalytic species; Kobs
is the pseudo first-order rate constant of the catalytic process; D¢ is the diffusion
coefficient of the catalyst (~3 $ 10° cm? s™); Cqp is the bulk substrate concentration.
Because the operating molecules for electrocatalysis are only active near the surface of
the electrode, the actual concentration of the electroactive catalyst is difficult to
accurately determine. For this reason, it is often beneficial if a non-catalytically active
diffusional couple can be measured under similar conditions, and the ratio of the catalytic
current (ica) over the diffusional current (i) defined by the Randles-Sevcik equation
(Equation 5.3) eliminates the concentration dependence of the bulk catalyst concentration
(Equation 5.6) with the often fair assumption of similar electron transfer coefficients and
diffusion coefficients associated with the redox process and active species

152,199

respectively, where R is the gas constant, T is the absolute temperature.
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From Equations 5.5-5.7, it can be seen that ic, is expected to vary linearly with
the concentration of 5.1 and linearly with ic.” as a function of [OH], being the substrate
in the rate-limiting process associated with the O-O bond formation step (Equation 5.7).
A plot of background corrected ¢, as a function of [5.1] yields a linear trend consistent
with Equation 5.5 (Figure 5-6a), suggesting a reaction mechanism whose rate-limiting
step involves a single Co complex (a plot of log(ica) vs. log([5.1]) yielding a slope of ~1
further confirms this). Linearity is observed by plotting i as a function of [OH] at
relatively low concentrations of OH" ions (Figure 5-6b) and a plot of log(ica’) Vs.
log([OH]) yields a slope of ~1, further supporting the reaction order of one in [OH]. At
higher [OH'] (pH > 10), the potential associated with icy shifts cathodically, and other
features in the cyclic voltammogram emerge. These two factors suggest another
catalytically active mechanism becomes operative and/or decomposition of the complex
in more basic media and under the highly oxidizing conditions required for catalysis.
The latter is likely, given that a blue precipitate is observable in the voltammetry cell
after several minutes at pH > 11, which is consistent with Co(OH),. It is conceivable that
under oxidizing conditions, Co(OH), is converted into catalytically active Co-oxide films

or nanoparticles.”
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Figure 5-6 Dependence of the background corrected catalytic current (icat) on a) the
concentration of 5.1 in accordance with Equation 5.5, and b) the concentration of [OH]
in accordance with Equation 5.5 with a concentration of 5.1 of 0.5 mM.

Extraction of second-order catalytic (kc.:) rates can be accomplished by plotting
the ratio of (ica/ig)? as a function of [OH] at a constant scan rate. A linear regression of
the data points in Figure 5-6b shows a relatively good correlation, however, ic,; is made
difficult by the necessities of extracting rates from currents at relatively high oxidation
potentials that are likely to involve slight degradation of the electrode surface (Figure 5-
7) and raising the background (charging) current to a certain extent.”® Using Equation
5.6, extraction of ke yields values of ~5.6 $ 10° M s, corresponding to turnover
frequencies (TOF) of ~0.1 s at pH 7 to ~60 s™* at pH 10. These values are notable in
that they represent some of the highest TOF reported to date for a molecular water

oxidation catalyst.
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Figure 5-7 Plot of (ica/ig)® as a function of [OH] in accordance with Equation 5.6 for the
extraction of ke, with a 0.5 mM solution of 5.1.

An alternate method of extracting kops Values can be accomplished by variation of

scan rates at a single pH, and from Equation 5.6, a plot of the ratio of background

-1/2

corrected icy t0 g (ica/ig) @s a function of -~ should yield a linear correlation to extract

Kobs Values. Figure 5-8a shows cyclic voltammograms for 5.1 at various scan rates with

the currents normalized (i/-2

) in accordance with Equation 5.3 to account for increased
background currents associated with higher scan rates. From Figure 5-8a, it is apparent
that higher scan rates result in rapidly diminishing ic, values, an observation that is
consistent with a rate-limiting chemical process preceding electron transfer.*2*** A
reasonable correlation between rates extracted in this manner (Figure 5-8) and to those
presented in Figure 5-7 lends confidence to the catalytic rate coefficients in the range of

~0.1-1%$10°st
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Figure 5-8 (a) Cyclic voltammograms of 5.1 recorded at pH 9.2 demonstrating the
dependence of normalized currents (i/#"?) to the scan rate. (b) Background-corrected
ratio of ica t0 ig as a function of v'¥2 in accordance with Equation 5.6. (c) Dependence of
Kobs @s a function of [OH] to extract the second-order rate constant, Kca:.

Further evidence for O-O bond formation as the RDS is suggested from a kinetic
isotope effect (KIE) experiment with similar experimental conditions conducted in H,O
vs D,0O media to extract kops Values leading to an H/D KIE of ~4.7. The presence of a
KIE suggests that protons are somehow involved in the RDS. Given than deprotonation
of the transient [Co"-O,H,]*" is expected to occur spontaneously, the KIE may be a
result of transition-state effects where another hydroxide or water molecule is involved

with deprotonation of [Co"-O,H,]** or another stabilization pathway.

5.2.4 Non-aqueous Water Oxidation Studies

Attempts were made to characterize the electrochemistry of 5.1 in the absence of
water in order to potentially observe a signal for a Co(IV)/Co(ll1) redox couple under
conditions that would not promote catalysis. Propylene carbonate (PC) has a large
electrochemical window (> 2 V vs NHE) and can therefore be used to probe 5.1 under

highly oxidizing conditions. Additionally, water is reasonably soluble in PC up to
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approximately 8% by volume allowing aliquots of water to be titrated in to potentially

observe catalysis.
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Figure 5-9 Cyclic voltammograms of 5.1 in solutions of 0.1 M [(C4Hg)4N](PFs)
propylene carbonate (PC) at a scan rate of 10 mV s™ in neat PC (black); PC with the

addition of 200 pL of H,O (blue); and upon addition of 200 uL H,O and 20 uL 5 M
KOH (red).

Figure 5-9 shows cyclic voltammograms of 5.1 in pure PC media and after the
addition of H,O and 5 M KOH. The voltammograms seem to show little evidence for a
Co(1V)/Co(ll) redox process occurring in the absence of water and also the redox
process for the Co(l11)/Co(Il) couple is markedly ill-defined. An additional redox
process is barely discernable ~ 200 mV cathodic of the dominant process. Upon addition
of 200 pL of H,0, the dominant Co(l11)/Co(ll) redox couple becomes much more well-
defined at ~0.75 V, and therefore leads to assignment of this process being associated

with the aqua complex as [Co"'—OH,]**/[Co"—OH,]**. In the absence of good proton
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acceptors in the PC/H,O medium, proton transfer is presumably prohibited and this
process is assigned as the single electron transfer associated with
[Co"'-OH,]**/[Co"-OH,]**. The feature cathodic of the dominant Co(I11)/Co(11) feature
can be reasonably assigned as the redox process associated with coordination of PC to the
Co complex, [Co"'-PC]**/[C0"—PC]?*, and does not noticeably increase in intensity with
the addition of H;0.

Addition of H,O to the PC medium does not result in the appearance of catalytic
currents, nor is there evidence for a Co(I1V)/Co(lll) redox couple. However, in the
absence of PCET, it is unlikely that a Co(IV) state can be reached at relevant and
accessible potentials. In order to test this hypothesis, small aliquots of aqueous KOH
were added to the solution in order to create a basic medium to facilitate deprotonation of
[Co"'-OH,]* potentially allowing access to a Co(IV) species, while also allowing the
opportunity for possible catalytic activity following the assignment of OH" as the
substrate. Upon addition of KOH, the Co(l11)/Co(ll) redox couple has noticeably shifted
cathodically by ~600 mV to 0.16 V, consistent with assignment as
[Co"'-OH]**/[Co"-OH]"* and data presented in the Pourbaix diagram shown in Figure 5-
3, predicting ~0.55 V difference between the different protonation levels of the
[Co"'-OH,]*/[Co"-OH,]* and [Co"'-OH]**/[Co"-OH]" redox processes. The
appearance of two oxidative events associated with the single reduction event of this
redox couple suggests two separate species being oxidized and is currently difficult to
reconcile the plausible species.

Emergence of at least two irreversible oxidation events occurring at ~ 1.1 and 1.4

V are apparent upon the addition of KOH, although they are poorly defined. Confident
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assignment is therefore difficult, however, they may be associated with a Co(1V)/Co(l1l)
redox event that does not appear to be catalytic in nature and/or decomposition. Further
experiments are needed to accurately assign the chemistry occurring under these

conditions.

5.2.5 Density Functional Studies of Proposed Catalytic Intermediates

As a result of the presented kinetic and mechanistic studies, as well as knowledge
of the Ru systems presented in previous chapters, the proposed mechanism for

electrocatalytic water oxidation by 5.1 is shown in Scheme 5-1.
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Scheme 5-1 Proposed mechanism for the electrocatalytic oxidation of water by 5.1.
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Density functional theory (DFT) calculations using the BP86 functional were
performed to optimize the geometries of proposed species, obtain predictions of orbital
characteristics, and relate their respective energies to advance understanding of the
proposed catalytic mechanism. Optimized structures along with frontier molecular

orbital predictions and spin density calculations are presented in Figure 5-10.
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Figure 5-10 Density functional theory (DFT) geometrical optimizations of proposed
intermediates for water oxidation catalyzed by 5.1 and their associated frontier molecular
orbitals and spin-density calculations of paramagnetic species.

Optimizations were performed using the default spin parameter resulting in high-
spin (HS) quartet electron configurations for Co(ll); low-spin (LS) singlet Co(lll) and
doublet configurations for the Co(IV) species. Discussions here will summarize the

salient points.

5.2.5.1 [Co"(PY5)(OH,)] %

The HS d’ Co(Il) species has a highest singly-occupied molecular orbital

(SOMO) that is primarily mixed Co and aqua ligand in character. Spin-density
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calculations suggest the majority of the spin lies on the Co ion with Mulliken atomic
spins densities of 0 = 0.9308, 0.0143 and 0.0707 for the Co, O (ligand) and axial pyridyl
nitrogen respectively. This is consistent with the electrons residing predominantly in the
d orbitals on Co(ll).

Equatorial pyridyl Co—N (Co-Neg) bonds have an average distance of 2.02(2) A,
while the axial pyridyl Co-N (Co—Na) bond length is significantly longer at 2.101 A as a
result of electron occupation in the SOMO that is largely d,? in character. A comparison
to the crystallographic data obtained for 5.1 reveals a good correlation between
experimental and calculated bond lengths for the Co—Nay bond length (experimental
Co-Nax = 2.091 A), with a poorer correlation for the Co—Neq bond lengths (average
experimental Co—Neq = 2.16(2) A). Finally the Co-OH, bond distance is computed at
2.411 A, yet the experimental Co—-OH, bond distance is dramatically shorter at 2.028 A.
Considering the overestimation of the Co—OH; bond distance and the underestimation of
the Co—Neq bond distance, it is likely that the computations favoured a higher d;* orbital
energy and lower dxz.y2 orbital energies. The poor correlation between the experimental
and calculated bond lengths suggests that simply constraining the molecule to a high-pin
quartet state may not be an accurate description of the d-orbital population, and other spin

states should be explored further.

5.2.5.2 [Co"(PY5)(OH)*

The singlet, LS complex, [Co"'(PY5)(OH2)]** possesses a HOMO delocalized
over the Co and the hydroxide ligand and is "-antibonding in nature. Mulliken atomic

charges are computed at g(Co) = 0.5319 and g(O) = -0.7538, respectively, reflecting the
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anionic nature of the bound hydroxide. Mulliken atomic spins were negligible as a result
of the diamagnetic nature of the Co(l1l) complex.

As expected, the change from a d” HS Co(ll) to a d® LS Co(l11) configuration
results in pronounced contraction of the principle axial ligand bond lengths, while
equatorial pyridyl groups undergo only very minor perturbation. The axial pyridyl group
trans to the Co—O vector (Nax) shortens to 1.991 A, while the Co-O bond length
undergoes dramatic shortening from 2.411 A to 1.901 A. As discussed above, the
computations likely favoured higher energy d,” orbital energy resulting in this large
difference in going from a populated d,? orbtial in [Co"(PY5)(OH,)]** to a LS and
unpopulated d,* orbital in [Co"'(PY5)(OH)]**. Co—Ne, bond lengths remain consistent at

2.03(2) A.

5.2.5.3 [Co"V(PY5)(OH)]*

Aligned with experimental observations of a relatively static potential associated
with the catalytic currents, and consideration of the “oxo-wall”, prompted us to suspect
the Co(1V) complex does not undergo deprotonation and thus [Co'Y(PY5)(OH)]*" was
assumed as the next proposed intermediate. Mulliken atomic charges are consistent with
the loss of electron density primarily at O ligand with g(Co) = 0.5572 and q(O) = -0.5753
and suggests the possibility of radical character imparted on the coordinated hydroxide,
and ferromagnetic coupling between the d® Co(IV) and OH ligand. The radical character
of the hydroxide ligand is notable as the hydroxyl radical is one of the strongest known

oxidants with an oxidation potential of 2.46 V. Mulliken atomic spins suggest mixed Co
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and O nature with 0(Co) = 0.4107 and 0(O) = 0.5643 reflecting the somewhat larger
contribution from the OH ligand.

An increased Co-0O bond order is suggested by a contraction of the Co—O bond
length to 1.794 A, effectively increasing the electrophilicity of the O coordinated to the
Co, poising it for nucleophilic attack from an incoming water/hydroxide substrate. A
very slight increase in the Co—Nax bond length to 1.999 A is calculated, which is smaller
than might be expected, possibly as a result of the strain imposed by the four Co—Neq

bonds in lengthening the Co—N,x bond.

5.2.5.4 0-O Bond Formation and [Co" (PY5)(O,H)]* and [Co"(PY5)(0,)]*

Attempts were made to compute the actual reaction between the [Co'V-OH]**
complex and a hydroxide ion, but the complexities involved with spin-transitions and
deprotonation steps yielded little success. Efforts to resolve these issues are ongoing.

Proposed intermediates, [Co" (PY5)(0,H)]* and [Co"(PY5)(0,)]" are assumed to
be transient intermediates and not expected to play a significant role in the catalytic

mechanism and will not be discussed further.

5.2.5.5 [Co" (PY5)(0)]*

Upon a one-electron oxidation of [Co"'(PY5)(0,)]" to a tentatively assigned
[CoV(PY5)(0,)]*, analysis of the Mulliken charges and spins suggests the species is
better formulated as Co(l11) with a bound superoxide (O;) with q(Co) = 0.4411 and
g(01) and g(02) at -0.1379 and -0.2615 respectively; and with nearly all the spin density

localized on the two oxygen atoms with 0(O1) and 0(02) at 0.4533 and 0.5658
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respectively. This has an important implication in providing the driving force for rapid
dissociation of O, upon spontaneous reduction of Co(lll) via the coordinated O, to give
Co(ll) and O,. The lability of Co(ll) species would allow rapid release of O, and
subsequent coordination of H,O to regenerate the starting complex, [Co" (PY5)(OH2)]*".
Furthermore, analysis of the O—O bond length for [Co"'(PY5)(0,)]*" at 1.305 A is close

to the O-O bond length of KO, at 1.28 A

5.2.6 Water Oxidation Experiments
5.2.6.1 Chemical Water Oxidation

Attempts were made to quantify dioxygen formation using Ce(IV) as a chemical
oxidant in 0.1 M HCIO,, but poor catalyst efficiencies of ~30% were typically observed.
An example is shown in Figure 5-11. In this experiment, there is sufficient Ce(IV)
present to generate > 10 umol of O, although it is evident that the catalyst deactivates or
decomposes after a few turnovers (~17). Rationalization of this can be made through the
suggestion that water is not a strong enough nucleophile to undergo O-O bond formation
thus preventing catalytic formation of dioxygen. However, the experiment did verify

catalytic turnover of the complex.
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Figure 5-11 Dioxygen evolution experiments with 5.1 (0.13mM) in 0.1 M
NaOAc/HOACc buffer (black line, pH 4.6) with potassium peroxymonosulfate (Oxone) as
the sacrificial oxidant (13 mM); and 5.1 (0.13 mM) in 0.1 M HCIO, (pH 1) with
(NH4)2[Ce(NO3)s] as the sacrificial oxidant (27 mM).

In order to provide a higher pH for the reaction medium, and therefore to promote
more facile and robust catalysis, the two-electron oxidant, potassium peroxymonosulfate
was utilized (Equation 5.8) at pH 4.6 in an acetate buffer.

Much higher TON are observed with the use of peroxymonosulfate as the
chemical oxidant, and efficiencies of ~100 % were often observed based on the amount
of oxidant present. However, the use of peroxymonosulfate in water oxidation
experiments has been disputed,®*%*%% as it can act as an oxygen-atom transfer agent
thereby not necessarily acting as a non-innocent oxidant with O atoms originating from

HSOs. In order to verify water as the source of dioxygen using peroxymonosulfate,
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experiments were conducted with *20 labeled water and the gaseous products examined
by GC-MS. Unfortunately, m/z values corresponding to expected isotopomers containing
labeled 20 (i.e. *0="°0 and *0="20) were not observed and further tests using

peroxymonosulfate were not conducted.

5.2.6.2 Electrochemical Water Oxidation

An alternative experimental method for quantification of dioxygen production can
be performed electrochemically. In this experiment, the electrode provides the oxidizing
equivalents to drive catalytic turnover and an dioxygen sensor is situated near the
electrode to detect dissolved dioxygen.

Preliminary experiments were conducted in a typical electrochemical cell with a
0.5 mM solution of 5.1 in 0.1 M phosphate buffer at pH 9.2 (Figure 5-12). The deaerated
solution under a blanket of streaming N was then subjected to an applied potential of 1.6
V without stirring the solution so as to minimize introduction of atmospheric dioxygen
into the solution. From Figure 5-123, it is apparent that with respect to a control
experiment under identical conditions, a significant amount of dioxygen was detected.
Furthermore, a sustained current density of ~0.1 mA/cm? (Figure 5-12b) over the course
of the electrolysis experiment suggests a continuous redox active process occurring at the
electrode surface. Together the results are consistent with electrocatalytic formation of
dioxygen. At > 500 seconds, both the levels of dioxygen detected in the solution and the
current densities begin to plateau, presumably as a result of depletion of OH" substrate
near the electrode surface, and also possibly due to deactivation/decomposition of the

catalyst and/or electrode.
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Figure 5-12 Electrolytic dioxygen evolution experiments highlighting a) detection of
dissolved dioxygen with respect to a control experiment over 500 seconds and, b) stable
currents over the same time period suggestive of sustained electrochemical activity
exhibited by a 0.5 mM solution of 5.1 in 0.1 M phosphate buffer at pH 9.2 with an
applied potential of 1.6 V vs. NHE.

Although further refinement of electrolysis experiments are desired in order to
extract Faradaic (electrocatalytic) efficiencies and stability of the 5.1 complex under
catalytic conditions, questions as to the nature of water oxidation by another molecular
Co water oxidation catalyst were raised that suggested catalysis resulted from
nanoparticulate Co-oxide species.”® This prompted the scrutiny of 5.1 and studies were

undertaken to identify the active species.

5.2.7 Stability of 5.1 and the Nature of the Catalytically Active Species
5.2.7.1 Investigation of Possible Co-oxide Film Generation

The suggestion that the reported polyoxometallate complex,

Nazo[Co4(H20)2(PW4034).], decomposed into catalytically active Co-oxide
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nanoparticles,”” along with the increasing body of evidence that many Ir water oxidation
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catalysts may decompose into Ir-oxide nanoparticles,?2%1'

necessitated an investigation
of the stability of 5.1 in the electrocatalytic studies presented herein.
Foremost is the investigation of the potential formation of an electrocatalytically

74,188 on the

active Co-oxide film, similar to that revisited by Nocera and coworkers,
electrode surface under the relatively highly oxidizing conditions and neutral to basic
conditions required for catalysis by 5.1. A relatively simple and quick test for the

formation of active films is a homogeneity test’®’" 8284207

that involves subjecting
solutions of 5.1 and [Co' (OH,)s](Cl104) to similar electrochemical conditions, followed
by rinsing the electrode immediately after and subsequently immersing the electrode in a
blank buffer solution and running cyclic voltammograms (Figure 5-13). From Figure 5-
13a, the onset of catalysis is notably shifted anodically for 5.1 by ~200 mV and the
catalytic current associated with [Co"(OH.)s]** is much larger in magnitude
(inconsistencies for [Co"(OH,)s]** are associated with formation of bubbles on the
electrode surface). Deposition of an electroactive film is readily characterized by
observed features or significantly enhanced catalytic currents at the solvent limits beyond
those observed for a blank obtained with a freshly polished electrode in the same
electrolyte solution. Such a test is shown in Figure 5-13b post anodic cycling with
equimolar concentrations of 5.1 and [Co"(OH,)s]**. It should be noted that a certain
degree of electrode decomposition is expected under the harsh oxidizing conditions,
resulting in enhanced currents at high potentials. From Figure 5-13, it is suggested that
the formation of a Co-oxide film is not occurring with 5.1, as there is no evidence for

additional features or significant enhancements in the catalytic region, however, a an

active film is clearly observed when using [Co"(OH2)s]**.
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Figure 5-13 a) Cyclic voltammograms of 0.5 mM solutions of 5.1 (black) and
[Co"(OH.)s]*" (red) in 0.1 M KPi at pH 9.2. b) Homogeneity test post anodic cycling

depicting the formation of a catalytically active Co-oxide film in the case of
[Co"(OH,)s]** (red), but not for 5.1 (black).

Despite the differences observed in Figure 5-13, it should also be noted that much
lower concentrations of Co-oxide catalyst precursors such as aqueous Co(ll) ions are
required as small amounts generated from dissolution of 5.1 or from decomposition could
generate a sufficient quantity of precursor aqueous Co(ll) ions to generate a significant
catalytic response.®*'”® Smaller amounts of Co(l1) ions were introduced and subjected to
similar homogeneity tests (Figure 5-14). Indeed, a rather significant anodic response was
detected with 10 uM quantities of Co(ll) ions, suggesting that only a small amount (< 2%
generated from 0.5 mM solutions of 5.1) are required to elicit similar catalytic currents as
those observed for 5.1. Moreover, from Figure 5-14, it is apparent that generation of a
Co-oxide film on the electrode is not occurring, suggesting the generation of Co-oxide

nanoparticles in solution as potentially active catalytic species.
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Figure 5-14 Cyclic voltammograms recorded in 0.1 M KPi at pH ~9.2: the blue trace
shows the blank prior to exposure of the electrode to solutions of [Co" (OH.)s]**:; the red

trace in the presence of 10 uM solution of [Co"(OH.)s]**; and the black trace post anodic
cyclic in fresh electrolyte post anodic cycling in the presence of Co(ll).

5.2.7.2 Stability of 5.1 in Solution and Through Electrochemical Cycling

Given that the synthetic protocol would likely eliminate small quantities of Co(ll)
ions through washing with water and recrystallization of the complex from an aqueous
solution, the presence of Co(ll) ions in the stock 5.1 material is certainly possible at the
low concentrations required for a significant catalytic response, although elemental
analysis suggests that the bulk material is sufficiently pure.

Conceivably, small quantities of Co(ll) ions can be generated in situ from
dissolution of the complex containing labile Co(ll) ions, or through anodic cycling. The
first can be verified by monitoring a solution of 5.1 at various pH levels to observe

changes in the spectra over time (Figure 5-15).
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Figure 5-15 Time-dependent UV-vis spectra of solutions of 5.1 (~100 mM) from initial
scan ( ~5 min) over ~3 hours: a) pH 3; b) pH 7; and ¢) pH 11 with insets monitoring the
absorption at the maximum of 263 nm.

From the plots in Figure 5-15 it is apparent that 5.1 is stable in neutral to
moderately basic media over a span of at least 3 hours, indicating minimal leaching of
Co(Il) ions from the complex with time (< 1% change in absorption spectra). However,
at pH 3 significant variations are observed initially that may suggest leaching of Co(ll)
ions through protonation of the pyridyl groups (pKa ~ 5.3).

Another possible route for leaching of Co(lIl) ions from the complex is through
electrochemical cycling, where instability of different redox levels occurs and Co ions are
lost from the coordinating ligand. Stability of the 5.1 complex through catalytic cycling
can be probed through numerous voltammograms taken in succession at relatively low
scan rates of 50 mV s in 0.1 M KNO; adjusted to pH 12 through titration of aqueous
KOH (Figure 5-16a). The KNO3z medium was chosen so as to avoid the potential for the
Co-Pi-oxide film initially proposed by Nocera and coworkers.**®#° Decomposition of the
complex would be characterized by diminished current associated with the Co(l111)/Co(ll)
redox couple and an increase or decrease in the catalytic current with continued cycling

resulting from changes in concentrations of the active species. Figure 5-16a clearly
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demonstrates a consistent voltammogram over at least ten successive cycles with no

evidence of significant perturbation. A related method for testing electrochemical

cycling stability involves cycling at various time intervals and noting the ratio of the

catalytic current (ic,) and the diffusional current (iy) associated with the Co(l11)/Co(ll)

redox couple. If subsequent cycles generated quantities of Co ions in solution that are

responsible for electrocatalytic activity, it is expected that over time, the ratio of ica/iq

would increase as the concentration of Co(ll) increases. Figure 5-16b provides ratios of

icat/lq @S @ function of time and indicates that anodic cycling is not responsible for

generation of a significant amount of Co ions in situ as the ratio does not increase with

time.
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Figure 5-16 Electrochemical stability studies of 5.1 through: a) application of ten
successive anodic cycling scans taken in 0.1 M KNOgs at pH 12 at a scan rate of 50 mV s
1. and b) ratios of ic/iq at 50 mV s taken at various time intervals in 0.1 M KPi.
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5.2.7.3 Electrochemical Characterization of 5.1 vs. [Co"(OH>)s]**

Despite evidence presented herein, it remains possible that small amounts of
Co(Il) ions are introduced in some manner. Thus, it is necessary to compare the
electrocatalytic response of [Co'(OH,)s]** and 5.1 to aid in deciphering potential
differences that indicate different modes of reactivity and consequently, plausible
evidence of molecular origins to catalysis exhibited by 5.1.

Exceedingly small amounts of Co(ll) ions in solution were found to generate
surprisingly strong electrocatalytic responses (Figure 5-17a). In contrast to the
concentration dependence observed for 5.1, ic, appears to have a non-linear relationship
to the concentration of [Co" (OH.)s]**, suggesting the possibility of differing species
contributing to catalysis. The disparities between 5.1 and [Co'(OH,)s]** extend to pH-
dependent behaviour with the lack of an explicit trend in ica, Specifically increases in

currents, as a function of pH in comparing Figure 5-5 with Figure 5-17b.
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Figure 5-17 Cyclic voltammograms of various concentrations of (a) [Co'" (OH,)e](C104)2;

and (b) the pH-dependence of the catalytic currents for a 10 uM solution of
[C0"(OH2)6](CIO,)..

Similar to the catalytic response generated by 5.1 (Figure 5-8a), ica: Values
decreased with increasing scan rate, indicating a rate-limiting chemical step prior to
electron transfer (Figure 5-18a), implying a complicated reaction mechanism that likely
involves the formation of Co-oxide nanoparticles on or near the electrode surface. As a
means of comparison between catalytic properties of 5.1 and [Co' (OH2)s]**, a similar
analysis of the ic values was carried out for [Co'(OH,)s]**. Figure 5-18b shows the
background corrected ic values as a function of scan rate, clearly demonstrating non-
diffusional behaviour with the inset displaying ic, as a function of the negative square-
root of the scan rate similar to Figure 5-8b for 5.1. However, note that there is no
diffusional current associated with the data for [Co"(OH,)s]** and this plot is merely
shown for demonstration purposes to serve as comparison of the catalytic currents.
Calculations of the TOF (kops) for [Co"(OH,)s]*" as a function of [OH] using Equation

5.6 yields markedly non-linear behaviour that is consistent with irregular kinetics
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associated with varied synthesis of presumed nanoparticles near the surface of the
electrodes under electrolysis conditions.?” Values for the TOF are in the range of ~10°
s™ as calculated for the bulk concentration of [Co'"(OH.)s]** and are in the range reported
for other Co-oxide water oxidation catalysts.?”®?*® An H/D KIE is also observed for
solutions of [Co"(OH,)s]** with a value of ~11, that is more than a factor of two larger
than the KIE observed for 5.1. However, given the high variablility in potentials and
currents associated with the species generated using [Co" (OH.)g]** as a precursor, may

complicate the kinetic measurements.
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Figure 5-18 (a) Cyclic voltammograms of [Co" (OH,)6](Cl104), (10 uM) recorded in 0.1

M KPi buffer (pH ~9.2) demonstrating the dependence of the normalized ica (E{,,a =1.4-

1.6 VV vs. NHE) to the scan rate. (b) Background corrected ic, as a function of v/, Inset:
Background-corrected ic, plotted as a function of v'*? yielding a linear slope. (c) A plot
of TOF (kons) calculated using Equation 5.6 as a function of pH.

Disparities in the kinetics associated with 5.1 and [Co" (OH.)s]** as determined by
voltammetric methods and concentration dependences suggest the possibility of differing
mechanisms. It is difficult to completely delineate contributions from aqueous Co(ll)
ions to the catalytic response generated by 5.1. Therefore, the TOF and catalytic

coefficients calculated for the molecular complex may be artificially inflated.
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Regardless, evidence presented herein advocates a molecular origin to catalytic currents

associated with water oxidation.

5.3 Summary and Conclusions

The complex, 5.1 was targeted as a potentially viable water oxidation catalyst
owing to possession of features deemed crucial for a molecular catalyst. Well-defined
PCET chemistry of the form [Co'"'-OH]?*/[C0"-OH,]*" is exhibited by the complex, and
represents the premier example of a first-row transition metal complex to do so.
Furthermore, the Co(l11)/Co(Il) redox couple undergoes spin transition with a high-spin
Co(ll) form and a low-spin Co(lll) form. Precise mechanistic understanding of the
intricate PCET and spin-transition chemistry occurring with the Co(l11)/Co(ll) redox
process are of critical importance for the development of other first-row transition metal
catalysts. Ongoing studies in the Berlinguette research program are focused on detailed
elucidation of this interesting and complicated redox process.

Through PCET, higher oxidation states of the complex are potentially accessible,
notably a highly oxidizing Co(IV) species. Under oxidizing conditions in neutral to
mildly basic aqueous solutions, a second oxidation event occurs with dramatically
enhanced currents that are beyond those expected for a diffusional species, thereby
suggesting electrocatalysis. Electrochemical mechanistic studies imply first-order
behaviour in 5.1 and [OH] that yield catalytic rates ranging from ~0.1 - 100 s™
depending on the pH, and are amongst the highest TOF observed for a molecular water

oxidation catalyst to date. Quantitative experiments for dioxygen evolution are
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complicated by conditions required for catalysis, however, the formation of dioxygen was
verified through the use of chemical oxidants and under electrolysis conditions.

Enquiries into the identity of the active catalytic species for water oxidation were
brought forth from recent studies of other molecular catalysts suggesting decomposition
of molecular species into active metal-oxide films or nanoparticles. Issues associated
with homogeneity of catalytically active species represents a long-standing and difficult
problem to address.?®’ Initial studies presented here advocate a molecular species
contributing to catalysis through electrochemical experiments comparing 5.1 and
[Co"(OH,)s]**. However, more thorough investigations are needed to fully resolve the
issue of homogeneity, through the use of more advanced techniques such as electron
paramagnetic resonance and X-ray absorption spectroscopies to probe for molecular
Co(1V) species.**® Various in situ techniques could also be employed such as an
electrochemical quartz crystal nanobalance to detect the formation of transient film or

nanoparticle formation at the electrode surface.®®

5.4 Experimental Section
5.4.1 Synthetic Methods
5.4.1.1 Synthesis of [Co"(PY5)(OH,)](CIO.); (5.1)

The ligand, 2,6-(bis(bis-2-pyridyl)-methoxymethane)pyridine (PY5) was prepared
according to literature procedures.’® [Co"(PY5)(OH.)](CIO.), (5.1) was generally
prepared by stirring PY5 (0.10 g, 0.21 mmol) and Co(Cl0,),*6H,0 (0.077 g, 0.21 mmol)
in a 100-mL round-bottom flask with ~50 mL of MeOH/H,0 (3:1) under N for 24 h.

After the solvent was reduced to ~10 mL, the golden yellow solution was placed in the



199
freezer overnight. Pale yellowish crystals were isolated by filtration and washed with
H20 (~3 mL) followed by diethyl ether (~10 mL) and left to dry in air. Note that upon
drying the crystals became a microcrystalline powder. Yield: 0.13 g (81 %). Elemental
analysis calculated (%) for C,9H,7CI,Ns01;:Co: C 46.36, H 3.62, N 9.32; found: C 46.24,
H 3.68, N 9.24. HR ESI-MS: calculated for [Co"(Py5)(OH.)]*": 267.066464 m/z; found:
267.066459 m/z. Single crystals of 1 suitable for X-ray diffraction were prepared by a

slow evaporation of an aqueous solution to form pale yellow blocks.

5.4.2 Physical Methods
5.4.2.1 Electrochemical Methods

Electrochemical measurements were recorded using Milli-Q H,O (R =18.2 M1)
with a Princeton Applied Research VersaStat 3 potentiostat or a CHI 660D potentiostat
using a CH Instruments glassy carbon working electrode (area = 0.071 cm?), a Pt wire
counter electrode and home-made Ag/AgCl or Cu/CuSQ, reference electrodes, calibrated
against both a commercial (PAR K0077) saturated calomel electrode (SCE) and against
the [Fe"'(CN)s]*/[Fe" (CN)s]* redox couple in 1 M HCIO, (0.72 V vs NHE).*®
Chronopotentiometry experiments were used to verify the stability of the reference
electrodes. Potentials reported herein are referenced to a normal hydrogen electrode
(NHE) according to the calibration. The glassy carbon working electrode was polished
between runs with an alumina slurry (0.05 micron particle size) on a nylon mesh to
achieve a mirror finish, thoroughly rinsed with water followed by successive sonication
in H,0, methanol and dichloromethane to remove residual materials. The working

electrodes were then further conditioned by cycling the electrode between 0 and 1.6 V vs
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NHE for 5 to 10 cycles in blank electrolyte until an acceptably stable voltammogram was
achieved. Buffer solutions were used to achieve the various pH ranges; i.e.,
NaOAc/HOACc buffer (0.1 M) solution at pH < 4, and a phosphate buffer (0.1 M KH,PO,
or 0.1 M K,;HPO,) at higher pH levels. The pH was adjusted by adding aliquots of 5 M
KOH or 5 M HNO;3 prepared from Milli-Q H,O. Scan rate dependent studies were
conducted at scan rates of = 20, 50, 100, 250 and 500 mV s™. Solution resistance was
determined to have a negligible effect on recorder potentials (< 3 mV) under these

conditions and therefore iR compensation was not deemed necessary.

5.4.2.2 Dioxygen Evolution Experiments Using Chemical Oxidants

Verification of the catalytic behaviour observed by cyclic voltammetry was
attempted using chemical oxidants by monitoring the rate of dioxygen evolution in the
headspace of the reaction flask upon the addition of a terminal oxidant. In a typical
experiment, headspace dioxygen evolution was monitored using a custom-built apparatus
consisting of a round-bottom flask equipped with a septum and a threaded side arm for
insertion of the probe (working volume = 13.8 mL). The flask was charged with a
solution of 5.1 in 1.0 mL of 0.1 M HOAc/NaOAc buffer (pH 4.6) for experiments with
potassium peroxymonosulfate (Oxone ®; KHSOs), or 0.1 M HCIO, for the
(NH4)2[Ce(NO3)s] (CAN) experiments to achieve a catalyst concentration of ~0.13 mM.
The headspace was purged with N»(g) for ~20 minutes until a stable reading was
obtained. The solution was not purged to ensure O, saturation of the solution for a rapid
exclusion of O, into the gas phase. A freshly prepared, deaerated solution containing

Oxone® or CAN was then injected through a rubber septum sufficient for 50 turnovers
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(TONS), and stirred in a temperature-modulated oil bath (30 + 2 °C) for the duration of
the experiment. Dioxygen evolution was monitored every 10 seconds with an optical
probe (Ocean Optics FOXY-OR125-AFMG) and a multifrequency phase fluorimeter
(Ocean Optics MFPF-100). Data from the sensor was processed by the TauTheta Host
Program and then converted into the appropriate calibrated O, sensor readings in “% O,”
by the OOISensors application. Standard deviations of the O, readings given by the
instrument were determined to be + 3% of the total moles of O, produced from
successive control experiments. The *®OH, labeling studies were performed using water
containing 9.87% ®0OH, on a weight basis that was prepared from a bulk 98.7% **0OH,
solution purchased from Cambridge Isotopes Labs. Reactions were performed in the
same apparatus as used for the dioxygen evolution studies. In a typical experiment, 1 mL
of *®0OH, (9.87%) was added to the flask followed by an appropriate amount of
concentrated acid solution (glacial acetic acid; 17.4 M). The flask was sealed after
addition of [Co"(PY5)(OH,)](Cl04) to reach a concentration of 13 mM; the solution and
headspace were then purged with N»(g) until a stable dioxygen reading was obtained
(~20-30 minutes). A deaerated solution of Oxone® dissolved in 9.87% **0OH, was then
injected via syringe into a stirring solution of [Co"(PY5)(OH2)](Cl0,).. After the
dioxygen reading stabilized, a 10-20 pL sample of the headspace was directly injected
into a Varian 210GC/MS lon Trap containing a Molsieve 5A gas separation column and
an ion-trap set to focus on ions within the m/z 20-80 range. Traces of individual ions
were determined by extracting the desired m/z value from the spectrum; relative
concentrations of isotopes were determined by integrating the area under the signal of the

appropriate extracted m/z value. Introduction of atmospheric dioxygen inherent to this
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method was corrected for by repeated injections of pure N, and noting the ratio of O,/Ny,
which was found to be 1.7 + 0.4%. This ratio was then subtracted from the *20, signal in

the labeled OH, studies.

5.4.2.3 Electrochemical Dixygen Evolution Experiments

Aqueous phase dioxygen evolution experiments were conducted using the same
electrochemical apparatus as described above, except the fluorescence probe was
immersed in the solution next to the working electrode in a 0.1 M phosphate buffer
solution at pH 9.2. The solution was then thoroughly purged with N until a stable
baseline was achieved. Electrolysis was then initiated without stirring to avoid
introduction of atmospheric oxygen with at an applied potential of 1.6 V vs NHE and the
dioxygen level was monitored for 10 minutes. Note that quantification of dioxygen is not
possible since the measurements are made only of the dioxygen concentration near the

electrode surface and a useful value for volume is difficult to obtain.

5.4.3 Computational Methods

All geometries and properties of the proposed catalytic intermediates were
calculated employing the ADF2009.01 code.?’® The calculations were carried out using
the Zeroth-Order Regular Approximation (ZORA) Hamiltonian incorporating scalar

relativistic corrections*”*8

and the triple-2 Slater basis set plus one polarization functions
(STO-TZP).2**2'2 The molecular structures were fully optimized with Cs symmetry
constriction using a generalized gradient approximation (GGA) method with non-local-

exchange and correlation corrections within the BP86 functional proposed by Becke and
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Perdew,?*#* using unrestricted calculations. Solvation effects were modeled by
“Conductor-like Screening Model” (COSMO) for real solvents using water as the
solvent.?*>?!® The energies associated with PCET steps take into account the Gibbs free

energy associated with proton loss.”



204

Chapter Six: Conclusions and Suggested Future Studies

6.1 Conclusions

The initiation of my studies coincided with great advancements and interest in
molecular water oxidation catalysis, and therefore allowed for a large number of
important studies to be carried out. As a result, we were able to report principal findings
that are essential to understanding molecular water oxidation catalysis.

It was found and described in Chapter 2, generally, complexes bearing
electronically influential groups trans to the active Ru-O vector provided the most drastic
deviations in catalytic performance. This finding supports the expected trends in terms of
the trans-effect and trans-influence on the active Ru-O vector in an octahedral
coordination environment about the Ru centre. Complexes bearing EDG trans to the
active vector exhibited higher catalytic rates at the expense of overall stability, with the
converse being true for complexes bearing EWG at the same position. A probable
decomposition pathway was investigated and support from both experimental and
computational studies suggest that dissociation of the bidentate ligand that resides trans
to the active Ru-O vector as a likely decomposition pathway. Compelling evidence was
demonstrated that the active form of the complexes reported by Thummel and coworkers,
results from the loss of a monodentate ligand and subsequent coordination of solvent
water.

Thorough spectroscopic and electrochemical studies were presented in Chapter 3
and further suggest the role of the trans ligand as an essential consideration in the

catalytic mechanism of water oxidation by Ru polypyridyl complexes. Installation of
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EDG trans to the Ru-O vector allows access to higher oxidation states, and therefore the
ability to bypass certain intermediates, thereby allowing for more facile catalytic turnover
under certain conditions. The non-innocent nature of the Ce(IV) sacrificial oxidant was
presented and discussed for the first time in the context of water oxidation catalysis using
Ce(1V). Evidence was shown for O-O bond formation involving a Ce(IV) species
through a combination of spectroscopic, electrochemical, ESI-MS, isotopic labelling and
NOy detection studies.

The possible non-innocent role of the Ce(IV) ions in catalytic water oxidation
studies, coupled with discrepancies in kinetic parameters conducted in differing acid
solutions strongly suggested the possibility of differing catalytic mechanisms depending
on the medium, and the results were discussed in Chapter 4. Furthermore, experiments
conducted with (NH,)2[Ce'V(NO3)s] in HCIO4, HOTf, HNOj3 at acid concentrations of 1.0
and 0.1 M suggested that the identity of the anion has little influence on the reduction
potential of the Ce(IV) species, but rather the pH is a more dominant factor. Stability of
the Ce(1V) species in different acid solutions was also discussed and is an important
factor if catalyst solutions are exposed to ambient light when studied spectroscopically,
resulting in erroneous rates of catalysis. Rates of catalysis are faster when conducted in
HNO3; compared to HCIO, and HOTT solutions at the concentrations investigated, and is
suspected be a result of both alternate catalytic pathways involving O-O bond formation
from a Ce species and/or the NO3™ anion and more facile electron transfer.

These studies lead to the design of the first synthetic single-site Co water
oxidation catalyst, as discussed in Chapter 5. The complex [Co"(PY5)(OH,)]* (5.1)

possesses all of the requisite features for a robust water oxidation catalyst with the
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weakest metal-ligand bond -trans to the Co-O vector- being the most protected from
ligand dissociation and potential decomposition pathways. Well-defined PCET
chemistry occurring with the [Co"'-OH,]*/[Co"'-OH]?* redox process was observed and
represents the first such example utilizing a first-row transition metal. As a result of the
PCET chemistry, access to a catalytically active Co(1V) species is achieved which can
then undergo O-O bond formation with a OH" substrate. Thorough electrochemical
studies were conducted and suggest the rate-determining step being O-O bond formation
with catalytic rates of ~0.1 — 100 s™ at pH 7 and 10, respectively. These rates are notable
in that they represent some of the highest rates reported to date. The identity of the
catalytically active species was also investigated in order to probe for catalytic
decomposition into Co-oxide nanoparticles that are well-known water oxidation catalysts.
Subtle variations in voltammograms of 5.1 and aqueous Co(ll) ions and stability studies
conducted on 5.1 suggest differing mechanisms and therefore implicate a molecular

origin to catalysis by 5.1.

6.2 Suggestions for Future Directions

Given the early stages of molecular water oxidation catalysis research, there are
numerous directions that could conceivably be investigated.

Firstly, dealing with the Ru polypyridyl complexes, a thorough computational
study of the Ru polypyridyl complexes presented in Chapter 3 would provide enormous
insights into the catalytic mechanism to support experimental work. Support of the
computational studies with more thorough experimental thermodynamic and kinetic data

associated with the proposed mechanism; such as activation energies associated with the
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rate-limiting steps would provide further information about the reaction mechanism. A
thorough electrochemical investigation of the Ru systems as electrocatalysts (studies
similar to those presented in Chapter 5 for [Co"(PY5)(OH.)]*") is also an interesting and
important direction that has not been reported to date.

In terms of new directions, attaching the Ru systems to electrode surfaces is an
exciting goal as it minimizes the amount of catalytically active material required for an
efficient water-splitting device. Studies of this type have been presented in recent
literature, but investigations of ligand variation have not been investigated to date.® A
possible method of investigation involves modifying the tpy ligand with surface binding
groups, thereby freeing the critical bidentate ligand for electronic adjustment (Figure 6-
1). A candidate surface binding group for titania (TiOy), indium tin oxide (ITO) or
fluorine-doped tin oxide (FTO) is catechol and it has been shown to be effective and
robust in monitoring charge-transfer processes.?!” Furthermore, depending on the rate-
limiting event, it may be possible to enhance catalytic activity with irradiation, creating to
the best of my knowledge, the first molecular photoelectrochemical water oxidation
anode. Variations in the linking substituents (gray ellipse in Figure 6-1) can allow
investigations of conjugation and the effects on catalysis, or in a photoelectrochemical

system, the enhancement of light absorption.
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Anode Surface: TiO2 | ITO, FTO
Figure 6-1 Proposed surface-modified electrode for (photo)electrochemical water

oxidation (ITO = indium tin oxide; FTO = fluorine-doped tin oxide). Grey ellipse
designates generic linker.

In terms of the Co electrocatalytic systems, further investigations utilizing
scanning electron microscopy (SEM) and/or an electrochemical quartz crystal
nanobalance is needed to identify potential nanoparticle formation to determine the
identity of the catalytically active species. Aligned with these studies are characterization
of proposed catalytic intermediates for [Co"(PY5)(OH,)]** (5.1) or related molecules,
such as observation of a molecular Co(1V) species through various techniques such as
electrospray-ionization mass spectrometry and electron paramagnetic resonance.
Observation of proposed intermediates would provide support for molecular origins to

catalysis.
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Synthetic modification of the pentadentate ligand also offers interesting avenues
to explore the effects on catalytic parameters and the PCET chemistry occurring for the
[Co"'-OH,]**/[Co"-OH]?* redox process (Figure 6-2). A recent report utilized very
similar ligand environments to PY5 for Co systems for electrocatalytic proton reduction.
These ligands have modifications at the important axial pyridyl group and are therefore
expected to influence the active Co-O vector.*®* Substitution of the pyridyl groups for

other ligating moieties is another potential avenue.?'®

2+ 2+ | 2+
/ (|.>H? l 7 (‘)H? l (‘JHQ ‘
— * = =\ N— = N _N

N N— ‘N‘N N—=C N~-N N > N
N4 | AN \ /= ‘ A 7 SN | TSN
3 — = s - / -\

’\ A Y
9 X i [/ \\/<

> = >

Figure 6-2 Derivatives of [Co"(PY5)(OH,)]** that could be investigated for their PCET
chemistry and electrocatalytic water oxidation.

Finally, installation of other transition metals (i.e. Ru, Ir, Fe, Mn, Cr, etc.) into the
pentadentate ligand frameworks allows investigation into the role the metal ion and d-

electron count on the PCET chemistry and potential electrocatalytic processes.
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APPENDIX A: CRYSTALLOGRAPHIC DATA

Figure A-1 ORTEP plot of [Co"(Py5)(OH.)](Cl04), (5.1).
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Table A-1 Crystallographic and refinement data for [Co'" (Py5)(OH,)](CIO.); (5.1).

Identification code [Co(Py5)(OH,)](CIO,),, (5.1)(CIO,),.

Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.49°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [I>2sigma(l)]
R indices (all data)

Largest diff. peak and hole

C29 H27 CI2 Co N5 011
751.39

173(2) K

0.71073 A

Monoclinic

P 21/c

a=12.5935(3) A , = 90°.
b=12.7118(6) A
¢ =19.2504(4) A . =90°.
3075.43(17) A3

4

1.623 Mg/m?

0.803 mm-t

1540

0.08 x 0.06 x 0.06 mm3
3.38 t0 27.49°.

-16<=h<=16, -11<=k<=16, -24<=I<=24

9892

6977 [R(int) = 0.0203]

98.8 %

Semi-empirical from equivalents
0.9534 and 0.9386

Full-matrix least-squares on F2
6977 /0/465

1.080

R1 =0.0446, wR2 = 0.0896
R1 = 0.0565, wR2 = 0.0995
0.553 and -0.401 e. A=

~=93.663(2)°.
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Table A-2 Atomic coordinates (** 104) and equivalent isotropic displacement parameters
(A2 10%) for 1. U(eq) is defined as one third of the trace of the orthogonalized Ui
tensor.

X y z U(eq)
Co(1) 2497(1) 2193(1) 9810(1) 20(1)
CI(2) 1341(1) 5748(1) 8719(1) 30(1)
Cl(2) 3705(1) 5519(1) 11260(1) 33(1)
0(2) 1169(2) 184(1) 8000(1) 27(1)
N(4) 4026(2) 2083(2) 10339(1) 23(1)
0(1) 2481(2) 3781(2) 9903(1) 30(1)
0(3) 3710(2) -252(1) 11414(2) 28(1)
N(5) 1989(2) 1896(2) 10871(1) 21(1)
N(3) 2520(2) 555(2) 9718(1) 21(1)
N(2) 2959(2) 2209(2) 8763(1) 22(1)
N(1) 941(2) 2235(2) 9260(1) 23(1)
C(14) 2511(2) 1514(2) 8301(1) 21(1)
C(13) 2785(2) 1485(2) 7616(1) 24(1)
C(16) -245(2) 1596(2) 8325(1) 26(1)
C(20) 1203(2) 2438(2) 11140(1) 25(1)
0(10) 2788(2) 4832(2) 11131(1) 39(1)
C(25) 4211(2) 1328(2) 10819(1) 22(1)
C(23) 2044(2) 777(2) 11881(1) 26(1)
C(19) 218(2) 2983(2) 9381(1) 26(1)
C(4) 2488(2) -1076(2) 10325(1) 28(1)
C(22) 1207(2) 1340(2) 12140(1) 29(1)
C(18) -744(2) 3076(2) 8996(1) 30(1)
C(5) 2802(2) -32(2) 10279(1) 22(1)
C@) 1919(2) 125(2) 9185(1) 22(1)
C(@3) 1843(2) -1503(2) 9793(1) 32(1)
C(15) 711(2) 1566(2) 8725(1) 22(1)
C(21) 790(2) 2186(2) 11769(1) 27(1)
C(29) 4746(2) 2855(2) 10290(1) 28(1)

C(17) -982(2) 2358(2) 8471(1) 29(1)



C(6)
C(2)
C(7)
C(12)
C(24)
C(11)
C(10)
0@)
0O(6)
C(9)
0(9)
O(4)
C(26)
C(28)
C(8)
O(7)
C(27)
0(11)
0(8)

1609(2)
1539(2)
3335(2)
3556(2)
2415(2)
4001(2)
3671(2)

378(2)
2113(2)
4549(3)
4431(2)
1730(2)
5127(2)
5675(2)
1808(3)
1152(2)
5860(2)
4212(2)
3372(2)

814(2)
-896(2)

513(2)
2168(2)
1088(2)
2892(2)
2897(2)
5420(2)
4913(2)
-935(2)
5359(2)
6669(2)
1352(2)
2912(2)
-628(2)
5969(2)
2153(2)
5237(3)
6563(2)

8549(1)
9222(1)
10924(1)
7403(1)
11250(1)
7866(1)
8539(1)
8355(1)
8698(1)
11202(2)
10741(2)
8393(2)
11272(1)
10713(2)
7720(2)
9426(1)
11215(2)
11919(2)
11274(2)

22(1)
29(1)
22(1)
27(1)
21(1)
28(1)
24(1)
56(1)
52(1)
38(1)
71(1)
57(1)
28(1)
35(1)
33(1)
60(1)
33(1)
76(1)
83(1)
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Table A-3 Bond lengths [A] and angles [°] for 1.

Co(1)-0(1) 2.027(2)
Co(1)-N(3) 2.090(2)
Co(1)-N(4) 2.124(2)
Co(1)-N(2) 2.134(2)
Co(1)-N(1) 2.168(2)
Co(1)-N(5) 2.211(2)
CI(1)-0(5) 1.423(2)
CI(1)-0(7) 1.424(2)
CI(1)-0(4) 1.429(2)
CI(1)-0(6) 1.442(2)
CI(2)-0(8) 1.399(3)
CI(2)-0(9) 1.411(3)
CI(2)-0(11) 1.428(3)
CI(2)-0(10) 1.456(2)
0(2)-C(6) 1.412(3)
0(2)-C(8) 1.435(3)
N(4)-C(25) 1.342(3)
N(4)-C(29) 1.344(3)
O(1)-H(1B) 0.84(4)

O(1)-H(1A) 0.79(4)

0(3)-C(7) 1.414(3)
0(3)-C(9) 1.446(3)
N(5)-C(20) 1.337(3)
N(5)-C(24) 1.351(3)
N(3)-C(5) 1.342(3)
N(3)-C(L) 1.349(3)
N(2)-C(10) 1.343(3)
N(2)-C(14) 1.352(3)
N(1)-C(19) 1.346(3)
N(1)-C(15) 1.353(3)
C(14)-C(13) 1.385(3)

C(14)-C(6) 1.543(3)



C(13)-C(12)
C(13)-H(13)
C(16)-C(17)
C(16)-C(15)
C(16)-H(16)
C(20)-C(21)
C(20)-H(20)
C(25)-C(26)
C(25)-C(7)
C(23)-C(24)
C(23)-C(22)
C(23)-H(23)
C(19)-C(18)
C(19)-H(19)
C(4)-C(3)
C(4)-C(5)
C(4)-H(4)
C(22)-C(21)
C(22)-H(22)
C(18)-C(17)
C(18)-H(18)
C(5)-C(7)
C(1)-C(2)
C(1)-C(6)
C(3)-C(2)
C(3)-H(3)
C(15)-C(6)
C(21)-H(21)
C(29)-C(28)
C(29)-H(29)
C(17)-H(17)
C(2)-H(2)
C(7)-C(24)
C(12)-C(11)

1.383(4)
0.9500
1.383(4)
1.387(3)
0.9500
1.384(4)
0.9500
1.402(3)
1.536(3)
1.386(3)
1.393(4)
0.9500
1.384(4)
0.9500
1.378(4)
1.389(4)
0.9500
1.377(4)
0.9500
1.382(4)
0.9500
1.538(3)
1.387(4)
1.536(3)
1.377(4)
0.9500
1.535(3)
0.9500
1.385(4)
0.9500
0.9500
0.9500
1.538(3)
1.375(4)
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C(12)-H(12)
C(11)-C(10)
C(11)-H(11)
C(10)-H(10)
C(9)-H(9C)
C(9)-H(9A)
C(9)-H(9B)
C(26)-C(27)
C(26)-H(26)
C(28)-C(27)
C(28)-H(28)
C(8)-H(8A)
C(8)-H(8B)
C(8)-H(8C)
C(27)-H(27)

O(1)-Co(1)-N(3)
O(1)-Co(1)-N(4)
N(3)-Co(1)-N(4)
O(1)-Co(1)-N(2)
N(3)-Co(1)-N(2)
N(4)-Co(1)-N(2)
O(1)-Co(1)-N(1)
N(3)-Co(1)-N(1)
N(4)-Co(1)-N(1)
N(2)-Co(1)-N(1)
O(1)-Co(1)-N(5)
N(3)-Co(1)-N(5)
N(4)-Co(1)-N(5)
N(2)-Co(1)-N(5)
N(1)-Co(1)-N(5)
O(5)-CI(1)-O(7)
O(5)-CI(1)-0(4)
O(7)-CI(1)-O(4)
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0.9500
1.388(4)
0.9500
0.9500
0.97(4)
0.99(4)
0.91(4)
1.383(4)
0.9500
1.375(4)
0.9500
0.98(3)
0.95(3)
1.00(3)
0.9500

179.73(9)
92.13(8)
87.61(8)
94.50(9)
85.58(8)
99.17(8)
90.26(8)
90.00(8)

177.58(8)
80.26(8)
94.79(8)
85.14(8)
81.56(8)

170.65(8)
98.62(8)

109.83(18)

109.18(15)

110.00(17)



0(5)-Cl(1)-O(6)
0(7)-Cl(1)-0(6)
0(4)-Cl(1)-0(6)
0(8)-Cl(2)-0(9)
0(8)-Cl(2)-0(11)
0(9)-Cl(2)-0(11)
0(8)-Cl(2)-O(10)
0(9)-Cl(2)-0(10)
0(11)-Cl(2)-O(10)
C(6)-0(2)-C(8)
C(25)-N(4)-C(29)
C(25)-N(4)-Co(1)
C(29)-N(4)-Co(1)
Co(1)-O(1)-H(1B)
Co(1)-O(1)-H(1A)

H(1B)-O(1)-H(1A)

C(7)-0(3)-C(9)
C(20)-N(5)-C(24)
C(20)-N(5)-Co(1)
C(24)-N(5)-Co(1)
C(5)-N(3)-C(L)
C(5)-N(3)-Co(1)
C(1)-N(3)-Co(1)
C(10)-N(2)-C(14)
C(10)-N(2)-Co(1)
C(14)-N(2)-Co(1)
C(19)-N(1)-C(15)
C(19)-N(1)-Co(1)
C(15)-N(1)-Co(1)
N(2)-C(14)-C(13)
N(2)-C(14)-C(6)
C(13)-C(14)-C(6)
C(12)-C(13)-C(14)

C(12)-C(13)-H(13)

108.93(16)
109.03(15)
109.85(16)
111.1(2)
109.9(2)
108.6(2)
109.79(16)
109.59(15)
107.84(15)
119.1(2)
118.9(2)
119.28(17)
120.86(17)
120(3)
123(3)
116(4)
116.3(2)
117.4(2)
122.34(16)
120.03(16)
119.5(2)
119.30(16)
117.24(16)
118.3(2)
122.51(17)
119.22(17)
117.4(2)
122.24(17)
119.95(17)
121.7(2)
117.2(2)
120.9(2)
119.2(2)
120.4
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C(14)-C(13)-H(13)
C(17)-C(16)-C(15)
C(17)-C(16)-H(16)
C(15)-C(16)-H(16)
N(5)-C(20)-C(21)
N(5)-C(20)-H(20)
C(21)-C(20)-H(20)
N(4)-C(25)-C(26)
N(4)-C(25)-C(7)
C(26)-C(25)-C(7)
C(24)-C(23)-C(22)
C(24)-C(23)-H(23)
C(22)-C(23)-H(23)
N(1)-C(19)-C(18)
N(1)-C(19)-H(19)
C(18)-C(19)-H(19)
C(3)-C(4)-C(5)
C(3)-C(4)-H(4)
C(5)-C(4)-H(4)
C(21)-C(22)-C(23)
C(21)-C(22)-H(22)
C(23)-C(22)-H(22)
C(17)-C(18)-C(19)
C(17)-C(18)-H(18)
C(19)-C(18)-H(18)
N(3)-C(5)-C(4)
N(3)-C(5)-C(7)
C(4)-C(5)-C(7)
N(3)-C(1)-C(2)
N(3)-C(1)-C(6)
C(2)-C(1)-C(6)
C(2)-C(3)-C(4)
C(2)-C(3)-H(3)
C(4)-C(3)-H(3)

120.4
118.4(2)
120.8
120.8
123.2(2)
118.4
118.4
120.9(2)
118.6(2)
120.1(2)
118.2(2)
120.9
120.9
123.1(2)
118.4
118.4
119.0(2)
120.5
120.5
119.2(2)
120.4
120.4
118.5(3)
120.8
120.8
121.4(2)
118.6(2)
119.3(2)
121.3(2)
118.4(2)
120.2(2)
119.6(3)
120.2
120.2
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N(1)-C(15)-C(16)
N(1)-C(15)-C(6)
C(16)-C(15)-C(6)
C(22)-C(21)-C(20)
C(22)-C(21)-H(21)
C(20)-C(21)-H(21)
N(4)-C(29)-C(28)
N(4)-C(29)-H(29)
C(28)-C(29)-H(29)
C(18)-C(17)-C(16)
C(18)-C(17)-H(17)
C(16)-C(17)-H(17)
0(2)-C(6)-C(15)
0(2)-C(6)-C(1)
C(15)-C(6)-C(1)
0(2)-C(6)-C(14)
C(15)-C(6)-C(14)
C(1)-C(6)-C(14)
C(3)-C(2)-C(1)
C(3)-C(2)-H()
C(1)-C(2)-H()
0(3)-C(7)-C(25)
0(3)-C(7)-C(24)
C(25)-C(7)-C(24)
0(3)-C(7)-C(5)
C(25)-C(7)-C(5)
C(24)-C(7)-C(5)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
N(5)-C(24)-C(23)
N(5)-C(24)-C(7)
C(23)-C(24)-C(7)
C(12)-C(11)-C(10)

122.8(2)
115.7(2)
121.3(2)
118.8(2)
120.6
120.6
123.0(3)
118.5
118.5
119.7(2)
120.2
120.2
105.04(19)
109.9(2)
109.4(2)
110.9(2)
106.1(2)
114.9(2)
119.0(2)
120.5
120.5
109.8(2)
106.38(19)
107.5(2)
109.8(2)
118.5(2)
104.02(19)
119.5(2)
120.2
120.2
123.1(2)
115.1(2)
121.8(2)
118.3(2)
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C(12)-C(11)-H(11)
C(10)-C(11)-H(11)
N(2)-C(10)-C(11)
N(2)-C(10)-H(10)
C(11)-C(10)-H(10)
O(3)-C(9)-H(9C)
O(3)-C(9)-H(9A)
H(9C)-C(9)-H(%9A)
O(3)-C(9)-H(9B)
H(9C)-C(9)-H(9B)
H(9A)-C(9)-H(9B)
C(27)-C(26)-C(25)
C(27)-C(26)-H(26)
C(25)-C(26)-H(26)
C(27)-C(28)-C(29)
C(27)-C(28)-H(28)
C(29)-C(28)-H(28)
0O(2)-C(8)-H(8A)
0O(2)-C(8)-H(8B)
H(8A)-C(8)-H(8B)
0O(2)-C(8)-H(8C)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(28)-C(27)-C(26)
C(28)-C(27)-H(27)
C(26)-C(27)-H(27)

120.8
120.8
122.9(2)
118.6
118.6
105(2)
110(2)
112(3)
107(3)
111(3)
111(3)
119.5(3)
120.2
120.2
118.4(3)
120.8
120.8
105.8(17)
107.9(18)
112(2)
112.8(19)
110(2)
109(3)
119.3(3)
120.4
120.4
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Table A-4 Anisotropic displacement parameters (A2** 102) for 1. The anisotropic
displacement factor exponent takes the form: -2*2(h? a*? Uy; + k% b*? Uy, + 1% ¢*? Ugg +
2k1b*c*Ux+2hla*c*Uiz+2hka*b* Ulz).

Ull U22 U33 U23 U13 U12
Co(l) 22(1) 18(1) 20(1) 0(1) 0(1) 0(1)
Cl(l)  35(1) 24(1) 30(1) 0(1) -3(1) 5(1)
Cl2)  31(1) 31(1) 38(1) -3(1) 6(1) -9(1)
02  30(1) 26(1) 25(1) 7(1) -2(1) -3(1)
N@4)  23(1) 22(1) 24(1) 0(1) 1(1) 0(1)
o)  44(1) 21(1) 25(1) 1(1) 7(1) 1(1)
0@3)  30(1) 25(1) 28(1) 6(1) 0(1) 7(1)
NG)  21(1) 22(1) 20(1) 0(1) 1(1) 0(1)
N@E)  21(1) 20(1) 21(1) -1(1) 2(1) 1(1)
NQ2)  22(1) 23(1) 21(1) 0(1) 1(1) 1(1)
N(L)  22(1) 25(1) 21(1) 2(1) 2(1) 1(1)
C(14) 20(1) 19(1) 23(1) 1(1) 2(1) 3(1)
C(13) 29(1) 21(1) 23(1) 0(1) 0(1) 2(1)
C(16)  24(1) 29(1) 24(1) 3(1) -1(1) -5(1)
C(20)  25(1) 27(1) 22(1) -1(1) 0(1) 4(1)
0(10)  41(1) 46(1) 31(1) -6(1) 7(1) -21(1)
C(25) 22(1) 22(1) 24(1) -1(1) 3(1) 5(1)
C(23) 28(1) 25(1) 26(1) 2(1) 1(1) -3(1)
C(19) 28(1) 27(1) 23(1) 0(1) 3(1) 1(1)
C(4) 3702 21(1) 27(1) 1(1) 3(1) -2(1)
C(22) 29(1) 32(1) 25(1) 1(1) 4(1) -4(1)
c(18) 27(1) 34(2) 29(1) 4(1) 5(1) 4(1)
CcB)  22(1) 21(1) 24(1) 1(1) 4(1) 1(1)
c() 210 23(1) 21(1) -1(1) 4(1) 0(1)
C(3)  45(2) 21(1) 31(1) -3(1) 7(1) -9(1)
C(15) 22(1) 26(1) 20(1) 1(1) 3(1) -2(1)
C(21)  24(1) 32(1) 27(1) -5(1) 3(1) 2(1)
C(29) 27(1) 28(1) 30(1) 2(1) 1(1) -5(1)

c@7) 21(1) 37(2) 28(1) 9(1) 0(1) 0(1)
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c()  23(1) 22(1) 21(1) 2(2) -1(2) -3(2)
c) 3702 26(1) 24(1) -3(2) 3(1) -8(1)
C(7)  24(1) 20(1) 22(1) 4(1) 0(1) 3(1)
C(12)  30(1) 28(1) 24(1) 5(1) 4(1) 3(1)
C(24) 21(1) 21(1) 22(1) 2(2) 2(1) 1(1)
C(1l)  25(1) 28(1) 30(1) 7(0) 3(1) -1(2)
C(10)  24(1) 24(1) 25(1) 3(1) -1(2) -1(2)
0G)  54(2) 45(1) 66(2) 0(1) -23(1) 7(1)
0®)  67(2) 48(1) 43(1) 11(1) 11(1) 30(1)
CO)  34(2) 25(2) 53(2) 3(1) -3(1) 12(1)
0©)  69(2) 64(2) 86(2) -15(2) 50(2) 22(2)
o@)  47(2) 41(1) 81(2) 25(1) 2(2) 2(2)
C(26)  26(1) 27(1) 30(1) 0(1) -1(2) 7(0)
C(28)  26(1) 35(2) 42(2) 1(1) 1(1) 7()
C(8)  48(2) 25(1) 26(1) -6(1) 6(1) -1(2)
o7)  86(2) 56(2) 38(1) 14(2) 6(1) 14(2)
c7)  23(1) 36(2) 40(2) 0(1) 7(2) 0(1)
011l 71(2) 93(2) 60(2) 22(2) 21(1)  -43(2)
0@)  50(2) 32(1) 167(3)  -14(2) 1(2) 2(1)
Table A-5 Hydrogen bonds for 1 (A and °).

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
O(1)-H(1B)...0(6) 0.84(4) 1.92(4) 2.744(3) 170(4)
O(1)-H(1A)..O(10)  0.79(4) 1.93(4) 2.721(3) 174(4)
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Table B-1 Coordinates (x, y, z) for optimized geometry of [Ru"(tpy)(bpy)(OH,)]** at the
B3LYP/LANL2DZ level of theory.

Atom X y Z
C 0.5332722 -3.0942255 -0.6145312
C -1.6808757 -2.3717746 -0.1790590
C -2.5740249 -1.2006757 -0.0086034
C -2.5739468 1.2008315 -0.0086088
C 0.1515945 -4.4421364 -0.5285025
C -1.1934829 -4.7527582 -0.2581043
C -2.1141193 -3.7043874 -0.0825735
H 0.8926845 -5.2216474 -0.6690017
H -1.5189451 -5.7855485 -0.1844164
C -3.9606240 -1.2224504 0.2281060
C -3.9605447 1.2226959 0.2281008
H -4.5001717 2.1590397 0.3128831
C -4.6498375 0.0001456 0.3494326
H 1.5598075 -2.8130569 -0.8194089
C -1.6807229 2.3718714 -0.1790752
C -2.1138849 3.7045124 -0.0826142
C -1.1931841 4.7528229 -0.2581672
H -3.1535957 3.9285784 0.1290144
C 0.5334670 3.0941759 -0.6145669
C 0.1518729 4.4421119 -0.5285631
H -1.5185822 5.7856348 -0.1845002
H 1.5599832 2.8129402 -0.8194469
H 0.8930105 5.2215741 -0.6690811
H -3.1538437 -3.9283855 0.1290600
N -0.3511647 2.0746427 -0.4480152
N -0.3512981 -2.0746329 -0.4480024
H -4.5003106 -2.1587594 0.3128933
Ru 0.0399679 -0.0000061 -0.5081950
N 0.7358448 -0.0000031 1.4262789
C 2.1089657 -0.0000451 1.5759345
C -0.0532723 0.0000307 2.5368697
C 2.8817716 -0.0000741 0.3190517
C 2.6906384 -0.0000556 2.8572018
C 0.4762740 0.0000226 3.8326202
H -1.1230698 0.0000629 2.3731776
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4.2878957
2.1162686
1.8739478
3.7686773
-0.1930225
4.9218417
4.8848215
2.7355181
2.3153338
4.1309679
6.0051335
2.0865331
4.5826263
-1.9258355
-0.4276464
-5.7196612
-0.7243474
-0.7242262

-0.0001033
-0.0000640
-0.0000219
-0.0000894
0.0000503
-0.0001188
-0.0001114
-0.0000781
-0.0000303
-0.0001051
-0.0001390
-0.0000647
-0.0001133
0.0000568
-0.0000943
0.0001808
0.8077236
-0.8080771

0.2503058
-0.8273607
3.9981679
2.9680979
4.6861212
-1.0024004
1.1549567
-2.0419114
4.9895999
-2.1684506
-1.0686518
-2.9098584
-3.1547074
-0.1107098
-2.6692558
0.5318131
-3.1299087
-3.1296989

Table B-2 Coordinates (x, y, z) for optimized geometry of [Ru""(tpy)(bpy)(OH)]*" at the
B3LYP/LANL2DZ level of theory.

Atom X y Z
C 0.5257329 -3.0785757 -0.5109195
C -1.7115133 -2.3704027 -0.1645866
C -2.6105842 -1.2005672 -0.0254299
C -2.6103106 1.2011441 -0.0252008
C 0.1437179 -4.4282638 -0.4714539
C -1.2116140 -4.7449365 -0.2692493
C -2.1452774 -3.7040410 -0.1143283
H 0.8906190 -5.2037419 -0.6014669
H -1.5375744 -5.7798149 -0.2367662
C -3.9997556 -1.2227221 0.1935426
C -3.9994698 1.2235672 0.1937797
H -4.5392136 2.1597727 0.2787044
C -4.6901934 0.0004890 0.3000484
H 1.5565389 -2.7895762 -0.6764224
C -1.7109871 2.3708250 -0.1641317
C -2.1445062 3.7045324 -0.1136948
C -1.2106415 4.7452815 -0.2684168
H -3.1929289 3.9366146 0.0367551
C 0.5264057 3.0786371 -0.5102488
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0.1446397
-1.5364162
1.5571705
0.8916911
-3.1937368
-0.3726256
-0.3731068
-4.5397057
0.0070903
0.8073648
2.1843535
0.0749200
2.8918993
2.8350257
0.6706322
-1.0030797
4.2910714
2.0752764
2.0763648
3.9172088
0.0510719
4.8513653
4.9401324
2.6112627
2.5705502
4.0003050
5.9295876
1.8942753
4.3979271
-1.9662139
-0.2878866
-1.1919230
-5.7629947

4.4283932
5.7802142
2.7894751
5.2037531
-3.9359454
2.0740775
-2.0738691
-2.1588258
0.0000605
-0.0003975
-0.0004922
-0.0006041
-0.0002553
-0.0008037
-0.0009135
-0.0005067
-0.0002682
-0.0000041
-0.0010160
-0.0008809
-0.0010675
-0.0000250
-0.0004633
0.0002310
-0.0012565
0.0002272
-0.0000340
0.0004017
0.0004142
0.0002231
0.0001920
-0.0001840
0.0005994

-0.4706006
-0.2357934
-0.6757226
-0.6004531
0.0361422
-0.3607741
-0.3612444
0.2782802
-0.5209790
1.4474470
1.5163319
2.5934588
0.2168129
2.7644186
3.8605272
2.4817716
0.0711899
-0.8910584
3.9459794
2.8207138
4.7506438
-1.2185722
0.9392592
-2.1412254
4.9125065
-2.3403645
-1.3442921
-2.9556858
-3.3494604
-0.1269983
-2.4500193
-2.8387040
0.4656161
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Table B-3 Coordinates (x, y, z) for optimized geometry of [Ru'Y(tpy)(bpy)(O)]** at the
B3LYP/LANL2DZ level of theory.

Atom X y Z
C 0.5023163 -3.0948932 -0.6405724
C -1.7105116 -2.3751987 -0.1897107
C -2.6029730 -1.2029973 -0.0078652
C -2.6029222 1.2030895 -0.0078581
C 0.1112906 -4.4434376 -0.6020998
C -1.2353688 -4.7522700 -0.3453138
C -2.1527149 -3.7052384 -0.1366172
H 0.8457029 -5.2223224 -0.7756147
H -1.5688744 -5.7846845 -0.3130150
C -3.9888548 -1.2250713 0.2291773
C -3.9888024 1.2252194 0.2291851
H -4.5311820 2.1598472 0.3108813
C -4.6746834 0.0000877 0.3474982
H 1.5279695 -2.8127615 -0.8461273
C -1.7104149 2.3752562 -0.1896972
C -2.1525698 3.7053115 -0.1365933
C -1.2351874 4.7523127 -0.3452842
H -3.1953341 3.9316907 0.0556197
C 0.5024377 3.0948765 -0.6405581
C 0.1114600 4.4434345 -0.6020753
H -1.5686568 5.7847386 -0.3129769
H 1.5280810 2.8127111 -0.8461174
H 0.8459003 5.2222938 -0.7755865
H -3.1954882 -3.9315807 0.0555916
N -0.3794015 2.0868391 -0.4391540
N -0.3794899 -2.0868273 -0.4391627
H -4.5312700 -2.1596793 0.3108663
Ru -0.0020292 0.0000015 -0.5650814
N 0.7967177 -0.0000204 1.4737797
C 2.1688793 -0.0000406 1.5551309
C 0.0546647 -0.0000227 2.6122228
C 2.8909306 -0.0000414 0.2613539
C 2.8114453 -0.0000630 2.8078580
C 0.6386484 -0.0000445 3.8861426
H -1.0229996 -0.0000061 2.4944931
C 4.2932541 -0.0000520 0.1435578
N 2.0982396 -0.0000328 -0.8635886
C 2.0429107 -0.0000648 3.9835100
H 3.8928467 -0.0000796 2.8751652
H 0.0112721 -0.0000458 4.7708042
C 4.8849926 -0.0000567 -1.1312231
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4.9219996
2.6681823
2.5292773
4.0597717
5.9658427
1.9827469
44777119
-1.9689512
-0.2959356
-5.7456653

-0.0000559
-0.0000384
-0.0000822
-0.0000514
-0.0000645
-0.0000316
-0.0000568
0.0000319
0.0000032
0.0001105

1.0260486
-2.1012852
4.9539701
-2.2715842
-1.2314553
-2.9419305
-3.2723774
-0.1081026
-2.3511546
0.5243864

Table B-4 Coordinates (x, y, z) for optimized geometry of [Co"(PY5)(OH.)]*" at the

BP86 level of theory.

Atom X y Z
C -0.9076 0.2307 2.4287
C -0.311 -1.1858 2.528
C -0.6221 -2.0273 3.5947
N 0.5487 -1.5468 1.539
C -0.0138 -3.2801 3.6722
C 1.1603 -2.7474 1.6527
C 0.9069 -3.6378 2.6895
H -1.3275 -1.6893 4.3491
H -0.2453 -3.9539 4.496
H 1.8934 -2.9927 0.8938
H 1.4341 -4.5894 2.7148
C 0.3169 1.1777 2.4361
C 0.521 2.048 3.51
N 1.2689 1.0105 1.4817
C 1.7048 2.7781 3.6021
C 2.4366 1.6804 1.6107
C 2.6883 2.5801 2.6375
H -0.2287 2.1327 4.2887
H 1.862 3.4632 4.434
H 3.2073 1.4492 0.8864
H 3.6502 3.0873 2.6803
C -3.8208 -0.1942 0
C -3.1329 -0.053 -1.2042
C -1.7659 0.2272 -1.1601
N -1.0996 0.3297 0
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-1.7659
-3.1329
-4.8818
-3.6378
-3.6378
-0.9076
0.3169
0.521
1.2689
1.7048
2.4366
2.6883
-0.2287
1.862
3.2073
3.6502
-0.311
-0.6221
0.5487
-0.0138
1.1603
0.9069
-1.3275
-0.2453
1.8934
1.4341
-1.7054
-2.4905
-3.5438
-2.1302
-2.3988
-1.7054
-2.4905
-2.1302
-3.5438
-2.3988
0.9144
3.2515
3.6802
3.6802

0.2272
-0.053
-0.4366
-0.2
-0.2
0.2307
1.1777
2.048
1.0105
2.7781
1.6804
2.5801
2.1327
3.4632
1.4492
3.0873
-1.1858
-2.0273
-1.5468
-3.2801
-2.7474
-3.6378
-1.6893
-3.9539
-2.9927
-4.5894
0.4393
1.6663
1.4424
2.4031
2.0765
0.4393
1.6663
2.4031
1.4424
2.0765
-0.2673
-0.8585
-1.2757
-1.2757

1.1601
1.2042

-2.1545
2.1545
-2.4287
-2.4361
-3.51
-1.4817
-3.6021
-1.6107
-2.6375
-4.2887
-4.434
-0.8864
-2.6803
-2.528
-3.5947
-1.539
-3.6722
-1.6527
-2.6895
-4.3491
-4.496
-0.8938
-2.7148
-3.582
-3.6137
-3.4121
-2.8865
-4.6251
3.582
3.6137
2.8865
3.4121
4.6251

0.7715
-0.7715




Table B-5 Coordinates (x, y, z) for optimized geometry of [Co"(PY5)(OH)]*" at the

BP86 level of theory.
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Atom X y z
C 0.1417 -1.0101 2.4517
C 1.2357 0.0641 2.5128
C 2.1654 0.1059 3.5487
N 1.2002 0.9937 1.5294
C 3.0773 1.1603 3.5918
C 2.0383 2.0464 1.6196
C 2.9948 2.1579 2.6232
H 2.1528 -0.6734 4.3059
H 3.8201 1.2113 4.3867
H 1.9027 2.8324 0.8891
H 3.6514 3.0255 2.6356
C -1.187 -0.2283 2.4956
C -1.999 -0.3001 3.6292
N -1.456 0.6437 1.4937
C -3.1333 0.5019 3.7265
C -2.5328 1.4495 1.6186
C -3.4043 1.3966 2.6972
H -1.726 -0.96 4.4446
H -3.7735 0.4428 4.6052
H -2.7009 2.1858 0.8466
H -4.2569 2.0714 2.724
C 1.3264 -3.6666 0
C 1.005 -3.0378 -1.197
C 0.3958 -1.7847 -1.1618
N 0.1454 -1.1473 0
C 0.3958 -1.7847 1.1618
C 1.005 -3.0378 1.197
H 1.8327 -4.6296 0
H 1.2636 -3.4875 -2.1491
H 1.2636 -3.4875 2.1491
C 0.1417 -1.0101 -2.4517
C -1.187 -0.2283 -2.4956
C -1.999 -0.3001 -3.6292
N -1.456 0.6437 -1.4937
C -3.1333 0.5019 -3.7265
C -2.5328 1.4495 -1.6186
C -3.4043 1.3966 -2.6972
H -1.726 -0.96 -4.4446
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-3.7735
-2.7009
-4.2569
1.2357
2.1654
1.2002
3.0773
2.0383
2.9948
2.1528
3.8201
1.9027
3.6514
0.2903
-0.6161
-0.032
-1.3786
-1.1005
0.2903
-0.6161
-1.3786
-0.032
-1.1005
-0.1472
-0.2147
-1.1335

0.4428
2.1858
2.0714
0.0641
0.1059
0.9937
1.1603
2.0464
2.1579
-0.6734
1.2113
2.8324
3.0255
-1.835
-2.9728
-3.8979
-2.9805
-2.9083
-1.835
-2.9728
-2.9805
-3.8979
-2.9083
0.8265
2.7259
3.0497

-4.6052
-0.8466
-2.724
-2.5128
-3.5487
-1.5294
-3.5918
-1.6196
-2.6232
-4.3059
-4.3867
-0.8891
-2.6356
-3.5881
-3.7136
-3.6668
-2.9271
-4.6935
3.5881
3.7136
2.9271
3.6668
4.6935




Table B-6 Coordinates (x, y, z) for optimized geometry of [Co'(PY5)(OH)]** at the

BP86 level of theory.
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Atom X y z
C 0.1451 -1.0045 2.4613
C 1.237 0.0706 2.5261
C 2.1573 0.1184 3.5702
N 1.2246 0.9951 1.5406
C 3.0714 1.1697 3.6156
C 2.065 2.0449 1.6224
C 3.0075 2.1597 2.6388
H 2.132 -0.6577 4.3305
H 3.8031 1.225 4.4199
H 1.9612 2.8263 0.8828
H 3.6635 3.027 2.6507
C -1.1876 -0.2306 2.5011
C -1.9979 -0.2994 3.6347
N -1.4749 0.6289 1.4986
C -3.1399 0.4917 3.725
C -2.5555 1.4293 1.6095
C -3.4237 1.3748 2.6897
H -1.7132 -0.9489 4.4544
H -3.7766 0.4355 4.606
H -2.7372 2.1592 0.8347
H -4.2808 2.0433 2.7108
C 1.3287 -3.6472 0
C 1.0063 -3.0196 -1.1959
C 0.401 -1.7657 -1.1647
N 0.1551 -1.1328 0
C 0.401 -1.7657 1.1647
C 1.0063 -3.0196 1.1959
H 1.8369 -4.6086 0
H 1.2622 -3.4667 -2.1498
H 1.2622 -3.4667 2.1498
C 0.1451 -1.0045 -2.4613
C -1.1876 -0.2306 -2.5011
C -1.9979 -0.2994 -3.6347
N -1.4749 0.6289 -1.4986
C -3.1399 0.4917 -3.725
C -2.5555 1.4293 -1.6095
C -3.4237 1.3748 -2.6897
H -1.7132 -0.9489 -4.4544
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-3.7766
-2.71372
-4.2808
1.237
2.1573
1.2246
3.0714
2.065
3.0075
2.132
3.8031
1.9612
3.6635
0.2935
-0.6168
-0.0318
-1.3808
-1.0953
0.2935
-0.6168
-1.3808
-0.0318
-1.0953
-0.1454
-0.2122
-1.1151

0.4355
2.1592
2.0433
0.0706
0.1184
0.9951
1.1697
2.0449
2.1597
-0.6577
1.225
2.8263
3.027
-1.8312
-2.9707
-3.8939
-2.9725
-2.906
-1.8312
-2.9707
-2.9725
-3.8939
-2.906
0.844
2.6371
3.0279

-4.606
-0.8347
-2.7108
-2.5261
-3.5702
-1.5406
-3.6156
-1.6224
-2.6388
-4.3305
-4.4199
-0.8828
-2.6507
-3.5878

-3.713
-3.6614
-2.9283
-4.6952
3.5878

3.713
2.9283
3.6614
4.6952
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Table B-7 Coordinates (x, y, z) for optimized geometry of [Co"(PY5)(O,H)]" at the
BP86 level of theory.

Atom X y z
C -0.5811 -0.9066 2.4981
C 0.9497 -0.7699 2.6126
C 1.6565 -1.3633 3.6602
N 1.5395 -0.0315 1.6453
C 3.039 -1.1838 3.7199
C 2.8734 0.1576 1.7372
C 3.6563 -0.4009 2.7448
H 1.126 -1.948 4.4074
H 3.6181 -1.6411 45216
H 3.3123 0.805 0.986
H 4.7294 -0.2164 2.757
C -1.1463 0.5214 2.628
C -1.6948 0.9457 3.8448
N -0.954 1.3712 1.5991
C -2.1179 2.2666 3.9811
C -1.3417 2.6573 1.752
C -1.9463 3.1395 2.9064
H -1.7687 0.2548 4.6791
H -2.5578 2.608 49176
H -1.1261 3.3238 0.9246
H -2.2503 4.1835 2.9619
C -1.2719 -3.6942 0
C -1.1371 -2.9993 -1.1961
C -0.8419 -1.6353 -1.1684
N -0.6348 -0.9761 0
C -0.8419 -1.6353 1.1684
C -1.1371 -2.9993 1.1961
H -1.4697 -4.7646 0
H -1.214 -3.5135 -2.1479
H -1.214 -3.5135 2.1479
C -0.5811 -0.9066 -2.4981
C -1.1463 0.5214 -2.628
C -1.6948 0.9457 -3.8448
N -0.954 1.3712 -1.5991
C -2.1179 2.2666 -3.9811
C -1.3417 2.6573 -1.752
C -1.9463 3.1395 -2.9064
H -1.7687 0.2548 -4.6791
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-2.5578
-1.1261
-2.2503
0.9497
1.6565
1.5395
3.039
2.8734
3.6563
1.126
3.6181
3.3123
4.7294
-1.0133
-2.4442
-2.6252
-3.0112
-2.7797
-1.0133
-2.4442
-3.0112
-2.6252
-2.7797
0.2741
0.9578
2.4778
2.5296

2.608
3.3238
4.1835
-0.7699
-1.3633
-0.0315
-1.1838
0.1576
-0.4009
-1.948
-1.6411

0.805
-0.2164
-1.7083
-1.9583
-3.0344
-1.4208
-1.6333
-1.7083
-1.9583
-1.4208
-3.0344
-1.6333

0.752
2.5101
2.6426
3.6207

-4.9176
-0.9246
-2.9619
-2.6126
-3.6602
-1.6453
-3.7199
-1.7372
-2.7448
-4.4074
-4.5216
-0.986
-2.757
-3.5895
-3.6892
-3.5859
-2.9204
-4.6804
3.5895
3.6892
2.9204
3.5859
4.6804

o O o
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Table B-8 Coordinates (X, Y, z) for optimized geometry of [Co"'(PY5)(O,)]" at the BP86
level of theory.

Atom X y z
C -0.4504 -0.9074 2.4768
C 1.079 -0.7637 2.5765
C 1.7989 -1.3382 3.6237
N 1.6666 -0.0272 1.6031
C 3.179 -1.137 3.6811
C 2.9921 0.1985 1.6973
C 3.7822 -0.3408 2.709
H 1.2765 -1.9234 4.3761
H 3.7654 -1.5828 4.4839
H 3.4006 0.881 0.9537
H 4.8499 -0.129 2.71262
C -1.0114 0.5292 2.5731
C -1.6414 0.9598 3.7467
N -0.7268 1.3862 1.5702
C -2.0423 2.2897 3.8622
C -1.0795 2.681 1.7101
C -1.7594 3.17 2.8189
H -1.794 0.2695 4.5699
H -2.5458 2.6329 4.7653
H -0.768 3.3523 0.9169
H -2.0315 4.223 2.8658
C -1.115 -3.7236 0
C -0.9898 -3.0287 -1.198
C -0.71 -1.6616 -1.1647
N -0.51 -1.0053 0
C -0.71 -1.6616 1.1647
C -0.9898 -3.0287 1.198
H -1.2982 -4.7966 0
H -1.0597 -3.5454 -2.1491
H -1.0597 -3.5454 2.1491
C -0.4504 -0.9074 -2.4768
C -1.0114 0.5292 -2.5731
C -1.6414 0.9598 -3.7467
N -0.7268 1.3862 -1.5702
C -2.0423 2.2897 -3.8622
C -1.0795 2.681 -1.7101
C -1.7594 3.17 -2.8189
H -1.794 0.2695 -4.5699
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-2.5458
-0.768
-2.0315
1.079
1.7989
1.6666
3.179
2.9921
3.7822
1.2765
3.7654
3.4006
4.8499
-0.8757
-2.3007
-2.4668
-2.8833
-2.6301
-0.8757
-2.3007
-2.8833
-2.4668
-2.6301
0.5192
1.3059
2.6599

2.6329
3.3523
4.223
-0.7637
-1.3382
-0.0272
-1.137
0.1985
-0.3408
-1.9234
-1.5828
0.881
-0.129
-1.6814
-1.9679
-3.0407
-1.4049
-1.6943
-1.6814
-1.9679
-1.4049
-3.0407
-1.6943
0.7208
2.4275
2.6068

-4.7653
-0.9169
-2.8658
-2.5765
-3.6237
-1.6031
-3.6811
-1.6973
-2.709
-4.3761
-4.4839
-0.9537
-2.71262
-3.5884
-3.6812
-3.5318
-2.9431
-4.6896
3.5884
3.6812
2.9431
3.5318
4.6896
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Table B-9 Coordinates (X, y, z) for optimized geometry of [Co"'(PY5)(0,)]*" at the BP86
level of theory.

Atom X y z
C -0.4563 -0.9102 2.4477
C 1.0692 -0.754 2.5308
C 1.7935 -1.311 3.5813
N 1.6577 -0.0339 1.542
C 3.1722 -1.1094 3.6373
C 2.9845 0.1915 1.6333
C 3.7728 -0.3297 2.6535
H 1.2681 -1.8856 4.3393
H 3.7584 -1.5415 44471
H 3.417 0.8468 0.8874
H 4.8386 -0.1117 2.6623
C -1.0183 0.5246 2.4699
C -1.7564 0.9737 3.5669
N -0.6344 1.3777 1.4917
C -2.1399 2.3106 3.6472
C -0.9565 2.684 1.6063
C -1.7242 3.185 2.6486
H -2.0032 0.2878 4.3691
H -2.7254 2.6622 4.4953
H -0.5488 3.3591 0.8668
H -1.9552 4.2477 2.6754
C -1.1006 -3.7545 0
C -0.9811 -3.0597 -1.1985
C -0.7113 -1.6924 -1.1613
N -0.522 -1.0378 0
C -0.7113 -1.6924 1.1613
C -0.9811 -3.0597 1.1985
H -1.2754 -4.8284 0
H -1.0505 -3.5743 -2.1506
H -1.0505 -3.5743 2.1506
C -0.4563 -0.9102 -2.4477
C -1.0183 0.5246 -2.4699
C -1.7564 0.9737 -3.5669
N -0.6344 1.3777 -1.4917
C -2.1399 2.3106 -3.6472
C -0.9565 2.684 -1.6063
C -1.7242 3.185 -2.6486
H -2.0032 0.2878 -4.3691
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-2.7254
-0.5488
-1.9552
1.0692
1.7935
1.6577
3.1722
2.9845
3.7728
1.2681
3.7584
3.417
4.8386
-0.8728
-2.287
-2.3866
-2.876
-2.6555
-0.8728
-2.287
-2.876
-2.3866
-2.6555
0.5231
1.354
2.644

2.6622
3.3591
4.2477
-0.754
-1.311
-0.0339
-1.1094
0.1915
-0.3297
-1.8856
-1.5415
0.8468
-0.1117
-1.6392
-1.9915
-3.0806
-1.5287
-1.6491
-1.6392
-1.9915
-1.5287
-3.0806
-1.6491
0.697
2.4273
2.6265

-4.4953
-0.8668
-2.6754
-2.5308
-3.5813
-1.542
-3.6373
-1.6333
-2.6535
-4.3393
-4.4471
-0.8874
-2.6623
-3.5838
-3.6701
-3.6153
-2.8707
-4.6425
3.5838
3.6701
2.8707
3.6153
4.6425




