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ABSTRACT

Climate change and the energy crisis are substantial challenges facing the human species,
and they are projected to threaten life on our planet. For millions of years, the sun has been the
main source of energy for life on Earth; this inspires ongoing research efforts focusing on a
“sunlight to fuel” energy solution. Photosynthesis is nature’s tool to derive energy from the sun.
Hence, scientists focus on the biochemistry of this phenomenon to employ photosynthesis in a
man-made device. Such a device is able to convert solar energy to chemical energy through a light-
driven cycle of the chemical reactions which produce hydrogen gas, later used as fuel. This process,
often called “artificial photosynthesis,” needs efficient catalysts which can be incorporated into a
molecular assembly and other microscopic structures or immobilized on an electrode surface.*!°

Additionally, evolution, in the course of billions of years, chose manganese as an abundant
and effective metal to facilitate the process of photosynthesis. These manganese atoms formed a
cluster and an optimized ligand field to maximize efficiency. The photochemistry and photo-
physics process behind photosynthesis is yet to be fully understood and implemented in a man-
made apparatus with comparable efficiency and durability.

Photosynthesis requires a source of electrons. Water is an abundant molecule on earth that
can provide the electrons needed for the photosynthesis. Although water is ubiquitous, it is one of
the most stable molecules; hence, splitting it demands a well-designed system with strong
oxidizing capability. Because a single atom of oxygen is highly reactive, there should be at least
four oxidation states in the system to remove four electrons and release molecular oxygen: O,. The
O-0O bond formation is one of the most important steps in photosynthesis to fully understand.
Lacking a thorough knowledge of this step prevents design and fabrication of robust and active
water oxidizing catalysts. To fully understand O-O formation, one should perform a
comprehensive study of each of the intermediates of the system. In other words, we need an
understanding of the structure and electronic configuration of the system (natural or artificial) from
the moment that a water molecule attaches to the catalyst (usually a metal core, central in the
complex), until the moment that oxygen released as an O, molecule.

There are multiple possible mechanisms to explain O-O formation. Two mechanisms that
were extensively studied in this thesis are water nucleophilic attack and radical coupling. The

prevailing view about oxygen formation in the catalysts that we study here explains the O-O bond
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formation by nucleophilic attack of a water molecule to a highly oxidized ruthenium (Ru"=0)
species. In this hypothesis, all polypyridine ligands that are coordinated to ruthenium remain
neutral during the water oxidation process, while the formation of Ru¥=0 (the key intermediate)
would require a relatively high free energy (about 1.8 to 2 eV '!); use of computational (numerical)
calculations determine this to be thermodynamically inaccessible.'? !* Furthermore, the failure of
spectroscopic techniques to confirm the presence of Ru¥=0 calls the validity of this model into
question. '#)

Alternatively, radical coupling hypothesis considers another pathway to oxygen bond
formation. Here, one of the nitrogen atoms coordinated to ruthenium in polypyridine plays a
crucial role. We hypothesize that after formation of Ru'Y=0 (which is spectroscopically observed),
one nitrogen decoordinates from the metallic core (ruthenium) and oxidizes to form Ru-ON species.
This N-oxide ligand can be further oxidized to form a ligand cation radical. It has been shown that
[ligand-NO]*" can have almost no energy barrier for O-O bond formation via spin alignment. !!
The study of the role of N-oxide is one of the main focuses of this work. Since this hypothesis does
not require Ru¥=0 nor water nucleophilic attack, it explains the process of water oxidation and
opens further avenues for the design of future catalysts.

To confirm our hypothesis, I employed several spectroscopic methods and computational
calculations. This new pathway predicts new intermediates exclusive to this model. Our objective
is to prove their presence by in situ spectroscopy and test the possibility of formation of each
intermediate computationally, to see if their formation is thermodynamically feasible.

In chapter one, I try to expand the basics of my research. Included is a brief explanation on
photosynthesis and the role of photosystem II protein. The artificial photosynthesis and the reason
we study ruthenium-based water oxidation catalysts concludes this chapter.

In chapter two, a description of all the major experimental and theoretical methods that I
used in my research is presented. Raman and EPR spectroscopy are extensively studied. Raman, a
vibrational spectroscopy, is used to study the atomic bonds. This technique is especially useful
when vibrational frequency can be assigned to the crucial species such as Ru'Y=0 and Ru-O-N.
Substitutions of an oxygen isotope (*0) causes the vibrational frequency to shift, indicating bond
assignment and the intermediate predicted by this hypothesis. Raman spectroscopy is a powerful
spectroscopic tool that can help us to have a better understanding of the geometry of the catalyst

and its intermediates.
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EPR is another useful technique that enables us to determine the electronic configuration of
the catalyst. Knowing the oxidation state and spin state of the catalyst and its intermediates can
shed light on the mechanism of oxygen evolution. For example, EPR can show us if there is Ru"
present as an intermediate. EPR is also sensitive to the geometry of the orbital that unpaired
electrons occupy. EPR can tell us about the ligand environment, as well as oxidation state of the
metal core of the catalyst.

Density functional theory (DFT) as a computational method can augment our hypothesis in
many different ways. For example, the optimized geometry of an intermediate can be used to
validate an X-ray study and vice versa. calculating the free energy and vibrational frequencies are
two examples that I used DFT for in my thesis. DFT is significantly useful for determining the
thermodynamics and feasibility of intermediates for the reactions that our model hypothesized.
Like any other simulation technique, DFT is an approximation, but knowing some experimental
parameters would help to certify our theory. Also, DFT comes in handy when some of the
intermediates are short lived and very difficult or impossible to trap in experiment to study with
our spectroscopical tools.

In chapter three, I present some evidence on the radical coupling mechanism for the most
studied Ru-based water oxidation catalyst, [Ru'l(tpy)(bpy)(H20)]**. We study this catalyst and
other forms from the same family, and first show that water nucleophilic attack is not a viable
mechanism by the spectroscopic and theoretical information that we have on this family. Later we
hypothesize that a redox active ligand plays a major role in the catalytic activity. We show by
synthesizing this catalyst with N-oxide bpy ligand instead of bpy ligand the water oxidation
enhances more than hundred times. We also hypothesize that ligand redox potential can inversely
be correlated to the rate of oxygen evolution. This is a fundamental step in rational design of a new
catalyst from this family or with similar mechanism.

In chapter four, I show how to stabilize [Ru'l(tpy)(bpy)(H20)]*" by modifying bpy ligand to
dcbpy and incorporating it in UiO-67 MOF, a zirconium-based MOF which has many applications
because of its high surface area through a network of pores and channels. I showed that the oxygen
evolution mechanism for this complex does not require dimerization. Resonance Raman helped us
to selectively look at the Ru complex incorporated in MOF and making sure the MOF signal does
not overwhelm the signal from Ru, even though Ru complex is a small portion of the volume of

the sample.
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In chapter five, we focused on the role of redox active ligands. [Ru(bpy)2(bpyNO)]*" will be
studied as a case to investigate N-oxide bpy ligand. Although this complex is not a water oxidizer,
it was previously used as a model to show the feasibility of radical coupling mechanism in Ru-ON
systems. The N-oxide bpy ligand in this ruthenium complex and similar complexes is light
sensitive. I studied the extent of light sensitivity of N-oxide in this complex. This complex and
similar complexes to this can have many applications outside of the field of artificial
photosynthesis. They can be used as photo oxidizers like [Ru(bpy);]**. I confirmed that this
P

complex would transform to [Ru(bpy)3]~" upon light exposure.
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CHAPTER 1. PHOTOSYNTHESIS

1.1 Motivation.

According to the first law of thermodynamics, the entire energy in the universe is conserved,
but that doesn’t mean we have unlimited energy to use. Second law of thermodynamics states that
the entropy of any isolated system always increases. In other words, the “free energy” in the
universe is constantly decreasing. “Free energy” is needed to run any engine. In everyday life we
call this “free energy” fuel. Coal, diesel, gas, etc. are the examples of “fuels,” and almost all of
these energies ultimately come from the sun. The process of formation of fossil fuel occurs over
millions of years, and the rate of consumption of these fossil fuels far exceeds the rate of their
formation; hence, fossil fuels are not sustainable in the long term. To further complicate the energy
scene, the pace of worldwide energy consumption has increased dramatically over the last few
years. From 1973 to 2015, the Total Primary Energy Supply (TPES) increased from 6101 Mtoe
(Mega Tone of Oil Equivalent) to 13647 Mtoe. '° In this period the oil, coal, and natural gas share
of TPES reduced from 86.7% to 81.4% percent which is not very significant. The nuclear share
increased from 0.9% to 4.9%. Finally, the increase in the renewable energy such as solar, wind,
and hydropower was only about 2%. !> The resulting CO, emissions increased from 15458 Mt
(mega tone) to 32294 Mt. 1> Doubling the emission of carbon dioxide in about 42 years expedites
global warming and climate change.

Although consumption reforms are major ways of changing the situation, finding cheap CO»-
neutral energy sources are the ultimate solution for the energy crisis, global warming, and even
the world economy. Looking at the sun as an infinite source of energy (on the human life time
scale), one can argue harvesting the energy of the sun, like plants do, could put an end to our
dependence on fossil fuel resources. To achieve this goal, first we should know the fundamental
physics and chemistry of photosynthesis with complete details to be able to recreate that in a man-
made device aka artificial photosynthesis. To achieve this goal, we must strive for a fundamental
understanding of the physical and chemical details of photosynthesis, to mimic the process in a

man-made device, known as artificial photosynthesis.
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1.2 Photosynthesis and the role of photosystem II.

Photosynthesis is the process of capturing sunlight and using its energy to produce sugar
from carbon dioxide and water, Figure 1-1 . During this process, oxygen is a released as a
byproduct into the atmosphere. While carbon dioxide only consists of 0.04 percent of the gas in

our atmosphere, it is enough to provide the carbon atoms of glucose in the plants.

Sun

Carbon dioxide Oxygen

+ —) +
C6H 1 206 Glucose

Water

Figure 1-1. Schematic of photosynthesis reaction. Carbon dioxide and water are
reactants; oxygen and glucose are the products. Solar energy provides the essential energy
to run this reaction.

To have a better understanding of photosynthesis, one should have a closer look at green leaves
(or cyanobacteria). Figure 1-2 shows a cross section of a thylakoid membrane and its components.
The thylakoid resides inside chloroplasts and its membrane separates the inside fluid (lumen) from
the outside (stroma). Across the thylakoid, a concentration gradient is maintained for several
molecules and ions. The protein complexes Photosystem I (PS I) and Photosystem II (PSII) are
essential parts in driving the photosynthetic process. Since sunlight is required for reactions in both
PSI and PSII, these reactions are called light-dependent reactions. As part of these reactions, the
Oxygen Evolving Complex (OEC) in PS II extracts electrons from its nearby water molecules.
Two oxygen atoms form a molecule and are released after the oxidizing two water molecules and

removing four electrons. The electrons then going through the bef protein into the lumen with a
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mobile electron carrier (not shown in Figure 1-2 for simplicity). As mentioned, Photosystem I (PS
I) is also driven by sunlight. Electrons will be exited at PS I and will reduce NADP" to NADPH.
Protons (H") at the same time will go to ATP synthase which uses a proton-motive force to make
ATP from ADP. The rest of the process is “light independent” since there is no direct sunlight’s
energy to drive the reactions. The energy is already stored in ATP and NADPH, and by reducing
carbon dioxide, the final product --sugar-- is created. This process is called the Calvin cycle, and

details can be found elsewhere. °

Sugar

Photons |
Photons
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Figure 1-2. Thylakoid membrane is shown with the essential components for the electron
transport chain path and its reactions.

Since this study is mainly about the process of evolving oxygen, we delve into details of PS
IT and the OEC a little bit more. PS II is the only protein known in nature able to evolve oxygen
from water. In PS II, after a photon is captured by chlorophyll and the energy is channeled down
to P680, it transfers an electron to an acceptor. In result, P680 becomes P680"" and gets an electron
from the OEC to become P680 again. The OEC, an inorganic manganese cluster (MnsOsCa),
becomes oxidized. This manganese cluster goes through a five-state cycle known as “Kok cycle”,
or “S-state cycle”, before two water molecules are fully oxidized and return to its original oxidation
state, Figure 1-3.

The Kok cycle, as was mentioned, refers to a photoinduced cycle which was proposed by

Kok in 1970. '® According to Kok cycle dark adapted purified PS II would release oxygen after
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every four pulses of light which suggest the WOC should go through a cycle with at least four
steps. It is believed that there are actually five steps (SO to S4) but the last step in the cycle is a
transient intermediate that doesn’t require a photon to proceed, Figure 1-3. Determining the exact
dynamic of Kok cycle is still a hot topic among scientists because of two reasons. First, water
splitting is such an important step in evolution that there is a lot of interest in understanding of
photo physics of this process; second, it is essential to understand the chemistry of manganese

cluster to design an effective Water Oxidation Catalyst (WOC) aka artificial photosynthesis.

1.3 Artificial Photosynthesis

The need to understand the importance of photosynthesis leads scientists in the direction of
reproducing what nature does, in a lab. The results of these efforts are called artificial
photosynthesis. It’s important to note here that artificial photosynthesis, as is mentioned here, only
refers to a synthetic replication of water splitting. The ultimate goal is to run the following reaction

as “efficient” as possible.
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Figure 1-3. Kok’s cycle. S; is the dark-adapted state and each photon drives the cluster one step
ahead. The exact dynamics of the process is still debated.

H,0 + energy — %02 + H, Equation 1-1

Equation 1-1 has AG = 237 Kj/mol; This is the energy required to make one mole of
hydrogen at standard conditions (Figure 1-4). This free energy can be provided by a battery with
a minimum potential difference of 1.23 V (1.23 eV is the energy needed per electron in Equation
1-1, 1.23 eV is equivalent to the energy of a photon with 1100 nm wavelength). Although this is
an endergonic reaction, the free energy of the system is not the major problem, the activation
energy is. Splitting the O-H bond, however, has 500 Kj/mol. !” The presence of a catalyst will
lower this barrier and make the process more efficient, Figure 1-4. For example, in mangense
cluster in PSII, the absorbed photon which provides the energy to split water has the wavelength
of 680 nm wich is equivalent to 350 Kj/mol. The efficiency of this reaction would be higher if

the activation energy was lower. 100% efficient reaction is a reaction with no activation energy.
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Photo-induced reactions aren’t the only way to split water. Water electrolysis is the current
method that is used in industrial scale to split water.

In water electrolysis, two half reactions occur on each electrode to complete Equation 1-1.
If two electrodes with potential difference of 1.23 V (plus a few hundred meV overpotential) are
immersed in water (with some ions in water to act as electrolyte), oxygen molecules start to evolve
on the positive electrode, or anode, and hydrogen molecules on the negative electrode, or cathode.
A gold electrode was used for the first time to electrolyze water in 1789 '¥. Since that time, many
inert metals such as iridium, platinum, and stainless steel have been used as mentioned above.
Depending on the electrodes, the overpotential (the potential which is above 1.23 V) could be
different. For example, platinum alloys are state of art with excellent efficiency, but platinum is
very expensive. Other elements such as iridium, nickel, carbon, and molybdenum are examples of
materials that have been used to produce cheap efficient electrodes. A typical overpotential could
be a few hundreds of mV.

Proton-exchange membrane (PEM) is also an important method to electrolyze water and is
worth mentioning here. The PEM technology that is used in electrolysis is similar to fuel cell PEM:
a solid membrane is used as a proton conductor. In the state of art PEM, metals such as platinum
or palladium are used at the cathode where hydrogen evolves, and iridium oxides or ruthenium
oxides are used at the anode where oxygen evolves. In these areas, the focus of the research is to
make sustainable electrode. For example, iridium loading is a very important factor and should be
as low as 0.4 mg/cm? for an electrode, without negatively effecting the catalytic performance of
the process. The loading factor for the current systems is about 1 to 3 mg/cm?. '’

Equation 1-3 and Equation 1-4 are half reactions which complete reaction in Equation 1-1
on anode and cathode respectively at pH 0 with the minimum of potential of 1.23 V on anode, and

0 on the cathode

2H,0+2e~ - 20H" +H, Equation 1-2
4e” +4H* - 2H, Equation 1-3

To make this process economically viable in an industrial scale, the price of electricity should

be competitive with other methods such as steam reforming which is a hydrogen production

process from natural gas.
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Now that we introduced the electrolysis, let’s step back and revisit the photo-induced water
splitting reactions. Another way of providing energy to run the reaction Equation 1-1 is to use
photoinduced electromagnetic waves: the same method that nature uses in photosynthesis. 1.23eV
is equivalent to the energy of a photon with 1008 nm wavelength. Theoretically, by using NIR
light one can split water in a reaction with 100% efficiency, but this never occurs. If water is
exposed to deep UV, eventually it starts to be split at 190 nm? but NIR and visible light is not able
to split water. This deep UV is energetic enough to pass the activation energy barrier. However, it
is worth mentioning this mechanism (splitting water with deep UV) is a photo ionization process,
not a photo oxidation -- the main topic of this report. Since 1008 nm photons have the minimum
energy needed to split water, if a catalyst can be created that can lower the activation barrier and
absorb photons of that wavelength, then photons in the visible region, or even of lesser energy,
could become useful in water oxidation. 2! One approach to this problem is to produce a catalyst
that reduces the activation energy of the reaction without changing the energy gap needed to run
the reaction, Figure 1-4. The biggest problems with these catalysts are efficiency, durability, and

price. We try to explain some solutions to these issues in the rest of this thesis.

1.4 Non-ruthenium-based catalysts and important concepts

Before highlighting ruthenium-based catalysts, the main subject of this study, an overview
of other catalysts and an introduction to the terminology is needed.

Water oxidation reaction is endogeneric and the Gibbs free energy associated to this reaction
is 237 kJ/mol. This is the energy reqired to make one mole of hydrogen molecules at standard

conditions, Figure 1-4.
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Figure 1-4. Gibbs free energy of water spliting reaction is showon. The role of a catalyst is to
lower the activation energy barrier.

Platinum-based catalysts are used due to their high efficiency and durability. 2> Platinum-based
catalysts are also versatile, being common in fuel cells, where the opposite reaction of splitting
water occurs. While these catalysts are effective, platinum is one of the most expensive metals on
earth due to its scarcity. Iridium-based catalysts were used for the first time in 2008 as single site
complexes. 2*> Both iridium and platinum are rare metals. The abundant metals with rich redox
chemistry (a system with rich redox chemistry is a system that can go through multiple oxidation
states) can be found in the first-row transition metals in periodic table. Two such metals studied
extensively are iron and manganese. These two are very cheap to mine and have little to no side
effects from toxicity. Manganese is especially interesting because of its usage in the natural
photosynthesis. In 1994, a manganese dimer was synthesized for the first time to oxidize water. 2*
Like manganese, iron is another first row transition metal that has been incorporated into many
water oxidation catalysts (WOCs). 2* A very comprehensive list of WOCs can be found in the
reference. °

One of the major difficulties that WOCs have to overcome is the high activation energy

barrier to evolve one molecule of oxygen from two water molecules. It requires four electron

25



transfer events. This means the catalyst should have the ability to convert across four oxidation
states with comparable energy to 1.23 eV for each intermediate. The ultimate goal of WOC
research is the formation of a stable catalyst which can cycle through these oxidation states quickly
and repeatedly. > For each catalyst, the total number of cycles achieved before catalyst degradation
is called the turnover number (TON). This value is experimentally measured, where the higher the
TON, the more robust the catalyst. For example, the manganese cluster that naturally oxidize water
can go through 10°® Kok cycles. 2® The other concept that should be introduced is turnover
frequency (TOF), which is basically the number of oxygen molecules evolved per unit of time for
each WOC.

A WOC has many electron transfers in each cycle which are often accompanied by a proton
transfer at the same time, to prevent charge buildup. This is the so-called “proton-coupled electron
transfer,” or PCET. In each cycle, there are steps with PCET or electron transfer (ET), causing
oxidation state changes. Understanding PCET is critical for realizing the path and the dynamics of
different intermediate species created during the reaction.

To study the dynamics of a catalyst with different oxidation states, the oxidation state of the
catalyst can be studied one step at a time to measure all the intermediates. To achieve this, there
are some commonly used chemical oxidants. The most famous oxidant is Ce! in cerium
ammonium nitrate (CAN), with chemical formula Ce(NH4)2(NO3)s. Ce! has the redox potential
of 1.70 V vs NHE. This one-electron oxidant will extract only one electron from the complex and

become Ce'!

. The advantage of CAN is that it’s almost colorless in solution (light yellow color),
so it is compatible with spectroscopic studies, as it will not interfere with techniques that use visible
light. The disadvantage of using CAN is that it should be used in acidic condition to work (pH<1).
27 Potassium peroxymonosulfate (Oxone) is a two-electron oxidant. Oxone has redox potential of
1.82 V vs. NHE and can work in less acidic conditions (pH up to 6) compared to CAN.?%2° Sodium
periodate (NalOys) is yet another two-electron oxidant that is used and has a redox potential of 1.60

V vs. NHE and can be used for solutions with pH up to 7.5. 3% 3!

1.5 Ru-based WOCs

Ruthenium is a second-row transition metal with a standard atomic weight of 101.07 u. It has
been found in several oxidation states including -4, -2, +1, +2, +3, +4, +5, +6, +7, +8. It also has

10 isotopes; six of which are stable.
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In 1982, a binuclear p-oxo-bridged ruthenium complex known as blue dimer was reported,>?
Figure 1--5A.

It was long assumed that there must be more than one metal atom for WOCs to function,
especially since the manganese cluster in PSII has four manganese atoms and the fact that oxygen
evolution is a four-electron transfer process; researchers believed that single site WOC is not
feasible. This rationale started to change when [Ru(bpy)s;]*" (ruthenium polypyridyl) was reported
as a new photosynthesizer in 1970 **, Figure 1--5B . This single site complex has been extensively
studied, and although it’s not capable of water splitting, it paved the way for single site catalysts
such as [Ru"(tpy)(bpy)(H.0)]*". [Ru'(tpy)(bpy)(H20)]*" is the most studied Ru-based catalyst and
the main topic of chapter 3 and 4 in this thesis. Other generations of single site WOC with higher
catalytic activity were discovered later 3*. A complete list of WOCs with different variation of
ligands can be found in a recent review.’

Ruthenium has pros and cons when it comes to WOCs. Although it is one of rare elements
in earth crust and has potential toxicity and high price, it has features that some of the abundant
elements on earth, such as iron and copper, don’t have. Ruthenium with polypyridine or similar
ligands demonstrates a very rich photo chemistry (with the right ligand field design, it can go
through different oxidation states by photo redox reactions) that most of other elements don’t.
Ruthenium WOCs are usually colorful in homogeneous solution which makes them capable of
absorption of visible light. Other earth-abundant-based WOCs are mainly transparent to visible
light and absorb light in the UV range (although it depends on the ligand field as well). Though
ruthenium is one of the more expensive metals on earth, it is still cheaper than the gold and
platinum often used in water splitting systems. Finally, the toxicity and environmental effects of
ruthenium, which are important to consider, can be dealt with if regulations and safety measures
put in place. I should add that the final goal is to make a long-lasting and durable WOC which
means there shouldn’t be a lot of waste in industrial scale.

Though ruthenium may not be the final solution (it is inevitable to look towards earth
abundant metals), learning about the chemistry of Ru-based WOCs can help and guide us in our
journey to make an efficient, long lasting, fast, and environment friendly WOC.

Before concluding this chapter, the geometry of six-coordinate ruthenium complexes and its
possible mechanisms are needed to be mentioned. The first column of Figure 1--5C shows the

basic geometry of a complex with octahedral geometry. Although in reality, the geometry of most
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complexes would be slightly different because of different ligands they have, it can show us a road
map toward a basic understanding of the spin, symmetry, orbital energy splitting, and etc.
Ruthenium systems are usually low spin in Ru' state. Upon water coordination to the core metal
(The middle column of Figure 1--5C), the symmetry of the system changes and can be described
by a Ca4y point group. The energy level for d,2 goes lower due to change in symmetry and also the
water ligand is a weaker donor compare to a nitrogen in a polypyridine ligand. ** In both first and
middle column in Figure 1--5C all the ligands are neutral with the assumption that every ligand
is either a water or nitrogen in a polypyridine ligand. Later in chapter three, we show that in a
higher oxidation state of ruthenium the ligand could be unneutral and go through a redox process.
Finally, the last column in Figure 1--5C is a crucial species that its existance is vital for almost
any WOC. This spicies (Ru=0) is at spin state one (S = 1) and the ruthenium oxidation state is I'V.
Ru"Y=0(Ls) — L stands for ligand — is usually obtained by two consequent oxidation via PCET
mechanism from Ru''(H,0)(Ls).

Oxygen bond formation is a crucial step in the water oxidation reaction. WNA and RC both
can explain O-O formation. Figure 1--5D, depicts these two mechanisms. In WNA a water
molecule reacts with a highly oxidized species (here RuV=0, notice Ru!V=0 is not energetic
enough for WNA). In WNA a pair of electrons from water transfers to oxygen coordinated to
ruthenium and consequently to ruthenium and change the oxidation state of Ru¥ to Ru'". RC is
another possibility for the water oxidation reaction. In this mechanism two highly active radicals
react and form O-O. Since radicals are usually very energetic and unstable, O-O formation could
be barrierless without activation energy. !' Although in Figure 1--5D two ruthenium is needed to
complete the mechanism; it is not always the case. In chapter three we extensively talk about RC

between the oxygen in an N-oxide ligand and an oxygen coordinated to the same ruthenium core.
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Figure 1-5. Blue dimer (A) and [Ru(bpy)3]*" (B), two of the most studied catalysts in the
field of artificial photosynthesis. (C) common geometries in Ru-based WOC and their
corresponding orbital energies. (D) Depiction of two possible mechanisms for water splitting

that are studied in this thesis
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CHAPTER 2. INTRODUCTION TO METHODS

2.1 The Theory of Raman Scattering
2.1.1 Why Raman Spectroscopy

Raman spectroscopy, as well as Fourier transform infra-red (FTIR), are very powerful tools
in vibrational spectroscopy. The main application of Raman scattering is to detect the atomic bonds
in molecules and crystals. Detecting the existence of atomic bonds by their characteristic vibrations
provides a road map to confirming or discovering the geometry of a molecular structure. I used
the Raman spectroscopy technique in this report because water oxidation is a process which
requires four electron removal, and a WOC would go through at least four different geometries;
hence, it is a very advanced technique to distinguish the change in the geometry. Specifically, the
use of isotope substitution of a specific atom to confirm a change in vibrational frequency of that
atomic bond is used multiple times in this study. Another example is bond formation or ligand
disassociation, which can be detected by Raman spectroscopy. Although analytical calculation of
a specific vibration by solving a Hamiltonian is extremely difficult, numerical calculations such as

density functional theory (DFT) can approximately compute vibrational modes of a molecules.

2.1.2 The classical description of Raman Scattering

Raman scattering could be simplified as the inelastic collision of light and matter. In this
section, the classical effect (classical electromagnetic theory) of inelastic light scattering is
reviewed; a non-classical and quantum version of the theory will be explained later.

Maxwell’s equations show that light is electromagnetic wave and follow the wave equations.
An electromagnetic wave interaction with the surface of a matter will change the distribution of
surface charge density due to boundary conditions imposed by Maxwell’s equations. This
interaction can be in the form of absorptions, reflection, scatter, or transmittance. With a closer
classical microscopic look, one can see that interactions between light and a surface is the
interaction between a wave and molecule. Depending on the type of molecule, the light can
produce or disrupt an already existing dipole moment of the molecule. The induced dipole moment
itself radiates a secondary electromagnetic wave as inelastic scattered light. Each type of molecule

has a specific electronic charge distribution with an associated induced dipole moment; thus, the
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inelastic scattering light is characteristic for different molecules. To explain how the light and
matter interaction can be expressed mathematically, we will use classic electromagnetism and

simple harmonic oscillator.

The induced dipole moment, 13, can be related to electric field with Equation 2-1:

P=«F Equation 2-1

Here the tensor « is the polarizability (for the sake of simplicity, we imagine « is just a scalar,

but in the most general form, it is a rank two tensor) and E is the electric field. Since the source of
the electric field is the incident light, using the results of Maxwell's equations, the electric field

has wave-like behavior:

E= E_O> cos(wqt) Equation 2-2

wq 1s the angular frequency of the incident light (assuming the incident light has single
frequency such as a narrow-band laser). By substituting Equation 2-1 into Equation 2-2 the

following is obtained:

P= afo) cos(wgt) Equation 2-3

As a and the electric field increase, the dipole moment also increases. « is not only
characteristic for each molecular structure but is also a function of the distance of the nucleus of
atoms in the molecules. If x shows the distance between two atoms, then « is a function of X. In
Figure 2-1, X, is the distance between atoms before the electric field interacts with a molecule (i.e.
at its equilibrium) and X, + & is the distance after the interaction. In general, § is a vector that can
have any direction and magnitude. If one assumes that after the interaction between light and the
molecule the distance x will oscillate around the value X, then the distance between the two atoms

can be written as a function of time as:

X =Xy+ dcosw, Equation 2-4
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where w, is the angular frequency of oscillation. As was mentioned above, if ' is a function of
distance of the nuclear of atoms in molecules, it is convenient to write & in terms of Taylor

expansion:

a(X) = ag + (0xa)|x,. Xo. cos(wyt) + - Equation 2-5
A
o 0 -0
B
o—o=o

Figure 2-1. An example of a linear molecule shown in the equilibrium state(A); and an
electric field induced stretched state, (B)

Plugging Equation 2-4 and Equation 2-5 into Equation 2-1 would give the following

equation
B = aOE_O> cos(wot) + (0 @), Xo- cos(a)xt)fo)cos(wot) + - Equation 2-6

Using trigonometric identities for the second term in the Equation 2-6, (Cos(a).Cos(b) =
% (Cos(a + b) + Cos (a — b)). Keeping only the first order in the expansion, then the final

form of Equation 2-6 becomes:

P(t) = Const, cos(wyt) + Const,{ cos((wy + wy)t) + cos((wy, — wg)t)}
Equation 2-7

There are three terms in Equation 2-7, the first, which has the same frequency as the incident
light, is called the Rayleigh scattering. In reality, a large portion of scattering is Rayleigh scattering.
The second term describes light with higher frequency of w, + w,. This is called anti-Stokes
scattering. The third term shows the scattering light with lower frequency w, — wg, which is called

Stokes scattering. As one can see, Rayleigh scattering is independent of w,, which means it is
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independent of matter type. In contrary, Stokes and anti-Stokes are characteristic for each
individual molecule. Usually the word “Raman scattering” refers to Stokes scattering, although in
some occasions it can refer to anti-Stokes Raman scattering. Even though anti-Stokes is preferred

in some situations, it is less common in experiments due to lower signal intensity.

2.1.3 Non-classical description of Raman spectroscopy

In the classical description, there is no restriction in the Stokes and anti-Stokes Equation 2-7
to be discrete; in other words, frequencies are not quantized. However, we know from experiment
that Raman bands are relatively sharp and discrete. Adding a quantum mechanical description to
the picture resolves this issue. The simplest model to describe a molecular bond is the simple
harmonic oscillator. If two atoms with mass m, and m, are connected to each other via a spring

with a stiffness k, then the angular frequency w can be calculated by:

w = S Equation 2-8

Where p is the reduced mass and can be expressed as

LI IS Equation 2-9

u m; M

The energy levels of a simple harmonic oscillator are

E=ho(n+3)n=012,.. Equation 2-10

Where E is the energy, i is 2wh and h is Plank’s constant. Here n = 0 is the ground state
for vibrational energy (not to be confused with electronic state energy). Transition between n = 0
to n = 1 represents Stokes lines, and the transition between n = 1 to n = 0 represents anti-Stokes.
Figure 2-2 shows Raman scattering process. The red arrows represent the excitation process by a
photon incident on the molecule that is being studied. This photon will knock an electron out of
its electronic ground state to a virtual state Figure 2-2 A, and the electron returns to one of the
vibrational states in the ground state; it is worth mentioning that is process occurs instantaneously
in picosecond range. If the energy gap between two electronic states is approximately the same as

the energy of the incident photon, the electron will go to the next electronic state Figure 2-2 B. In
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this case, the energy gap plays the role of a resonator and the Raman scattering can be enhanced
up to 10° times than normal Raman scattering. Since this is a very important achievement, this
type of scattering has its own name: Resonance Raman (RRaman) scattering. We will talk about
the RRaman scattering later. Finally, Figure 2-2 C is an illustration of fluorescence. More

explanation about this comes with RRaman.
A B C

Energy

virtual state
R

\ Y \
X il \ X

Intermolecular separation Intermolecular separation Intermolecular separation

Figure 2-2. The curves represent electronic states and the horizental lines inside the curves
represent vibrational states. (A) Raman (nonresonance) scattering process; note that the energy
that the electron gains is less than the energy gap between two electronic states. A virtual state is
added to the figure to calrify this point. (B) RRaman scattering process; here the energy that an
electron gains is close to the energy gap between two electronic states. This resonance effect
enhances the signal significantly. (C) Fluorescence process; the excited electron relaxes first on
the vibrational staes of the electronic excited state before it decays into the electronic ground
state.

The energy difference between n = 0 and n = 1 is characteristic of each bond (w = w, +

o). The angular frequency corresponding the vibrational energy gap is proportional to the so

called “Raman shift”. More accurately, what is called Raman shift can be described as:

V== Equation 2-11
2

v is called the frequency of vibration. However, frequency (in Hz) is not the common unit

for Raman shift; instead wavenumber (in cm™1) is more widely accepted and is written as

__v_1_ 1,1 .
V_E_E_A_Oiz Equation 2-12
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Where c is the speed of light (in €™/ge ) and A is the laser wavelength and A, is Stokes or
anti-Stokes wavelength (both in cm). Even though the frequency and wave number are technically
different, but in the community of Raman spectroscopists they are usually used interchangeably.

The frequency of the Raman shift as mentioned above is proportional to the reduced mass
and the stiffness of the spring, bond strength. As an example; consider the C-C bond and C-H bond.
C-C has a reduced mass much more than C-H. The Raman frequency of C-C (in diamond) and C-
H (in methane) is 1332 cm™ and 2918 cm! correspondingly. There are several reasons that that

the C-C frequency doesn’t scale exactly as its reduced mass scale with C-H ( the ratio is 6.5) as

’é = 2.55 in this system: First, the stiffness of two bonds are not exactly the same, and secondly,

the simple harmonic oscillator model isn’t a perfect representation of an atomic bond. Also, the
reduced mass is an approximation because atoms are bound to the rest of structure and they can’t
be viewed accurately in isolation. Although this could be viewed as an obvious and mundane
example, it’s necessary to show that quantitative analysis in this field is difficult. Later, when we
use oxygen isotope substitution, we see that the change in frequency can be different even when
two system are very similar. The same argument can be used to show the dependency of Raman
shift on the bond strength, using C-C and C=C as an example. Both systems have the same mass

but the stiffness of C=C is higher, and it has a higher frequency.

2.1.4 Raman Scattering intensity

Raman scattering is usually weak in comparison to most of optical spectroscopy such as IR
spectroscopy, so it is important to know the factors that can have any effects on the signal. In the
beginning of this section, it is mentioned that dipole moment radiation is a good model for Raman.

Any Hertzian dipole will radiates as the following>®

_d® __ m?cv*P?Ssin?6

] =55 =
dQ 2 €

Equation 2-13

Where [ is the intensity, €, is the vacuum permittivity, P is the dipole moment, and 8 is the
angle between the direction of the dipole moment and position of the detector. From Equation
2-13, we know P is proportional to the electric field of incident laser, and that is proportional to

the intensity of the laser. So, the stronger the laser, the stronger the Raman signal since we see
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from Equation 2-13, we can conclude that the Raman signal is proportional to the square of the
laser power. So, to maximize Raman signal, the laser should be tuned to its highest output power.
At the same time, if the laser intensity is too high, it can heat and potentially damage the signal.
It’s hard to have a specific recommended power for Raman, because different lasers have different
absorption rates for any specific substance; additionally, most of the lasers for Raman have an
output power in the range of 10 mW to 1 W. Finally, it’s important to emphasize that what causes
damage is the power surface density, so even a 10mW laser if focused on a very small area (~um?)
can cause damage.
2.1.5 Selection Rules

There are many selection rules in quantum physics and particle physics. Selection rules are
the rules imposed on the system to respect some sort of symmetry in the system. Selection rules in
Raman spectroscopy refer to the rules that prevent some types of vibrations during a Raman
spectroscopy measurement. A vibration is called Raman active if the vibration is allowed to happen
by Raman selection rules. Usually, if a vibration is Raman inactive it is IR active. Therefore, a
combination of Raman and IR spectroscopy is required to get a complete picture of all vibrational

modes of a certain molecule.

A B

> > &

o—e—0 ®o—0 9@

Figure 2-3. Two of the vibratinoal modes of CO5. (A) represents an symmetric mode while (B)
represents an anti-symmetric vibrational mode.

In the following, a simple classical description of selection rules in Raman Spectroscopy will be
presented *’. In Figure 2-3 two vibrational modes of a carbon dioxide (CO,) are shown. In Figure
2-3A the carbon is stationary, and oxygens are moving symmetrically. In Figure 2-3B the oxygens
are stationary, and the carbon is vibrating which indicates an asymmetry mode. From Equation

2-6 a non-zero Raman signal in a system exist if (Oxya)|y, # 0. So, if the derivative of polarity is

non-zero in a vibration, that vibration is Raman active. Contrarily, Figure 2-3B has a zero (-

dya)|y, which represents a Raman inactive mode. To have an IR active mode, the dipole
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derivative at the equilibrium distance should be nonzero so Figure 2-3B is IR active Figure 2-3A
is IR inactive.

A vibrational mode is Raman active if the polarizability of the molecule changes during the
vibration. 3

While the example given in the Figure 2-3 is admittedly a simple linear example, for more
complicated molecules the process of finding Raman and IR active modes can be a bit lengthier,
but it still follows the same logic. For a molecule with the most general geometry, one should find
the character table by analyzing the symmetry operations. By having all the symmetric elements,
the point group of the molecule is known. The character table of each point group will give as all
the information about the Raman and IR activity. In the table if the symmetry label of a normal
mode is represented by a product term such as x? or yz, the vibration is Raman active. How to
make a character table is beyond our discussion, but as an example, the character table of NH3 is
3C, given below in Table 2-1. Any irreducible representation that has basis function consist of A
an E has a Raman active vibration. So, in the case of ammonia, all the vibrational modes are Raman

active.

Table 2-1. The Character table for point group Ta. E and C,, and S, are symmetry elements.

C3v E 2C3 3oy Quadratic functions
Ay 1 1 1 x2+y?,z°

Az 1 1 -1 -

E 2 -1 0 (x2-y* Xy) (Xz,y2)

2.1.6 Resonance Raman Scattering

In the “Non-classical description” section, resonance Raman Scattering mechanism was
2
briefly described. But RRaman demands more explanation since it has been used extensively in

this study.
The technical and instrumentation of the conventional and resonance Raman spectroscopy is

generally the same, and the main distinction is the wavelength of the coherent light source aka the

laser wavelength(see Figure 2-2). Electronic excitation energy levels are central to resonance
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Raman spectroscopy. Electronic energy levels represent the energy of an electron in different

—> —>
@ W Detector

Figure 2-4. Schematic explanation of absorption spectroscopy. The top left is the spectrum of
white light. The middle top curve is the absorption spectrum which is calculated from the
subtraction of the top right spectrum (the portion of the light that went through the sample)
and the white light spectrum

orbitals.

The energy difference between the Highest Occupied Molecular Orbital (HOMO) and
Lowest Unoccupied Molecular Orbital (LUMO) is essentially responsible for the color of a
substance. When white light (light with broad spectrum in the visible spectrum and may include
ultraviolet, near infra-red etc.) illuminates a molecule, only the portion of the light will transmit
through the molecule that doesn’t correspond to an electronic transition. The energy between
HOMO and LUMO is not always the only electronic transition; there could be several electronic
transitions in the spectrum of white light. Usually, the absorption spectroscopy is used to find these
electronic transitions. A spectrum of white light typically from 200nm to 900nm (different
instruments have different ranges for their source) will compare the incident and transmitted

spectrum to find which wavelengths were absorbed. Figure 2-4 shows this process schematically.
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After obtaining the absorption spectrum, which usually is called UV-Vis spectrum, one can
tune the laser wavelength (or select a laser with a wavelength close to it) to the wavelength
correspondence to an absorption peak. Each peak in absorption spectrum (to be more accurate a
peak could be the convolution of several transitions) corresponds to an electronic transition and
represents a different excitation and a whole new set of vibrational modes. One of the advantages
of RRaman spectroscopy is the focus on a specific set of vibrations. In the case of non-resonant
Raman, all vibrations will be present in the spectrum, but when tuned to a specific electronic
transition, the vibrational modes correspond to that electronic transition will enhance. Depending
on the intensity of absorption and vibrational mode that are being investigated and on how close
the laser wavelength to the absorption peak is, the enhancement could be up to 10° times stronger
than non-resonant Raman. This enhancement factor comes to play when a solution is being
investigated and the concentration of the molecule that RRaman is intended for is less than
millimolar. In non-resonance Raman, typically, the lowest concentration is in the 10 M range. In
contrast, the concentration in resonance Raman can go down to 10 M. One should keep in mind
Raman scattering is a very weak scattering, and only one out of every million incident photons
will scatter as Raman signal.

Because in resonance Raman only some vibrational modes are enhanced, a resonance Raman
spectrum has fewer bands than non-resonance Raman. This feature is especially important when
big molecules with tens of atoms are investigated. The following is the formula to calculate the

number of vibrational modes

number of vibrational modes = 3N — 6 Equation 2-14

This equation works only for nonlinear molecules; for linear molecules Equation 2-14 will
be modified to: number of vibrational modes = 3N — 5. Here, N is the number of atoms.
Thus, inorganic complexes or proteins that contain tens to hundreds of atoms, have hundreds to
thousands of vibrational modes and very complicated Raman spectra which are almost impossible
to interpret. By using resonance Raman and focusing on a specific electronic transition, one can

enhance only a handful of relevant vibrations.
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2.1.7 Fluorescence

With all the advantages that was mentioned above for RRaman, there are some disadvantages
as well. One of the major problems with RRaman is fluorescence, Figure 2-2 C. Tuning the laser
wavelength or selecting a laser with a wavelength close to the electronic transition energy gap
could have the risk of electron relaxation between the vibrational states of the electronic state.
Since the vibrational states are very close together, as compared to electronic states, the relaxation
of the electron to its ground state will include several lines that obscure any resonance data. There
are a few ways to fight fluorescence; the easiest way is to change the wavelength. For example,
one of the complexes that was studied was [Ru(bpy)s]**. It has significant fluorescence effect with
the 532 nm excitation wavelength but no fluorescence at the 442 nm excitation wavelength. This
change in wavelength excitation is not always possible due to instrumentation and it will reduce
the resonant enhancement if the new wavelength is not very close to the electronic transition
energy. Another way of suppressing the fluorescence effect is to use anti-stokes, since the anti-
stoke photons are more energetic than the exciting laser and fluorescence photons are always less
energetic than the laser. The disadvantage of anti-stokes lines is the intensity of the signal.
Equation 2-15 shows the ratio of stokes lines to anti-stokes

. hw
Anti—Stokes e

<rores ¢ BT Equation 2-15

Here hw is the energy gap between two consecutive vibrational states in the ground state.
Kp is the Boltzmann’s constant and T is the temperature. As we see in cryogenic temperatures,
which are often used in samples with short lifetimes, the anti-stokes intensity will be significantly
lower than stoke lines. The third way to reject the fluorescence effect in Raman spectroscopy is

shifted excitation difference >°

; in this way two Raman spectra with very close excitation
wavelength (for example 532 and 533 nm) will be measured and later the two spectra will be
subtracted from each other, the florescence effect which is almost independent from this small
change in laser wavelength will cancel each other, but Raman signals will shift accordingly and
do not cancel each other. There are other ways to suppress the fluorescence that you can find in

the reference section*® 4!,
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2.1.8 Raman experiment

In this section, I briefly review the instruments of the Raman setup. Because this setup has
been extensively used in the next few chapters. Figure 1-2 shows the setup that I collected my
data schematically. In this figure there are three laser sources: one tunable, pulsed laser and two
continuous wavelength (CW) lasers. The Optical Parametric Oscillators (OPT) are pumped with
an Nd:YAG Q-switch nanosecond pulse laser with average power 6W and repletion of 10 Hz.
Each pulse has 5 ns duration. The laser has its first and second harmonic generators (532 and 355
nm). The pump is not shown in the figure. OPO has the ability to provide the monochromatic light,
from 190nm to 2.1um. OPO has internal structure similar to a laser. It has a resonator and crystals
with non-liner optical effects. The optical gain in OPO is based on parametric amplification, not
stimulated emission. There are two output apertures on the OPO, one for emission from 190 nm
to 400 nm and the other is from 400 nm to 2.1um. The average output power of the OPO is
dependent on the wavelength, but it won’t excede 200 mW. Although the average power is not
very intense, it is a pulse laser, and the peak power can go up to megawatt. The positive side of
having OPO is that it is a tunable laser source, and it makes it perfect for resonance Raman. The
other advantage of having a pulse laser is that it can drive a photoinduced reaction, like those
observed photosystem II. The downside of OPO is the peak power of the laser; for some complexes
that power is higher than the damage threshold. Prisms were used for reflection purposes because
the peak power is strong enough to damage a mirror. There are several flip mounts to use several
lasers with very little modification to the setup. Nd:YAG CW laser emits 532nm (first harmonic
generator), and its power can be as high as 3W. However, for the measurement, the power is
usually kept bellow 0.5 W. HeCd laser is the other CW laser source with the wavelength of 442
nm. A band pass clean filter is used to clean the laser from some extra emission lines from the
laser.

Spectral resolution of Raman spectra depends on many factors, including the slit size for
input light, the number of lines per length in the grating, the pixel size in the camera, and the focal
length of the light in the spectrometer. By increasing the grove density in the grating, the resolution
would be higher because the light disperses with a bigger angle. This effect is linear, so the
resolution of 1200 line/mm is twice bigger than the resolution of 600 line/mm. The grove
density cannot be an arbitrary number. For example, for UV the grove density can be as high as

2400 line /mm, but the same grating would not work for NIR. The other factor which has an effect
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is the focal length of the light in the spectrometer. If the focal length becomes twice bigger the
resolution is twice better. But to increase this distance the spectrometer should physically become
bigger.

Two lenses are used to collect signal from a point source. The lens shown at the right side of
Figure 2-5 is focused on the sample. This lens has 10 cm focal length and the lens on the left has
a 20 cm focal length. The diameter of the lenses is 5.08 cm. Right before light gets into the
spectrometer, there are multiple edge pass filters mounted on a wheel to filter the laser line
(Rayleigh scattering). After this point, the light gets into spectrometer to be dispersed.

Figure 2-6 shows the architecture of a spectrometer. The white light first gets into the
spectrometer. The first mirror will collimate the light, and then the grating disperses the light;
thesecond mirror shines the light on the CCD to be recorded. There are two inputs for light, but

only one is required for our experiments. There are also two options for the location of the camera.
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Figure 2-5. Setup of Raman spectrometer and its laser sources.
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Figure 2-6. internal structure of the spectrumeter that is used in the setup of this report.

2.2 An introduction to Electron Paramagnetic Resonance (EPR) spectroscopy
2.2.1 Why EPR

In this chapter, a quick review of the theory of EPR is presented. Also, I will establish the
need for this technique in my research. EPR investigates paramagnetic materials by measuring the
interaction of external magnetic field and the spin of unpaired electrons. EPR helps to determine
the electronic structure. Later in the next section, we show that by going from higher symmetry
(6-coordinate) to lower symmetry (7-coordinate) the g-factors change. Theg-factors of a specific
catalyst can reveal the oxidation state and the spin state. Computational calculations, on the other
hand, will predict and test the models that are proposed and analyzed by EPR. For example, if a
model doesn’t need to have Ru", we can verify that such species isn’t present, or is short lived and

impossible to trap and measure by EPR.
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2.2.2 Theory of EPR

Just like any other type of spectroscopy, EPR spectroscopy is about the interaction of matter
and electromagnetic radiation. The electromagnetic radiation which is used in EPR is in the
microwave range. In EPR spin of an electron interacts with external magnetic field. Since EPR is
mostly used with samples that have an unpaired electron, it has some restrictions. For example,
Ru' in [Ru(tpy)(bpy)]*" is EPR silent since there is no unpaired electron. However, by extracting
one electron and forming Ru'™, the complex now has an EPR signal. The same goes for Ru'", Ru",
and Ru!, which are EPR silent, active, and silent respectively (this argument is oversimplified
because even Ru'Y can go to a triplet state and become EPR active).

In a nutshell, EPR measures the energy gap between two spin states of a paramagnetic
material in presence of an external magnetic field. To explain this phenomenon, one can imagine
a single electron which doesn’t have a spin-spin interaction with another electron. If there is no
external magnetic field, the spin can be either up or down direction, and there is no difference
between the energy of these two orientations. In other words these two states are degenerate,
Figure 2-7. However, as soon as an external magnetic field is applied, the spin of the electron
generates two different energy levels corresponding to either a parallel or antiparallel spin, relative
to the magnetic field. The change in the energy level of the system due to this interaction can be

expressed as *?

E = i% geP By Equation 2-16

Where g, is spectroscopic g-factor of free electron, f is Bohr magneton, and By is the
external magnetic field. The interaction of an electron and an external magnetic field is called the

Zeeman effect.
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Energy

Figure 2-7. Energy spliting of an electron in the presence of an external magnetic field.

The energy gap between spin up and down states can be simply written as

AE = g.B By Equation 2-17

Naturally, the electron will transition to its lowest potential energy state but can be excited
to upper state, when sufficient energy (Equation 2-17) is provided to cause a spin flip. This energy

can be delivered by a photon with energy of

E=hv Equation 2-18
The transition will occur if Equation 2-17 and Equation 2-18 are equal. In a more general

case, if the electron is not free and bound to an atom or molecule, one can replace g, with g

hv=gpB, Equation 2-19
g 1s specific for each molecule and can be used as a fingerprint for that specific molecule.
For any molecule with an unpaired electron, one can fix the magnetic field and vary the frequency
of electromagnetic radiation or vice versa. Practically, the microwave radiation is usually kept
constant and the magnetic field varies because the waveguide in the EPR instrument won’t allow

the change in microwave wavelength.
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2.2.3 EPR spectrum

As was mentioned above, whenever the energy of the electromagnetic wave matches the
energy gap between the two spin states in the presence of an external magnetic field, an absorption
peak will appear. What is referred as the EPR spectrum is usually the derivative of the absorption,
not the absorption itself (Figure 2-8). Figure 2-8 A can be the spectrum of a free electron or an
orbital which has spherical symmetry; this is called an “isotropic” orbital, since the absorption is
independent from the direction of the external magnetic field. In general, these types of orbitals
are called “orient independent”. Orbitals are 3-D geometries and they have three axis such as X,
Y, and Z, or the principle axes; in this example, the absorption along each axis is the same, and
hence, gxx = gyy = gz - In Figure 2-8 B, the orbital is “orient dependent” and absorption is more
spread in the Z direction but is invariant under X-Y rotation. Thus, giving gyx = gy, # g - This
type of orbital is called an “axial” orbital. Finally, in the most general geometry which doesn’t
have the same symmetries as in two mentioned cases (Figure 2-8C), the absorption is different
along each principle axis such that g,, # gy, # g,,. This last class of orbitals are called

“rhombic”.

The EPR measurement of an anisotropic orbital in a solution with low viscosity will average
out the anisotropy; on the other hand, for a crystal with paramagnetic molecules in the same
orientation, the anisotropy would not be averaged out.

Since the g factor is measured along principal axis, the final measurement will give us three
g factors: gxx, gyy, and g,, (Figure 2-8). If the sample is frozen, then the issue of low viscosity
is not the problem since molecules are not allowed to rotate freely. This is also different from a
crystal, since in a crystal one need to rotate the crystal to see the orientation of the molecules in a
specific direction but in a frozen solution of sample all orientations are randomly frozen. The EPR
spectrum of a frozen sample colloquially known as the “powder spectrum” since it depicts the

summation of all orientation which is effectively the same as a fine powder of a crystal.
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Figure 2-8. Different orbitals with different shape and orientation and their correspondence
absorption and derivative of the absorption.

2.2.4 More on the g-factor with an example

In this section, we see how the g-factors can help us have a better understanding of the

geometry of a molecule with an example. Daniel et al. ** report a full description of a [Ru(bda)L,]**

catalyst (check the reference for more details on the type of the ligands and the geometry). This

catalyst is initially in Ru' 6-coordinate, but by addition of an excessive amount of sacrificial

I

oxidant, it can form different states, such as a Ru"' 6-coordinate, Ru¥ 6-coordinate, Ru'"" 7-

coordinate, and Ru" 7-coordinate (oxidation states are listed in the same order that they form). All
Ru' and Ru" states, regardless of their geometry, are EPR active since they all are paramagnetic.
This complex will go undergo several proton-coupled electron transfer (PCET) steps to get to Ru".
Other oxidation states of Ru, such as Ru'' and Ru'Y complexes, are present in the mixture, but as it

I

was said they are EPR silent. The g tensor for Ru™ compound was reported gx=2.341; g,=2.187;

g,~1.853, which is in agreement with similar Ru'" 6-coordinates with pseudo-octahedral geometry.

I

The other complex (Ru™ 7-coordinate) shows a g-tensor with values g.=2.58; g,=2.30; g,=1.675.
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By reducing the symmetry from octahedral to pentagonal bipyramidal, the splitting for orbitals
increases, and the energy difference between orbitals reduces (less degeneracy); that usually leads
to larger g-anisotropy (Ag = gx — g,). In other words, lower symmetries have wider range for in

their g-tensor and vice versa, and that is what we see in the g-tensor values above.

2.2.5 Hyperfine interaction.

Conventional EPR relies on an external magnetic field and some unpaired electrons.
Hyperfine interactions, on the other hand, is the interaction of an unpaired electrons and another
nucleus in its singlet, triple, etc. state.

There are three types of interaction for an unpaired electron that are used in EPR. The first
one is the interaction between an unpaired electron and a nucleus which is called the “hyperfine”
interaction. The second type is the interaction between the wavefunction of an unpaired electron
and a nucleus from a neighbor molecule, which is called “super hyperfine”. There is a third type
and is the interaction between an unpaired electron and another unpaired electron from another
atom, and it is called “spin-spin” interaction. The focus would be on hyperfine among the
aforementioned types.

To formulate the hyperfine effect, the Hamiltonian should be modified and considering the

hyperfine effect, the formula (19) will be modified to the following

hv=gp By +hAms Equation 2-20
where A is the hyperfine coupling constant, m; is magnetic quantum number of nucleus, and s is
the spin. The magnetic quantum number of nucleus can take on values of m; =11 —

1,..,0,..,—1 +1,—1, with 2] + 1 being the total possible values for m;. For example, for I =
1 / o there are two possible values for the magnetic quantum number which will split the absorption
into twice as many lines, Figure 2-9. We looked at an isotope of oxygen with 17 atomic mass unit

(10) to observe the super hyperfine effect (unpublished data). The spin state of 70 is = >/ 5 »and

2(5/ 2) + 1 = 6 would result in six distinct levels from each of the conventional absorption lines.
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Figure 2-9. hyperfine effect cause splitting in the absorption spectrum.

2.2.6 Instrumentation.

In EPR measurements, several factors should be monitored, such as saturation, Q-factor,
strength of signal, etc. The user should be familiar with these concepts and instrumentation in order
to control and modify the system to get the optimum signal.

Saturation: After excreting the external magnetic field, electrons naturally go to the spin state
with lower energy. A soon as the energy difference between states matches the energy that is
provided by the microwave, the electron will move to spin state with higher energy. Saturation
occurs when not enough electrons are in the lower energy state. This causes broadening in the EPR
spectrum. This phenomenon dependends on the time scale that electrons go back to the lower

energy, which is called relaxation time. The relaxation time for transition metals is typically short
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compared to free radicals. Depending on the temperature, the relaxation time for transition metals
can be in the microsecond regime, while for radicals can be from millisecond to second. To prevent
saturation, one can tune the radiation power for the best results. Lowering the power will reduce
the effect of saturation, but at the same time reducing microwave power leads to a loss in signal,
so one should run several measurements with different power to get to the optimum situation
Q-factor: Each cavity would have some energy losses, and the more the energy loss, the
lower the Q-factor. The general definition of Q-factor is the ratio of stored energy to the dissipated

energy in the cavity (Q =V / Ay Where v being the frequency). Q-factor is especially important

because it is related to sensitivity. Every time that the machine tunes itself, the resonance frequency
will be displayed on the screen. The sharper the frequency (from the baseline) the higher the Q-
factor; the best coupling is so-called critically coupled frequency with the cavity. In contrast, over-
coupled and under-coupled are not good for highest sensitivity.

Signal: The signal is directly proportional to the Q-factor and another constant which is called
the filling factor (usually showed in the literature with 7). Filling factor is the ratio of the volume
of the sample to the cavity.

Resolution: the shortest distance between two peaks that could be resolved without distortion
is dependent on several factors such as the modulation amplitude, which modulates the external
magnetic field (can go up to 40 G but in the instrument that I access, the highest value is 25 G,
with typical modulation frequency of 100kHz), Q-factor, filling factor, and square root of the
power. The resolution comes into play especially when someone wants to study the hyperfine
effect, and the features in the spectrum are very close to each other.

All EPR measurements were taken using a “Bruker EMX EPR” spectrometer. This machine
radiates in the X band which has the center frequency of 9.5 GHz and resonates with magnetic
field of Bres = 3389 G for a g-factor of 2. Other bands that exist but can’t be reached by this machine
are L (1.1 GHz), S (3.0GHz), Q (35GHz), W (90 GHz), and J (270 GHz). This machine can work
in a wide range of temperatures, varying from 5 to 300 K. For the cooling mechanism, liquid

helium in a closed loop.
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2.3 Computational calculations
2.3.1 Why Computational calculations

All the spectroscopic techniques that were mentioned and explained can be categorized in
one of two classes: Measurements on samples with known spectroscopic signatures; in this case,
the measurements are to confirm a known state or geometry. Second, are measurements on new
chemical complexes with no prior knowledge on the spectroscopic signatures. One solution to this
problem is to solve analytically the quantum mechanical equations — Schrodinger’s equation — for
the system, find the wave function and compare the experimental data with the analytical data;
however, for very simple systems, such as hydrogen atom, the exact analytical solution is
impossible to calculate. The alternative to this method is computational chemistry calculations
which are methods that approximately calculate the wave function by providing a numerical
solution to the Hamiltonian of the system. There are multiple methods such as Ab initio methods,
semi-empirical methods, molecular dynamics methods, density functional theories, etc. In this
study, our main tool to calculate the wavefunction, geometry, energy, vibrational modes, spin

density, etc. was DFT, so a brief description of DFT and its features are presented below.

2.3.2 DFT

Kohm-Sham DFT was introduced in the 60’s by Walter Kohn and Pierre Hohenberg ** and
a year later followed by another paper by Lu Jeu Sham and Walter Kohn *°. Amongst different
methods, DFT is one the most successful methods to compute the electronic structure of a system
because of the balnce between the accuracy and computational cost. This system can be anything
from isolated atoms and molecules to solids and nuclei and even fluids. One of the advantages of
DFT is the large number of the properties that it can calculate. Geometry optimization, vibrational
frequencies, energies, magnetic properties, electric properties, reaction paths can be calculated.

The system’s Hamiltonian and Schrodinger’s equation for a system of atoms can be written

as described in Equation 2-21

“‘N

NIH

N N M N N
_ S Z, 1
R YL BT 3t [P
i i

i=1 i=1A=1 i=1 j>i ]

S

Equation 2-21
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Here, the first term in the square bracket is the kinetic energy of the electrons, the second
term is the columbic potential energy between the nuclei and the electrons, and the last term is the
potential energy between electrons. This equation is simplified because some terms like the kinetic
and potential energy of the nuclei are ignored because of a reasonable assumption which states the
nuclei move much slower than electrons due to the mass difference, so the kinetic energy of the
nuclei is effectively zero and the potential energy of the nuclei is constant. This approximation is
called Born-Oppenheimer approximation. Note that the energy is only the electronic energy. This
Hamiltonian is non-relativistic and does not account for electronic or nuclei spins and interactions
between them. We stick to electronic Hamiltonian for the rest of the discussion for the sake of
simplicity.

To find the energy of the system when the system is in the state ¥ Equation 2-22 can be
used

(WHNY) e pwar
E[¥] = (W) T Jwwar

Equation 2-22

Any guessed wave function plugged in this equation provides an upper limit to the real
ground state, according to variational principle.
The Slater determinant consists of N (the number of electrons in the system) spin orbitals

(contains both the spatial and spin function) ; (X); Equation 2-23

Ui(*)  Wa(%) . Un(E)
lljlgfz) L|JZ(.5C)2) lIJNQ_C)Z) Equation 2-23

i) UG - ()

=~

The W in this equation is antisymmetric and a product of N orthonormal ys; (7).
The Hartree-Fock (HF) is an approximate method and tries to find the {s; (') to minimize the

energy of W. The Hartree-Fock energy is written as Equation 2-24

1 .
Eyr = YV H; + EZ?,,jzl(]ij - K;j) Equation 2-24
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Where H;, J;j, K;j can be defined as Equation 2-25, Equation 2-26, Equation 2-27

respectively.
* ronp—1 Z - - .
Hy= [ 4" [? Vi - 2L i i]llji(r) dr Equation 2-25
Jij =1 4’1’(71)‘411'*(71)éll’j*(?z)ll’j(?z)dﬁd?z Equation 2-26
- * 1 * 7= - - - .
Kij = JI VHGLS (Tl)allh‘ () (7)dr, dr, Equation 2-27

Jij are referred to as coulomb integrals and K;; the exchange integrals. Both of these two
integrals are real and positive with J;; = K;;.

The Hartree-Fock energy of the system is an approximate energy, and the method which is
used to calculate this energy is called Hartree-Fock. HF finds {; that satisfy Equation 2-23 and
minimize Equation 2-24.

Fock operator wich is a Hermitian operator can be defined as Equation 2-28

0= —%V? — %% + Vyr(i) Equation 2-28

This is similar to Equation 2-21, but for only one electron. Vyz(i) = Zy/ 2(2] ji — Kji) is the
HF potential and can be defined as the average repulsive potential of the N — 1 electron on the i —
th electron. HF is a non-local potential with spin dependency.

The electron density to be fed into Equation 2-28 can be described by Equation 2-29
P =N [ [|W(H, Ty, .., Ty)|2ds dry .. dry Equation 2-29

In this equation the integral is over all the spin coordinates, as well as all spatial coordinates
from all the electrons except one.

Electron density can be interpreted as the probability of finding any of the N electron in a
differential element of volume. Consequently, the integral of p(7) over dr has to be N.

Kohn and Hohenberg showed that the ground state energy of a system is
E = E[p(r)]
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This energy is unique and square brackets represent the functional nature of the problems.
The only problem remains is to find the density of electrons. The energy is unique and any p(7)
that is different from the true density function of the system would give an anergy above the unique
energy of the system. So, to find the true electron density of the system, one can start with a guess.
Using the guessed electron density, the energy of the system can be calculated and from the energy,
the wavefunction can be calculated. The calculated wavefunction can results in a new electron
density and that electron density is used to calculate the new enegy and wavefunction. This loop
continues until the electron density almost doesn’t change any more. This is so-called self-
consistency condition. To present a more intuitive picture of this scenario, one can look at the
geometry of a system. Figure 2-10A shows the potential surface energy of a two-atom system.
The self consistency conditions would be used for different geometries and find the r with the
optimum geometry. in Figure 2-10B, potential surface energy is a 2-D surface, but the logic is the
same. In both cases Equation 2-30 can describe where on potential surface energy an optimized

geometry stands.

‘Z—f =0 and ze >0 Equation 2-30

Although we mentioned the energy of a satisfied self-consistency is unique, if the initial
guess is far off, the geometry can converge to a local minimum and hence it’s not a representation
of the most stable form of the system, Figure 2-10C. The local minimum in in Figure 2-10C is
still unique, but it is not desired geometry that we expect.

Before concluding this section, it is worth mentioning the computational cost of solving the
DFT equations. Solving an equation like Equation 2-31 by computers could be challenging. First
of all, the system scales by N°. This means a system with 2 electrons will converge 125000 times
faster than a system with 100 electrons. In reality, the systems that researchers need to solve by
DFT can have thousands of electrons, so it requires infrastructure such as supercomputers for
efficient and pragmatic calculations. Second, the type of basis set plays a similar role in terms of
calculation cost. A basis set is a set of functions that can describe the wavefunction of the system.
Usually, a bigger basis set gives a better presentation of the system, but at the same time would
impose a greater computational cost to the user. Some basis sets are minimal like STO-3G some

are more comprehensive such as 6-311+G* which can add the polarization and diffusion of some

orbitals to the solution. The convention of naming the basis sets can be easily found in any textbook.
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I used Gaussian16 in my thesis. * In the next two chapters whenever DFT has been employed, the

basis set and further methods has been explained.

A

Energy

Energy

Figure 2-10. (A) the potential energy of a diatomic molecule. (B) the potential surface energy of
two molecule bonds. (C) a local and global minimum for a potential surface energy
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CHAPTER 3. UNRAVELING THE MECHANISM OF CATALYTIC
WATER OXIDATION VIA DE NOVO SYNTHESIS OF REACTIVE
INTERMEDIATE

This chapter is published in whole or part in the Journal of American Chemical Society with DOI:
10.1021/jacs.9b10265

3.1 Abstract

Artificial photosynthesis could promise abundant, carbon-neutral energy, but
implementation is currently limited by a lack of control in multi-electron catalysis of water
oxidation. Discoveries of the most active catalysts still rely heavily on serendipity.
[(tpy)(bpy)Ru(H20)]** (1) (bpy = 2.,2"-bipyridine, tpy = 2,2";6",2"-terpyridine) is representative of
the largest known class of water oxidation catalysts. We undertook an extensive spectroscopic
analysis of the prototypical (1) water oxidation catalyst and its fastest known analog [(EtO-
tpy)(bpy)Ru(H20)]** (2), capable of ten times faster water oxidation, to investigate the mechanism
of action and factors controlling catalytic activity. EPR and resonance Raman did not detect the
proposed [Ru¥=0] intermediate in (1) and (2) but indicated the possible formation of N-oxides. A
lag phase was observed prior to O> evolution, suggesting catalyst modification before the onset of
catalysis. The reactive intermediate [Ru(tpy)(bpy-NO)(H.0)]** (1-NO) (bpy-NO = 2.2’
bipyridine-N-oxide) proposed by combined spectroscopic and DFT analysis was de novo
synthetized and demonstrated hundredfold greater catalytic activity than (1). Thus, in sifu transient
formation of small amounts of the Ru complex with N-oxide ligands can significantly activate
single site Ru-based catalysts. Furthermore, the rate of O, evolution was found to correlate with

the redox potential of the ligand: an observation critical for rational design of new catalysts.

3.2 Introduction

The growing amount of greenhouse gases, especially CO», in the atmosphere has been
connected with climate change and higher incidence of severe weather events. Significant increase
in generation of renewable, CO; neutral energy is required to satisfy growing energy demands
world-wide.*” The creation of a man-made device mimicking the light-induced water splitting

48-52

which occurs during natural photosynthesis would enable solar energy to fuel conversion
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schemes.!% 3333 Intermittent electricity from solar and wind can potentially be converted into fuels
via water splitting, but such processes are currently expensive. Development of artificial
photosynthesis as well as the optimization of modern electrolyzers hinges on the understanding

water oxidation mechanisms in both the natural Oxygen Evolving Complex of Photosystem 11**-

51, 56,57 58,59

and in man-made catalysts.
0-0 bond formation can proceed via two main mechanisms: water nucleophilic attack (WNA)

Equation 3-1and radical coupling (RC) Equation 3-2.

WNA: [M = 0]** + H,0 - [M = Q0H|™V* + g+ Equation 3-1

RC:2X[M =0]"* - [M -0 -0 — H*"* Equation 3-2

Both mechanisms require formation of highly oxidized metal-oxo (M=O) species which are
typically achieved from M-H>O via proton coupled electron transfer (PCET). Molecular catalysts
of water oxidation provide a convenient system for detailed mechanistic analysis. ®® While such
catalysts have been reported for multiple metal ions, Ru-based complexes remain the most stable
and the most studied. '% 12 33-55 61. 62 Mechanistic analysis with spectroscopic identification of
reactive intermediates is available for the first discovered molecular water oxidation catalyst - Blue
Dimer (BD) %, where the formation of the [Ru'Y,RuY=0] intermediate was confirmed by X-ray
spectroscopy and Electron Paramagnetic Resonance (EPR), Figure 3-1A. > % [Ru!Y Ru¥=0] is
expected to react with water via WNA. However, resulting peroxo intermediates have not been yet
unambiguously identified. * [(bpy).RuY=0(OH)]** was identified by EPR and can react via both
WNA and RC. %7 Its high activity, however, subsides to quick de-activation via dimer formation.
67

Introduction of negatively charged bda (H:bda=2,2’-bipyridine-6,6’-dicarboxylic acid)
ligand resulted in family of fast Ru'{(L)2(bda) catalysts, Figure 3-1B.°* %° These react quickly in
solution via RC as evident by rate of Oz evolution that is second order on catalyst. Immobilization
of the Ru'(L)>(bda) complex on the electrode surface allowed first spectroscopic characterization
of the key 7-coordinate [RuY=O(L)2(bda)]" intermediate.®’ bda family of catalysts currently
demonstrate highest rate of water oxidation in acidic solutions. However, surface immobilization

significantly lowers the catalytic rate as it disrupts RC pathway. Neutral polypyridine ligands can
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also support formation of 7-coordinate [RuY=O(L):(dpp)]*" intermediate under oxidizing
conditions, Figure 3-1C. Increased lifetime of this species was attributed to the protective effect

of ligand environment.”

A o

| . .
(bpy)zRuﬁl \Rum(bpy)z . (bpy)zRu/'V \Ruv(bpy)z | ngands.
3H*, -3e-
H, OH, e H : /7 N\ /7 N\ /7 \__/ \
—N N=— —N N=—
o/ COOH COOH
bpyNO H,bda
(S / N\ / \ (@
_ N—
\N N \N
L. =pi bpy

R,=-OCH,CH,; -COOH

Figure 3-1. Activated Ru-based species capable of O-O bond formation and oxygen atom
transfer. A) Formation of the activated [Ru'Y, Ru¥=0] intermediate in the blue dimer is
achieved via PCET. B) Ru'(L)2(bda) class of WOCs form 7-coordinate Ru¥=0 intermediate
via coordination sphere expansion and PCET. Catalysts with variety of axial ligands were
investigated, two typical axial ligands (L) are shown. C) 7-coordinate [Ru"=0(L)(dpp)]**
intermediate with neutral dpp ligand is stable in solutions on a minute time scale due to ligand
protection of the RuY=0 fragment. Activation occurs via oxygen atom transfer with formation
of dpp-N-oxides. D) Overview of ligand modifications in [Ru'l(bpy)(tpy)(H20)]*" family of
catalysts. It has been shown that ethoxy (EtO-) and methoxy (MeO-) substituents increase the
rate of Oz evolution.
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Despite recent spectroscopic advances, there remains the largest class of Ru complexes with
currently unexplained mechanism of action. These complexes utilize neutral polypyridine ligands
and single water as a direct ligand to Ru, Figure 3-1D. In this study, we focus on the basic catalyst
family of [Ru(bpy)(tpy)(H20)]*" (1) (tpy = 2,2';6',2"-terpyridine, bpy = 2,2'-bipyridine), the
framework of which was used extensively for ligand modification to uncover structure-activity
relationships, Figure 3-1D. Following ligand modifications were reported: Ro4 = -OMe, -
COOH;"!' Ry7 = -OH, Rys = -OH, Ra4 = -OMe;”?> Ry7 = -F, R34 =-F;”® R3 6= -CH2SO;3;* Ry = -
OEt, -OMe, -Me, -CL.”° Extensive studies have shown that introduction of the ethoxy (EtO-) and
methoxy (MeO-) substituents on tpy or bpy ligands increase the rate of O2 evolution as much as a
factor of ten. Other modifications were moderately activating or moderately de-activating. Faster
O: evolution was attributed to the decrease in redox potential of the [RuY=O(bpy)(EtO-tpy)]**
formation.”> "® Catalysts of this type are also widely tested for incorporation in functional
assemblies but, so far, with limited success.”” "8

Our quest for an alternative mechanism was driven by an apparent controversy in the field
of catalytic water oxidation. While multiple PCET accessible RuY=0 (S=1/2) intermediates critical
for O-O bond formation were detected (Figure 3-1A-C)> 6! 64 67 70 [(5N-ligands)Ru¥=0]**

intermediates'* 7!- 7

and products of its reaction with water have never been observed (blue path
in Figure 3-2).'% %2 Here, catalyst activation proceeds via PCET to Ru!V=0 steady state species
characterized in situ by XAS and resonance Raman (green box, Figure 3-2) '% %0 62.30 However,
RuV=0 does not have enough energy to react with water via WNA or RC. The PCET channel to
form a RuY=0 state is not available and direct oxidation (without PCET) appears
thermodynamically prohibitive, see Figure 3-2, insert.'> ¢ For Ru complexes with neutral
polypyridine ligands, WNA on a Ru¥=0 species to form O-O bond adds second (~0.6-1.1 V)
barrier.8!%¢ In total, two significant, consecutive activation barriers must be overcome first to
generate the RuY=0 and then for its reaction with water. Some studies proposed direct involvement
of Ce!V (via hydroxo-Ce'V fragment) to facilitate O-O bond formation 7" ®” and to bind with Ru
complexes®> ’!. While we recently characterized Mn"V=0--Ce'V adduct ®, our earlier EXAFS of
Ru-based WOCs did not reveal structural signatures of the Ru'Y= O-Ce!V or other adducts with
Cel.

Thus, there is a need for a new hypothesis on how such molecular catalysts can be

transformed to achieve water oxidation reaction. All these catalysts commonly use polypyridine
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V=0 and 7-coordinate Ru¥=0 can

ligands. Recently, we have shown that both 6-coordinate Ru
efficiently transfer oxygen to nitrogen atoms in polypyridine ligands, with the formation of N-
oxides.®> 7% 8 Computationally, the [RuV=O(tpy)(L)]** was shown to convert to intermediates
with coordinated N-oxide.”

Here, using the combination of the in situ spectroscopy and de novo synthesis of the reactive
intermediate, we were able to establish that formation of the complex with N-oxide ligand has a
key activating role for [(5N-ligands)Ru(H.0)]*" class of catalysts. This discovery resulted from
detailed spectroscopic analysis and identification of transient reactive intermediates. Direct
synthesis of the reactive intermediate [Ru'(bpy-NO)(tpy)(H20)]** (1-NO) validated a multitude

of in situ spectroscopic observations and computational predictions. Overall, single atom

modification of the ligand resulted in a hundredfold increase in catalytic activity.
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Figure 3-2. Catalytic cycle of [Ru"(5N-ligands)H>O1]** family of catalysts, Figure 3-1D. There
is ~95% of [Ru'V=0(bpy)(tpy)]*" in the catalytic steady state. Involvement of the Ru¥=0 and
proposed O-O bond formation via WNA (blue arrows) currently lacks reaction with water
(middle insert). The lag phase in the onset of O, evolution indicates an additional step of catalyst
activation (yellow box).
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3.3 Results and discussion

1. Spectroscopic characterization of water oxidation using [Ru'(bpy)(tpy)(H.0)]** (1) and
[Ru(bpy)(EtO-tpy)(H20)]** (2). Upon addition of one equivalent of Ce'¥ to (1) and (2), Ru' (S=
1/2) forms with gxx=2.60 gyy=2.4 and g,,=1.66 in (1) and gxx =2.78 gyy=2.33 and g,, = 1.53 in (2),
Figure 3-3A. Such Ru" (S=1/2) EPR signals are well-known.!?62-80:%1 Under catalytic conditions,
modeled here by adding 20 equiv of Ce!V, the majority of the (1) and (2) is in the EPR silent
[RuV=0] state (S=1), see decrease in EPR intensity in Figure 3A. Residual (~5%) EPR signals in
Figure 3B (gx=2.31, gyy=2.20 and g,,~1.91 for (1) '*8 and gw=2.33, g,y=2.18 and g,,~1.90 for
(2)) do not match expected g-factors of the RuY=0 (S=1/2) species, Table S1.3%61:66.67.92 Reported
RuY=0 g-factors show gxx range from 2.05 to 2.08 and gyy from 1.98 to 2.01 and g, from 1.85 to
1.91, Table S1. For (1) using a combination of EPR and X-ray absorption spectroscopy, we
demonstrated earlier that 95% of the Ru complex in the catalytic steady state is in the form of
[RuY=0O(bpy)(tpy)]*".'? According to literature reports, the RuY=0 state should be more accessible
in [Ru(bpy)(EtO-tpy)(H20)]*" (2).”> 7® However, similar to (1), a low intensity EPR signal with
2x=2.33, gyy=2.18 and g,,=1.90 is detected here instead of the expected EPR associated with
[Ru¥Y=0(bpy)(EtO-tpy)]**. The EPR signals in Figure 3-3B form quickly and are not sensitive to
the nature of acid ruling out their origin as anation products. Since our 2014 report,'? EPR spectra
with similar g-tensors were found for Ru complex [Ru™(NPM-NO)(4-pic)2(H.0)]*" and
[Ru(NPM-NO,NO)(4-pic)]*" (where (NPM = 4-t-butyl-2,6-di(1’,8'-naphthyrid-2'-yl)-pyridine,
pic = 4-picoline) gxx=2.30, gyy = 2.18, and gyy = 1.83 % and in the [Ru"(pic)2(dpp-NO)]** (g«w=2.39,
gyw=2.16, g,,=1.86) and [Ru(pic)(dpp-NO,NO)** (gw=2.23, gyy=2.16, g,,~1.92) catalytic

intermediates which all featured the N-oxide ligands. "
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Table 3-1. g-factors comparison for Ru¥=0 species.

Species Gxx Sy gz Ref.
5-coordinate[("Pr«N)] [Ru" (O)(2- 2.08 1.98 1.91 92
hydroxy-2-thylbutyrato):]
7-coordinate [Ru"=0(bpy)2(H20)5]** 2.05 1.99 1.85 67, 66
7-coordinate [Ru"=0(bda)(isoq)>]>" 2.07 2.00 - 61
7-coordinate [Ru"=0(pic):(dpp)]** 2.08 2.01 1.90 70
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Figure 3-3. A) EPR spectra of (1) (orange) and (2) (magenta) in 0.1 M HNO; after addition of
one equiv of Ce" (solid lines) and after addition of 20 equiv of Ce'¥ (dash lines) B) Zoom (x20)
into low intensity EPR signals from solutions generated by adding 20 equiv of CeVin 0.1 M
HNO:to (1) (orange) and to (2) (magenta). All samples were frozen within 30 s.
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Figure 3-4. The selected frequency range of resonance Raman (532 nm) of (1) and (2) ImM
solutions in 0.1 M HNO;mixed with 20 equiv of Ce'v (one minute after oxidation) in H,'“O and
H,=#0, Figure S1, Table S2. Two isotope sensitive vibrations were assigned to RuV=0 (~800 cm-
1) and Ru-O-N (~830 cm™).
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Figure 3-5 Fits to the room temperature RR spectra (532 nm) of (1) and (2) 1 mM dissolved in

H,'30 (final H>'*O content ~85%) and H>'%0 in 0.1 M HNOs upon oxidation with 20 equiv of

Ce!. Bands marked with **’ did not shift after isotope substitution while those marked with ‘+
and are oxygen isotope sensitive.
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Figure 3-6. A Raman spectrum of [(tpy)RuY'=0,=0,(OH)]" with '*0 and '°0. The insert is
the Raman calculated by DFT. B Raman spectra of (1), concentration of I mM and 2 mM in
0.1 M HNOj3 recorded 30 min after oxidation with 20 equiv of Ce!Y. Two spectra are
normalized to the same height for bands around 800 cm™. Formation of dimeric species is
evident by new bands at 300-400 cm! corresponding to Ru-O-Ru bridging unit.!” Increase in
concentration stimulates dimer formation, a second order process. Loss or partial de-
coordination of bpy ligand might facilitate formation of dimeric species
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Table 3-2. Lorentzian fit parameters for resonance Raman spectra of (1) and (2). H2'%0 and
H,'%0 are presented in separate sections and peaks sensitive to oxygen isotope substitution are
highlighted by dark gray (Ru=0) and light gray (Ru-N-O)

Position (cm™) FWHM (cm™) normalized amplitude
841.8 12.9 0.17
810.8 14.9 0.36
799.8 10 0.032
755.2 23 1
727.8 6.8 0.11
H,'%0
840.7 9.8 0.04
831 11.2 0.07
801 30.5 1
729 5.1 0.04
H,'50
840 11.4 0.12
830 9 0.06
812.1 20 0.23
804 30 0.23
768.3 3.1 0.015
761.1 343 1
H,'%0
844 9.5 0.05
836.3 10.9 0.11
806.4 33.1 1
768.5 7.2 0.02

68



Table 3-3. Delay (lag phase) (seconds) in Oz evolution in 0.1 M HNOs.

Number of Ce!Y equiv | 0.1 mM [Ru'l(bpy)(tpy-EtO)(H20)]*" | 1 mM [Ru'l(bpy)(tpy)(H20)]*"
20 20 99
40 12 61
60 2 52
80 0 42
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Figure 3-7. A) Representative oxygen evolution profiles for 0.1mM [Ru'{(bpy)(tpy-
EtO)(H20)]*"in 0.1 M HNO; with different equiv of Ce'Y added at t =0 s. B) Oxygen
evolution after addition of indicated amount of 10% [Ru(tpy)(bpyNO)(H20)]*"/ 90%
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.0

[Ru(tpy)(bpy)(H20)]** at t = 0 to 20 mM solution of Ce'¥ oxidant in 0.1 M HNO;. Rate was
determined over the linear slope and was shown to be first order in catalyst.
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Resonance Raman (RR)spectroscopy: resonance Raman with '0/!80 isotope labeling is
particularly helpful with identification of key Ru=0, Ru-O and possibly O-O bonds, Figure 3-4.
In Figure 3-5 the spectra of (1) and (2) after oxidation are fitted for both oxygen isotope to get a
better estimation for the shift of oxygen sensitive peaks. The fit parameters are summarized in
Table 3-2. In (1) and (2) oxidized with 20 equiv of Ce' in 0.1 M HNOs3/H>'°0O or H,'®0, the major
band at 800 cm™! undergoes a -45 cm™! shift. This band was previously assigned to Ru'V=0 and
similar isotope shifts were reported.> ** Interestingly, the 800 cm™ band was accompanied by the
160/180 isotope sensitive band (-20 cm™) at ~831 cm™! detected previously ! and assigned to
[(tpy)Ru"'=0,=0,0H]". The RRaman spectrum of the [(tpy)Ru"'=0,=0,0H]", prepared as a
reference compound, showed an isotope shift of -44 cm™! for its symmetric Ru¥'=0,=0 vibration
at 833 cm’!, Figure 3-6A. While a -44 cm™! shift is consistent with the RuY'=O nature of the bond,
a -20 cm’! shift is more appropriate for a single Ru-O bond. To the best of our knowledge, only
the Ru-O-N vibration of N-oxide’s coordinated to Ru is known to be at ~830 cm™.7%-94

Figure 3-6B is RRaman on the (1) with different concentration. As low frequency peaks
(below 500 cm™) suggest that they correspond to dimer formation. Dimer formation is a second
order reaction and predicts the change in intensity of the peaks we see them.

We also obtained a lag phase (delay in O evolution after addition of Ce!" oxidant) on the
order of 2-20 sec for 0.1 mM solution of the (2) and 40-100 sec for the 1.0 mM solution of less
active (1), Table 3-3, Figure 3-7. The lag phase is shorter for more active (2). An increase in Ce'”
concentration results in the shortening of the lag phase. From this result, we believe both
complexes undergo an additional activation step in agreement with earlier reports *° for (1). The
classical mechanism of O-O bond formation via water nucleophilic attack (Figure 3-2) is
inconsistent with experimental observations of the lag phase. An activation period on the order of
minutes was observed in Ru-based water oxidation catalysts with quaterpyridine ligands, and it
was attributed to qpy-N,N'"’-dioxide formation as a key step in catalyst activation.”” % Dimer
formation was noted for (1) and its analogs under prolonged oxidation, Figure 3-6B. It has been
reported that prolonged bulk electrolysis or prolonged oxidation (several days to 1 week) with
excess of Ce'v of (1) and its analogs might result in dimerization of this complex with formation
of more stable but less active [(tpy)(bpy)Ru'V-O-Ru®¥(tpy)=O(OH)]**.*> *® Analog with bpyms =
2,2-bipyridine-5,5‘-bis(methanesulfonate) delivered crystals with [(tpy)(bpyms)Ru'"-O-
Ru(tpy)(bpyms)]** dimer after 3 weeks with Ce!V. 7 Formation of the bpy N-oxide and its

71



consecutive de-coordination might be responsible for the reported [(tpy)(bpy)Ru!v-O-
Ru(tpy)=O(OH)]** dimer formation. We demonstrated that catalysts de-activation via
dimerization can be effectively prevented for catalyst immobilized in metal organic frameworks.””
93 XRD analysis of late dimeric products deliver limited information on in situ processes at early
times and, in particular, on catalysts activation at the onset of catalytic current. Formation of free
bpy-NO was noted under catalytic conditions.”! Thus, we reasoned that while dimer formation
cannot account for the lag phase, ligand N-oxide formation can happen quickly at the Ru'V=0 level
(~95% in catalytic steady state)'? and result in catalyst activation. This hypothesis is tested below

via de novo synthesis of proposed reactive intermediate.

2. De novo synthesis of the [(tpy)(bpy-NO)Ru(H20)]** (1-NO). The catalytic intermediate
[(tpy)(bpy-NO)Ru(H20)]** (1-NO) was prepared and its performance in O evolution was
investigated, Figure 3-8. To the best of our knowledge, few Ru complexes with N-oxide ligands
have been described.®*-**°7- %8 Earlier we ** and others °7 were able to synthetize [Ru"(bpy)(bpy-
NO)J*. However, this compound is extremely light sensitive. [Ru(tpy)(bpy-NO)CI]C1 was
prepared using a procedure similar to the synthesis of [Ru'(bpy)(tpy)CI]Cl with some
modifications.”® All preparations were handled in the dark due to its unknown properties. (1-NO)
turned out to be a reactive compound with tendency to convert to (1) under conditions of the
synthesis. Regardless of the precautions and explored alternative synthetic routes, mixtures of
(tpy)(bpy)RuCl, and (tpy)(bpy-NO)RuCl, were obtained. Facile conversion of [Ru(tpy)(bpy-
NO)(X)] to [Ru(tpy)(bpy)(X)] happens under condition of synthesis, in stark contrast to properties
of [Ru'l(bpy)2(bpy-NO)]**, which was prepared with good yields.** We attributed this dramatic
difference to the much higher reactivity of [(tpy)(bpy-NO)Ru(X)]**. We noted that decrease of the
water content from 25% to 5% in the reaction mixture helps to increase the (1-NO) content. We
also noted that in [(tpy)(bpy-NO)RuCl]" CI ligand exchanges faster than in (1). Thus, we can
speculate that presence of the liable Ru-Cl and/or Ru-H>O ligand is responsible for conversion of
the (1-NO) to (1) especially when heated.

Despite the mixed content, such catalysts preparations already demonstrated a tenfold
increase in the rate of catalytic water oxidation using Ce' (Figure 3-7). Separation on silica gel
allowed us to purify trans and cis (1-NQO). UV-vis and FTIR data (, Figure 3-8A,B) show distinct

spectroscopic signatures of the (1-NO) which include a purple color and distinct ~830 cm!
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vibration also noted in the [Ru(bpy)2(bpy-NO)J** complex’. cis (1-NO) demonstrated high
catalytic activity, Figure 3-8C, D. To the best of our knowledge this is the highest O> evolution
activity reported for a single site Ru-based catalyst in acid and with first order rate dependence on
the catalyst complex. Note that some faster catalysts are accessible via a radical coupling
mechanism®® 1% but these cannot currently be integrated into devices as at pH=1 their activity
decreases upon immobilization. frans(1-NQO) isomer forms in unpractically small amounts and was
not investigated beyond UV-Vis and NMR characterization.

cis (1-NO) electrochemical properties were investigated by cyclic voltammetry, Figure 3-8C.
Redox events at ~0.8-0.9 V vs NHE is likely the oxidation of the Ru'" to Ru' and later to Ru'v
predicted by DFT at ~1 V (Table 3-1). An onset of catalytic current at ~1.4 V is the lowest known
for Ru-based complexes outside the Ru-bda family.®® Overall high catalytic activity of the cis (1-
NO) intermediate shows that formation of such or analogous tpy-NO intermediates at a level of
few percent might be fully responsible for all observed catalytic activity of [(tpy)(bpy)Ru(H20)]**

and its large family of analogs.
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Figure 3-8 Spectroscopic and catalytic properties of the [Ru(tpy)(bpy-NO)(H20)]*" (1-NO)
intermediate. A) UV-Vis absorption of (1), trans-(1-NO) and cis-(1-NO). Ethanol solutions contain
trans- and cis-[Ru(tpy)(bpy-NO)CI]" correspondingly. In [Ru(tpy)(bpy-NO)CI]" Cl undergoes fast
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shows the Ru'YRu and Ru/Ru'Y couples. D) Oxygen evolution of (1), (2) and cis-(1-NO)
prepared by mixing of 1 mL of 0.2 mM of the solution and 40 equiv of Ce'¥ in 0.1 M HNOs.
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DFT analysis of catalytic mechanism. DFT was used here to support the analysis of redox
properties, spectroscopic signatures, and chemical reactivity of Ru-based catalysts, Table 3-4,
Table 3-5, Table 3-6, Table 3-7, Table 3-8. Latimer-Frost diagrams for variety of possible
intermediates and reactivity pathways give better understanding of the feasibility of catalysts
activation via formation of N-oxide ligands and their further reactivity, Figure 3-9, Figure 3-10,
Figure 3-11, Figure 3-12. Calculations for the redox potentials of the (1), (1-NO) and (2) (Table

3-4) agree well with the literature reports > 7

and measurements for (1-NO).

The redox potential for the [RuY=0(bpy)(EtO-tpy)]*" formation was found to be ~1.98 V,
which is slightly lower than ~2.15 V computed for [Ru“=O(bpy)(tpy)]*", and ~2.12 for
[Ru¥=0(bpy-NO)(tpy)]**, Table 3-4. Neither potential is accessible to the Ce'¥ oxidant (~1.7 V).

We also analyzed the reactivity of Ru'Y=0 in (1) and (2) in the oxygen atom transfer to bpy,
tpy and EtO-tpy ligands with the formation of ligand-N-oxides, Table 3-4,. The free energies in
both paths are small (~0.1 eV) and transfers to tpy and EtO-tpy are more favorable compared to
the transfer to bpy. Preliminary computational analysis by other groups °° has shown similar results.
Both bpy-NO and tpy-NO ligand modifications could exist under reaction conditions.

It has been long noted that the redox potentials of the Ru complexes correlate poorly with
catalytic activity in water oxidation. '® With three molecularly highly similar catalysts spanning
two orders of magnitude in catalytic activity, we searched for a molecular property which
correlates with O, evolution rates. Formation of the Ru'=0 state is considered key to both
pathways of the O-O bond formation via radical coupling and via water nucleophilic attack. In all
cases, when RuY=0 species were thermodynamically accessible via PCET, presence of these
species was verified by spectroscopy.? ¢! ¢ 70 However, despite the assumed accessibility of the
[RuY=0(bpy)(EtO-tpy)]** state, the corresponding EPR was not detected, Figure 3-3. Moreover,
the calculated Ru¥=0 potentials for the three analyzed complexes (Table 3-4) do not correlate
with the rate of O evolution. At the same time, we noted that onset of catalytic current (~1.6 V
and ~1.4 V for (1) and (1-NO), , Figure 3-8C) happens at a potential higher than formation of the
Ru'V state. This was earlier interpreted as a wave for Ru'Y to Ru" oxidation.”! However, it can also
correspond to a ligand oxidation. For instance, the most oxidatively potent bio-inorganic
compound, Complex I, is known to contain a Fe!Y=0 unit and oxidized ligand in a cation radical
form.'”! Computed redox potentials for the ligand cation radicals listed in Table 3-4 correlate

significantly better with Oz evolution activity, Figure 3-13. Frontier orbitals (HOMO) of the
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[RuV=0]?" states show delocalization onto EtO-tpy and bpy-NO ligands (Figure 3-14) suggesting
that electron removal can happen from a ligand localized orbital or oxidized species can have a
multi-configurational character. Alternatively, ligands with lower oxidation potentials can acquire
N-oxides more readily causing increase in catalytic activity. For complexes with bpy-NO, tpy-NO
and EtO-tpy-NO ligands NO group de-coordination i) opens PCET channel via recruitment of the
additional water ligand into the first coordination sphere of Ru; ii) results in [Ru!V=0(ligandNO*")]
states which carry three holes but are significantly more accessible (~ 1.5 V, Table 3-4) than
[Ru¥Y=0]>" states at (~2.0 eV); iii) have redox potential above the +1.23 V required for water
oxidation. Thus, we can suggest that if Ru¥=0 formation is prohibitively high thermodynamically
(due to the lack of the PCET), the catalytically competent [Ru'Y=0O(cation radical®")] state might
form ensuring activity in the water oxidation. More experiments are underway to elucidate the

pathway for O-O bond formation and results will be reported in a follow up paper.

3.4 Conclusions

Overall, de novo synthesis and isolation of the reactive catalytic intermediate [(tpy)(bpy-
NO)Ru(H20)]*" resulted in material with high catalytic potency. Thus, the mere presence of such
intermediate or similar tpy-NO in the reaction mixtures at a level of few percent can account for
the entire catalytic activity of the most studied [(tpy)Ru(bpy)(H20)]** family of Ru-based water
oxidation catalysts. A difference of two orders of magnitude in catalytic activity was correlated

with the redox property of the ligand toward formation of the cation radical.
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Table 3-4. Key thermodynamic parameters computed using DFT.

Reaction* AGY | EY/V™
eV
Redox reactions
) [Ru™(EtO-tpy)(bpy)(H20)]*'/2H,0 + e = [Ru'{(EtO- +1.03
tpy)(bpy)(H20)]*"/2H>0 (+0.98 7%)
(2) [RuV=O(EtO-tpy)(bpy)]*'/2H.0 + ¢ + 2H" = [Ru"(EtO- +1.14
tpy)(bpy)(H20)]**/2H,0 (+1.24 7)
(1) [Ru"(tpy)(bpy)(H20)*"/2H,0 + ¢ = [Ru'{(tpy)(bpy)(H20)]**/2H20 +1.10
(+1.04 7"
@ [Ru"V=O(tpy)(bpy)]*/2H.0 + e + 2H" = +1.12
[Ru(tpy)(bpy)(H20)]**/2H,0 (+1.23 7Y
(1-NO) [Ru(tpy)(bpy-NO)(H20)]**/2H,0 + e = [Ru'(tpy)(bpy- +1.01
NO)(H,0)]*"/2H,0 (+0.82)
(1-NO) [RuV=O(tpy)(bpy-NO)]**/2H.0 + e + 2H" = [Ru(tpy)(bpy- +0.89
NO)(H20)]**/2H,0 (+0.86)

Ru"=0 formation

@) [RuY=O(EtO-tpy)(bpy)]?’/2H.O0 + e = [RuY=O(EtO- +1.98
tpy)(bpy)]**/2H20

(1) [Ru¥=0(tpy)(bpy)]**/2H20 + ¢ = [Ru'V=O(tpy)(bpy)]**/2H,0 +2.15
(1-NO) [Ru¥=O(tpy)(bpy-NO)*'/H.O0 +e= = [RuV=O(tpy)(bpy- +2.12
NO)]*"/H,0

Ru""=0(ligand **) formation

(1-NO) [RuV=O(tpy)(bpy-NO"*ou)(OH)]+e” + H" = [RuV=O(tpy)(bpy- +1.51
NOout)(H20)1*

Oxygen atom transfer to ligand with formation of N-oxide

Q?) [RuV=0O(EtO-tpy)(bpy)]**/2H.0 = [Ru'l(EtO-tpy- | -0.09
NO)(bpy)(H20)]*/H20

71




Table 3-4 continued

Q?) [Ru"V=O(EtO-tpy)(bpy)]**/2H.0 = [Ru'(EtO-tpy)(bpy- | +0.14
NO)(H20)]**/H,0
(1) [RuY=0(tpy)(bpy)]*"/2H20 = [Ru'{(tpy-NO)(bpy)(H20)]*"/H.0 -0.13

(1) [Ru™V=O(tpy)(bpy)]**/2H20 = [Ru"(tpy)(bpy-NO)(H.0)]**+ H,0 +0.09

Oxidation of the ligand with formation of cation radical

tpy + e =tpy™" +1.86
EtO-tpy + e = EtO-tpy"™" +1.70
bpyNO + ¢ = bpyNO™* +1.31

* /H,0 denotes explicit solvent molecule used in DFT calculations. ~* Experimental values are
in parentheses.
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Figure 3-9. Latimer Frost diagram of [Ru'l(tpy)(bpy)(H20)]*". This diagram is focused
on bpy ligand oxidation.
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Figure 3-11. Latimer Frost diagram of [Ru'((EtO-tpy)(bpy)(H20)]>". This diagram is focused
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[Ru=O(tpy){bpy)] ** 2(H,0)

Figure 3-14. HOMO orbitals of the (1); (2) and (1-NO) in [RuV=0]*"
state. Delocalization to EtO-tpy and bpyNO ligands is evident. Thus,
these ligands can delocalize hole upon oxidation.
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3.5 Materials and methods

Ultra-pure nitric acid was used
(Catalog No. 225711 from Sigma
Aldrich). Commercially available

ligands and precursors were used such

as bpy, tpy, bpy-NO and 4’-chloro-

terpyridine. Aqueous solutions were
prepared using ultrapure (Type 1) water (resistivity 18.2 MQ.cm at 25°C, TOC 4 pg/L), Millipore.

[Ru'l(bpy)(tpy)CI]CI and [Ru'l(bpy)(4’-EtO-tpy)CI]CI (tpy = 2,2";6',2"-terpyridine, bpy =
2,2"-bipyridine) were synthesized and characterized as described in the literature.”>* Synthesis of
[Ru(tpy)(C204)(H20)]*2H20O reference compound was performed according to procedure
described previously.!®> bpy-NO ligand was obtained from Sigma-Aldrich. [Ru(tpy)(bpy-
NO)CI]CI was prepared by procedure similar to synthesis of the [Ru'(bpy)(tpy)CI1]C1'*? with
following details:

150 mg of Ru(tpy)Cls (0.34 mmol) and 58 mg of bpy-NO (1 equiv), 0.1 ml of trimethylamine
and 30 mg of LiCl were mixed in solution of 40 ml of ethanol and 2 ml of water and refluxed for
1 hour at temperature not exceeding 100° C. After cooling to room temperature all solvents were
evaporated at reduced pressure to dryness. |lH NMR of a residue was taken showing the presence
of 61% of [Ru(tpy)(bpy-NO)CI]CI. The residue was separated using 100% ethanol on a silica gel
column (Sorbtech, 200*400mesh), collecting 3-4 ml fractions. Products in the fractions were
monitored by UV-vis and NMR. All steps of the synthesis were completed under the dim red light
due to suspected light sensitivity. Elution from silica gel column with ethanol resulted in first
purple fraction of frans- isomer with very low content of compound; later [Ru(bpy)(tpy)CI]" was
eluted followed by fractions enriched with cis-[Ru(bpy-NO)(tpy)Cl]*. Later fractions allowed to
isolate pure cis-Ru(bpyNO)(tpy)Cl, for catalytic tests and spectroscopy.
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Table 3-5. [Ru'(EtO-tpy)(bpy)H.O]*" theoretical free energy and other intermediates and

molecules that are necessary to explain our ligand oxidation model. All the theoretical energies

are calculated by DFT
Compound name Energy (Hartree) | Charge Spin
[Ru"(EtO-tpy)(bpy)(H20)]**+ 2H,0 -6063.1936 2 1
[Ru"(EtO-tpy)(bpy)(H20)]**+ 2 H,O -6062.9926 3 2
[Ru"V=0O(EtO-tpy)(bpy)]**+ 2H,0 -6061.9319 2 3
[Ru"(EtO-tpyNO)(bpy)(H20)]>"+ H,0 -6061.9354 2 1
[Ru(EtO-tpyNOou)(bpy)(H20)2]* -6061.9259 2 1
[Ru"(EtO-tpyNO)(bpy)(H20) >+ H,0 -6061.7401 3 2
[Ru(EtO-tpyNOou)(bpy)(H20)2]** -6061.720665 3 2
[Ru"=0(EtO-tpy)(bpy)]**+ 2H,0 -6061.696071 3 2
[Ru"V=O(EtO-tpyNO)(bpy)]**+ H20 -6060.680218 2 3
[Ru"V=O(EtO-tpyNOou)(bpy)(H20)1*'+ H2O | -6060.678033 2 3
[RuV=O(EtO-tpyNO)(bpy)]**+ H.0 -6060.442537 3 2
[RuV=0O(EtO-tpyNO"* ou)(bpy)(OH)]** -6060.033192 2 2
[Ru"-00-N-EtO-tpy(bpy)(OH)]** -6060.022448 2 2
[Ru"V-00-N-EtO-tpy(bpy)(OH)]** -6059.797853 3 3
[Ru"(EtO-tpy)(bpy)(H20)]>* -5910.163554 3 2
[Ru™(EtO-tpyNOou)(bpy)(OH)(H20)]* -6061.297377 2 2
[RuY=O(EtO-tpyNOou)(bpy)(OH)]** -6059.797511 3 3
[Ru"-00-N-EtO-tpy)(bpy)(OH)(H.0)]** -6136.431179 2 2
[Ru"((EtO-tpy)(bpyNO)(H.0)]*"+ H,0 -6061.926853 2 1
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Table 3-5 continued

[Ru'(EtO-tpy)(bpyNOou)(H20)2]**

-6061.90599

[Ru(EtO-tpy)(bpyNO)(H20)]* "+ H>O

-6061.731287

[Ru"(EtO-tpy)(bpyNOou)(H20)21**

-6061.704895

[Ru¥=0O(EtO-tpy)(bpy)]* "+ 2H.0

-6061.696071

[RuV=O(EtO-tpy)(bpyNO)]**+ H,0 -6060.678003
[RuV=O(EtO-tpy)(bpyNOou)(H20)]?* -6060.651182
[Ru¥=O(EtO-tpy)(bpyNO)]*"+ H20 -6060.442187
[Ru"Y=O(EtO-tpy)(bpyNO"" ou)(OH)]** -6060.008901
[Ru™-00-N-bpy(EtO-tpy)(OH)J** -6060.003355
[Ru'Y-00-N-bpy)(EtO-tpy)(OH)]** -6059.784984

[Ru"(EtO-tpy)(bpy)(H20)]**

-5910.163554

[Ru"(EtO-tpy)(bpyNOou)(OH)(H20)]**

-6061.276355

[Ru"-00-N-bpy(EtO-tpy)(H20)]*" -6136.414861
H,0 -76.413
0, -150.320134
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Table 3-6. Theoretical Analysis of Oxidation, Oxygen Atom Transfer and O-O bond formation
in [Ru(EtO-tpy)(bpy)(H20)]*>" water oxidation catalyst. Number in parenthesis are the
experimental values

AG/eV Ey/eV

[Ru"(EtO-tpy)(bpy)(H:0)] +2H:0+ e > | [Ru'(EtO-tpy)(bpy)(H,0)]*+ 2H,0 (0.98 %) 1.03
[Ru'V=O(EtO-tpy)(bpy)|*+ 2H,0+ ¢ + 2H* > | [Ru"(EtO-tpy)(bpy)(H:0)]*'+ 2 H,0 (124 7)1.14
[Ru¥=O(EtO-tpy)(bpy)]**+ 2H:0 + ¢ > | [RuV=O(EtO-tpy)(bpy)[*+ 2H:0 1.98
[Ru"V=O(EtO-tpy)(bpy)J>*+ 2H,0 > | [Ru"(EtO-tpyNO)(bpy)(H:0)["+ H:0 | -0.09

| [Ru"(ECO-tpyNO)(bpy)(H:0) + O + ¢ > | [Ru"(EtO-tpyNO)(bpy)(H:0)]>+ H,0 0.87

S | [Ru=O(EO-tpyNO)(bpy)[* + H:0 +e +2H" > | [Ru"(EtO-tpyNO)(bpy)(H:0)]*+ H,0 1.12

E [Ru"=O(EtO-tpyNO)(bpy)]*'+ H:0 + ¢ > | [RuV=O(EtO-tpyNO)(bpy)]**+ H:0 2.03

2

=]
[Ru''(EtO-tpyNO)(bpy)(H:0)]*"+ H;0 > | [RU(EO-tpyNOou ) (bpy)(H:0): 1" 0.26
[Ru"(ELO-tpyNO)(bpy)(H:0)]* + H,0 > | [Ru"(ELO-tpyNOyu)(bpy)(H:0)." 0.53
[Ru"=O(EtO-tpyNOuu)(bpy)(H20)]** + e + 2H" > | [Ru"(EtO-tpyNOo)(bpy)(H:0),1* 0.65
[Ru™V=0 (EtO-tpyNO"*o))(bpy)(OH)J*'+ ¢ + H* > | [Ru=O(EtO-tpyNO,,)(bpy)(H:0)]** 147
[Ru"=O(EtO-tpyNO""o)(bpy)(OH)]>* > | [Ru"-OO-N-EtO-tpy(bpy)(OH)]>* 029
[Ru"V-O0-N-EtO-tpy(bpy)(OH)*'+ e > | [Ru"-00-N-EtO-tpy(bpy)(OH)* 1.67
[Ru"-OO-N-EtO-tpy(bpy)(OH)]**+ H' > | [Ru"'(EtO-tpy)(bpy)(H.0)]*'+ O -0.91
[Ru"(EtO-tpyNOou)(bpy)(OH)(H.0)]*"+ ¢ + H 2> | [Ru"(EtO-tpyNOou)(bpy)(H20).]** 1.02
[Ru¥=O(EtO-tpyNOyu)(bpy) OH)]** + ¢ > | [Ru=0 (EtO-tpyNO" o))(bpy)(OH)* 1.97
[Ru"-00-N-EtO-tpy(bpy)(OH)]**+H,0 > | [Ru-00-N-EtO-tpy)(bpy)(H:0)]** 0.41
[Ru"V=O(EtO-tpy)(bpy)J>*+ 2H,0 > | [Ru'(EtO-tpy)(bpyNO)H,0)]*+ H,0 0.14

o | [Ru"(EWO-tpy) (bpyNO)H:O)F + H:O + ¢ > | [Ru'(EtO-tpy)(bpyNO)H,0)]*+ H,0 0.88

E [RuY=O(EtO-tpy)(bpyNO)]*"+ H,O + ¢ +2H" > | [Ru"(EtO-tpy)(bpyNO)(H,0)]*"+ H,O 0.94

S

S | [Ru"=O(EtO-tpy)(bpyNO)[*+ H;0 + ¢ > | [Ru"=O(EtO-tpy)(bpyNO)J*+ H;0 1.98
[Ru(EtO-tpy)(bpyNO)(H,0)]*"+ H,O > [Ru'(EtO-tpy)(bpyNO oy )(H,0),]** 0.57
[Ru"(EtO-tpy)(bpyNO)(H.0)]* + H,0 > | [Ru" (EO-tpy)(bpyNOu)(H:0) " 0.72
[RUM=O(EO-tpy)(bpyNOw)(HLO)+ H:O + ¢ +2H | > | [RuMEO-tpy)(bpyNOou)(H20):]" 0.95
[Ru"Y=O(EtO-tpy)(bpyNO"* o, )(OH)]**+ e + H* > | [RuY=0O(EtO-tpy)(bpyNOoy)(H,0)]* 1.40
[Ru"V=O(EtO-tpy)(bpyNO" out)(OH)* > | [Ru"-00-N-bpy(EtO-tpy)(OH)* 0.15
[Ru"-00-N-bpy(EtO-tpy)(OH)]*'+ ¢ > | [Ru"-OO-N-bpy(EtO-tpy)(OH)]>* 150
[Ru""-O0-N-bpy(EtO-tpy)(OH)>'+ H' > | [Ru"(EtO-tpy)(bpy)(H.0)]"'+ O 143
[Ru"(EtO-tpy)(bpyNOo)(OH)(H,0)[*'+ € + H' > | [RUNEO-tpy)(bpyNOu ) (H:0):]* 1.05
[Ru"-00-N-bpy(EtO-tpy)(OH)J>* +H,0 > | [Ru"-00-N-bpy(EtO-tpy)(H,0)* 0.19
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Table 3-7. [Ru'(tpy)(bpy)(H20)]** theoretical free energy and other intermediates and molecules

that are necessary to explain our ligand oxidation model. All the theoretical energies are

calculated by DFT
Energy (Hartree) Charge Spin
[Ru'(tpy)(bpy)(H20)]*"+ 2H,0 -5909.40469 2 1
[Ru"(tpy)(bpy)(H20)]**+2H,0 -5909.20128 3 2
[RuV=0(tpy)(bpy)]*'+ 2H,0 -5908.14137 2 3
[Ru'(tpyNO)(bpy)(H20)]*"+ H20 -5908.14612 2 1
[Ru'(tpyNOou)(bpy)(H20)2]** -5908.1323 2 1
[Ru"(tpyNO)(bpy)(H20)]*"+ H20 -5907.94891 3 2
[Ru(tpyNOou)(bpy)(H20)2]** -5907.92728 3 2
[RuV=O(tpy)(bpy)]*"+ 2H,0 -5907.89932 3 2
[Ru"V=O(tpyNO)(bpy)]**+ H.0 -5906.88805 2 3
[RuV=0(tpyNOou)(bpy)(H20)]*"+ H,0 -5906.88663 2 3
[RuV=0(tpyNO)(bpy)]*'+ H.0 -5906.64827 3 2
[RuV=0O(tpyNO"*ou)(bpy)(OH)]** -5906.24119 2 2
[Ru™-O0-N-tpy(bpy)(OH)]* -5906.2332 2 2
[Ru"V-O0-N-tpy(bpy)(OH)]** -5906.0052 3 3
[Ru(tpy)(bpy)(H20)]** -5756.37159 3 2
[Ru"(tpyNOou)(bpy)(OH)(H20)]** -5907.50568 2 2
[Ru=0(tpyNOour)(bpy)(OH)]** -5906.00357 3 3
[Ru™-O0-N-tpy(bpy)(H20)]> -5982.63938 2 2
[Ru'(tpy)(bpyNO)(H20)]*"+ H,0 -5908.137992 2 1
[Ru'(tpy)(bpyNOou)(H20)]** -5908.116543 2 1
[Ru"(tpy)(bpyNO)(H.0)]*'+ H,0 -5907.937806 3 2
[Ru"(tpy)(bpyNOout)(H20)2]* -5907.913232 3 2
[RuV=O(tpy)(bpy)]*"+ 2H,0 -5907.899321 3 2
[RuV=0(tpy)(bpyNO)]*"+ H,0 -5906.88637 2 3
[Ru"V=0O(tpy)(bpyNOou)(H20)]> -5906.861787 2 3
[RuV=O0(tpy)(bpyNO)]*"+ H,0O -5906.645237 3 2
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Table 3-7 continued

[Ru"V=0(bpyNO"*ou)(tpy)(OH)]** -5906.215415 2 2
[Ru™-O0-N-bpy(tpy)(OH)]** -5906.210938 2 2
[Ru'V-OO-N-bpy(tpy)(OH)]*" -5905.991693 3 3
[Ru"(tpy)(bpy)(H20)]*" -5756.371589 3 2
[Ru™(tpy)(bpyNOou)(OH)(H20)]** -5907.485559 2 2
[Ru™-O0-N-bpy(tpy)(H20)]** -5982.625022 2 2
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Table 3-8. Theoretical Analysis of Oxidation, Oxygen Atom Transfer and O-O bond formation

in [Ru'(tpy)(bpy)H20]*" water oxidation catalyst.

AG/eV | EoeV
[Ru(tpy)(bpy)(H20)]*+ 2H,0 + ¢ > [Ru(tpy)(bpy)(H20)*+ 2H;0 1.10
[RuY=0(tpy)(bpy)]*'+ 2H,0 + ¢ + 2H" = | [Ru(tpy)(bpy)(H20)]*"+ 2H,0 1.12
[RuV=O(tpy)(bpy)]*'+ 2H,O + ¢ 2| [RuV=O(tpy)(bpy)]*'+ 2H,O 2.15
§ [RuV=0(tpy)(bpy)]*'+ 2H,0 -2 | [Ru'(tpyNO)(bpy)]**+ 2H,O -0.13
~ | [Ru""(tpyNO)(bpy)(H:0)]""+ H:0 + ¢ > | [Ru(tpyNO)(bpy)(H20)"+ H,0 0.93
S | [RuM=0(tpyNO)(bpy)2+ H:O + e -2H" | > [Ru(tpyNO)(bpy)(H:20)]*+ H,0 1.15
[Ru¥=0(tpyNO)(bpy)* "+ H:0 + ¢ > | [Ru=0(tpyNO)(bpy)]**+ H:0 2.08
[Ru''(tpyNO)(bpy)(H20)]*"+ H,0 < | [Ru'(tpyNOou)(bpy)(H20)2]*" 0.38
[Ru"(tpyNO)(bpy)(H20)]*+ H,0 2> | [Ru(tpyNOou)(bpy)(H20),]** 0.59
[RuV=0(tpyNOou)(bpy)(H20) "+ ¢ + 2H" | > | [Ru(tpyNOou)(bpy)(H20)]** 0.60
[RuV=0(tpyNO" ou))(bpy)(OH)"+ ¢ + H | | [RulV=0(tpyNOou)(bpy)(H:0)]** 1.48
[RuV=0O(tpyNO"*ou)(bpy)(OH) > 2| [Ru"™-O0-N-tpy(bpy)(OH)]** 0.22
[RuV-O0-N-tpy(bpy)(OH)** + ¢ > | [Ru"-00-N-tpy(bpy)(OH)]2* 176
[Ru"-00-N-tpy(bpy)(OH)[2+ H* > | [Ru™(tpy)(bpy)(H:20)*+ 05 2128
[Ru™(tpyNOout)(bpy)(OH)(H20)*+ e + H | 2| [Ru'(tpyNOou)(bpy)(H20)2]** 0.97
[Ru¥=0(tpyNOou)(bpy)(OH)]**+ ¢ > | [RuM=0(bpy)(tpyNO" ou)(OH) 2" 2.03
[Ru"-00-N-tpy(bpy)(OH)J** +H,0 > | [RuM-00-N-tpy(bpy)(H20)]2* 2040 | 0.40
= | [Ru™=O(tpy)(bpy)I* + 2H:0 > Ru(tpy)(bpyNO)H0)'+ H,O | 0.09
fe [Ru"'(tpy)(bpyNO)(H20)]**+ H20 +e < | [Ru'(tpy)(bpyNO)(H20)]*"+ H,O 1.01
% [Ru"=O(tpy)(bpyNO)]**+ H20 + e +2H" < | [Ru"(tpy)(bpyNO)(H20)]**+ H20 0.89
[Ru¥=0(tpy)(bpyNO)]**+ H,0 +¢ 2| [RuV=0O(tpy)(bpyNO)]**+ H,O 2.12
[Ru'(tpy)(bpyNO)(H20)]**+ H,0 > [Ru(tpy)(bpyNOow)(H:0)2]>* 0.58
[Ru""(tpy)(bpyNO)(H>0)]*'+ H,0 < | [Ru"(tpy)(bpyNOou)(H20)2]*" 0.67
[RuV=0(tpy)(bpyNOou)(H20)]*+e +2H* 2| [Ru"(tpy)(bpyNOou)(H20)2]** 0.89
[RuV=0(tpy)(bpyNO" ou)(OH) ' +e + H | >| [Ru¥=0(tpy)(bpyNOow)(H20)]2* 151
[RuV=0(tpy)(bpyNO"*ou) (OH) 2" > | [Ru"-00-N-bpy(tpy)(OH)]2* 0.12
[RuV-OO-N-bpy(tpy)(OH)]**+e 2| [Ru"™-O0-N-bpy(tpy)(OH)]** 1.53
[Ru™-O0-N-bpy(tpy)(OH)]*"+ H* = | [Ru(tpy)(bpy)(H20)]*"+ O -1.88
[Ru"(tpy)(bpyNOou)(OH)(H20) >+ ¢ + H' | > | [Rul(tpy)(bpyNOou)(H:0):]* 1.09
[Ru™=0(tpy)(bpyNO" out)(OH)]>* +H20 > | [Ru"-OOH-Nbpy(tpy)(H:0)]> | -0.092 | 0.092

91




[Ru''(bpy)(tpy)(H20)]CL; [Ru'l(bpy)(4’-EtO-tpy)(H20)]Cl and [Ru'l(bpy-
NO)(tpy)(H20)]Cl> were prepared by aging corresponding chlorides in pure water for 24 hrs. After
that 2 equiv of silver nitrate were added to solution, which then was filtered, in order to remove
Cl- ions. When Ce'" is used as oxidant, it is prepared freshly daily. O, evolution activity using
Ce' was in agreement with earlier reports.'> 7> - 10 Oxygen evolution was measured with a PC
operated Clark type polarographic oxygen electrode from Oxygraph System (Hansatech
Instruments Ltd.). The sample was housed within a hermetic borosilicate glass reaction vessel.
Calibration was carried out by measurements of the signal from O»-saturated water in an open
reaction vessel. Sodium dithionite, an oxygen depleting agent, was added to the water, and the
drop in the signal was related to the solubility of oxygen in water at room temperature (262 pmol/L).
The glass vessel was thoroughly washed with water and 0.6 mL of Ru complex solution in 0.1M
HNO; was added. A defined number of Ce'Y equivalents were carefully added into the chamber
and oxygen evolution was measured as a function of time.

To prepare EPR samples, 200 pl of 1 mM solution of Ru complex in 0.1 M HNO3; were
oxidized with a defined number of Ce'Y equivalentsuivalents, transferred in EPR tube and frozen
in liquid nitrogen within 30 sec. Low-temperature X-band EPR spectra were recorded with a
Bruker EMX X-band spectrometer equivalentsuipped with a X-Band CW microwave bridge. The
sample temperature was maintained at 20 K using ColdEdge closed cycle cryostat. For EPR signal
quantitation, the standard EPR sample tubes were filled with sample through all of the resonator
space and signal intensities were measured on the same day and in the same conditions to allow
direct comparison of the signal intensities.

The resonance Raman was collected using a HeCd CW laser with the wavelength of 420 nm
and 20 mW power and second-hormonic wave of Nd:YAG (532nm). The sample is held in a
Teflon custom design electrochemical cell with clear polypropylene thin film window for bulk
electrolysis resonance Raman measurement. For the Ce!" treatment a drop of sample directly was
exposed to laser. The diameter of the laser beam at the sample is about 0.5 mm. The orientation of
the laser beam, the sample, and the detector was held in zero degrees. Two fused silica lenses were
used to collect the Raman signal and focus it at the Shamrock 303i spectrometer input slit. The
width of slit was 50 um. The Semrock edge pass filter eliminated the Rayleigh scattering to get
into the spectrometer. The holographic grating with 1800 1/mm for 442 nm laser and a 1200 1I/mm
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(grating blaze 500 ) for 532 nm laser were used to disperse the light and later collimated light
exposed on iDus 420 Andor camera.

The DFT calculations were performed with Gaussian09 using the B3LYP exchange-
correlation (XC) functional. The 6-31G* basis was set for all organic atoms (C, O, N, H), and the
all electron DGDZVP basis was set for the Ru atom. The CPCM polarizable conductor model was
used to model water solvation. The value of the reference potential (NHE) was assigned value to
4.44 V and the solvation free energy of a proton to —11.64 V. Earlier we demonstrated that this
computational technique reproduces bond distances and redox potentials of the Ru complexes.'?
61,62,67. 104 With our calculation protocol we have historically achieved match (within expected 0.2
eV) to all unambiguously known redox potentials for all analyzed by our group Ru complexes as
outlined in our earlier publications.'? 6162

A Thermo Nicolet Nexus FTIR Spectrometer conducted FTIR measurements. OMNIC
software, a MCT detector, and a KBr beam splitter are some of specification of the spectrometer.
The spectrometer was continuously purged with nitrogen gas before and during measurements.
For data collection, the powder sample was pressed against an attenuated total reflectance (ATR)
diamond crystal. The measurement was conducted in the dark, at room temperature and dim
ambient light to make sure the light will not cause the unintended reactions. The graph consists of
36 scans with 4 cm™ resolution.

UV-Vis absorptions spectroscopy was conducted by using a Cary 300 UV-Vis spectrometer.
All solutions were measured in a quartz cuvette with path line 1 mm.

All of the electrochemistry experiments were conducted with BASi Epsilon potentiostate
with a platinum counter electrode, and Ag/AgCl (saturated KCI) as the reference electrode. The
reference electrode was calibrated against the Fe(CN)s> /Fe(CN)s* redox couple in 0.5 m NaCl,
which should be 0.208 V versus Ag/AgCl (saturated KCl). Bulk electrolysis experiments were
performed in a three-compartment electrochemical cell with each compartment separated by
porous glass frits. For cyclic voltammetry a polished platinum electrode with Ag/AgCl (saturated
KCl) as reference electrode was used. The can rate in CV was 0.1 V/S. All the solutions were in
0.1 M HNO;j and all the presented measurements are already subtracted by pure platinum and 0.1M
HNO:s as background.
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CHAPTER 4. INSIGHTS INTO MOF REACTIVITY: CHEMICAL
WATER OXIDATION CATALYSIS BY A [RU(TPY)(DCBPY)OH2]2+
MODIFIED METAL-ORGANIC FRAMEWORK

This chapter is published in whole or part in the ChemSusChem Journal with DOI:
10.1002/cssc.201701644

4.1 Abstract

Incorporating WOCss in metal organic frameworks (MOFs) is one of the ways to stabilize the
system and increase the TON. [Ru(tpy)(bpy)(OH2)]*" was studied in the previews chapter. By
modifying the bpy ligand to dcbpy the complex would become [Ru(tpy)(dcbpy)(OH2)]*".
[Ru(tpy)(dcbpy)(OH2)]*" dopped UiO-67 MOF. The MOF catalyst exhibited a single-site reaction
pathway with kinetic behavior similar to that of a homogeneous Ru complex. The reaction was
first order with respect to both the concentration of the Ru catalyst and ceric ammonium nitrate
(CAN), with kear=3(£2)x10>M ' s™! in HNOs (pH 0.5).”® The common degradation pathways of
ligand dissociation and dimerization were precluded by MOF incorporation, which led to sustained
catalysis and greater reusability as opposed to the molecular catalyst in homogeneous solution.
Lastly, at the same loading (ca. 97 nmol mg '), samples of different particle sizes generated the
same amount of oxygen (ca. 100 nmol), indicative of in-MOF reactivity. The results suggest that
the rate of redox-hopping charge transport is sufficient to promote chemistry throughout the MOF

particulates.

4.2 Introduction

Metal organic frameworks (MOFs) have emerged as a promising class of porous catalysts
due to many favorable properties.'®>'%® MOFs exhibit extremely high surface areas accessible
through a network of pores or channels. The pore size can be tuned to enable size selective catalysis
and the surface area enables a large number of active sites to be placed in a small geometric area.
With the multi-component nature of MOFs, dual functionality and coorperative catalysis has been
exhibited between linker and node, linker and linker, and node/linker and an encapsulated guest.!%*-
12 Moreover, MOFs can lock known molecular catalysts into defined geometries, leading to

enhanced stability, and confirmed single site reactivity.!'311¢
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Recently, MOFs have been used to promote the electrochemical transformation of protons,
carbon dioxide, and water, the critical components of artificial photosynthetic chemistry.!!’-12” The
primary mechanism for the reduction or oxidation of MOF bound catalytic active moieties is one
of redox hopping, akin to that observed in linear polymers decorated with redox active inorganic
or organic species.'?’"1*! In a redox hopping process, electrons and counter balancing ions diffuse
through the framework limited by the rate of catalyst self-exchange and/or the diffusion of ions.
The current observed in an electrochemical experiment is then diffusion limited and follows the
classic Randles-Sevcik relationship current oc (scan rate)1/2. Even considering such non-metallic
transport, higher catalytic activity as compared to a monolayer of catalyst in the same geometric
area has been oberseved. Specifically, the electrochemical oxidation of water by ruthenium-
catalyst doped MOF was near 120 times that of the purely molecular approach. The enhancement
was possible even considering only ~30% of the catalytic sites were electrochemically
accessible.'?’

While the demonstration of diffusion-limited current indicated that the chemistry extended
beyond the surface of the electrode. True in-MOF reactivity was not exclusively confirmed. A key
question that persists through the MOF literature remains. Does the observed catalysis occur on
the surface or inside the MOF crystallites? Or more direct to electrochemical methods, is the rate
of redox hopping sufficient to promote in-MOF reactivity? Unfortunately, due to the
polycrystalline and polydisperse nature of the solvothermally deposited MOF films it is difficult
to design experiments to directly address this concern. The common support for in-MOF reactivity
comes from size-dependent studies or surface modification studies carried out on crystalline MOF
powders.

Herein, we provide insight into the ability of redox hopping electron transport to promote in-
MOF reactivity by [Ru(tpy)(dcbpy)(OH2)]*" (tpy = 2,2":6'.2"-terpyridine; dcbpy = 5,5'-
dicarboxybipyridine) doped MOF, termed Ru-UiO-67. As a subsitute to electrochemical methods,
chemical oxidation by cerium ammonium nitrate (CAN) was carried out on pre-formed MOF
crystallites. Modifications of the synthetic procedure, namely, adjusting the amount of modulator
during the MOF synthesis, allowed for direct control of particle size. Therefore, in-MOF reactivity
could be directly probed under pseudo-electrochemical conditions. In addition, two approaches for
P

incorporation of [Ru(tpy)(decbpy)(OH2)]“" into UiO-67 structure were carried out: in situ synthesis

and post-synthetic ligand exchange (PSE) of existing framework. Finally, Ru-UiO-67 presents an
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opportunity to validate the single-site water oxidation reaction mechanism proposed in the
literature.!3>1*> While inside the MOF structure, the catalysts are physically separated from each
other by the structural Zr-oxo clusters and the pore space. Therefore, the bimolecular pathway and

common deactivation pathways'>% 137

are inoperative, as was confirmed with Raman studies. The
results presented provide the guidelines for next iteration of MOF- based catalyst design with

improved catalytic efficiency and higher turnover rates.

4.3 Results and Discussion

Among all single-site Ru-based water oxidation catalysts, [Ru(tpy)(bpy)(OH2)]*" is a
representative example, which was subjected to extensive mechanistic studies in the past.!** 13>
138-142 This complex can be readily functionalized with carboxylic acid groups on 5 and 5" positions
of bipyridine ligand to serve as a linker in many MOF structures. For the present study, the
modified catalyst was doped into the well-known UiO-67 structure!* 144 through replacement of
the native biphenyldicarboxylate linker. The catalyst-doped UiO-67, termed Ru-UiO-67, was
prepared via a previously reported procedure.'?” The acetic acid in the synthesis play the role of
the modulator. In MOF synthesis, modulators are used to competitively bind to the inorganic nodes,
slow particle growth, and aid in crystallization.

To probe the formation of the active catalytic state of the catalysts under chemical oxidation,
Raman spectroscopy was carried out on UiO-67, Ru-UiO-67 and [Ru(tpy)(dcbpy)CI]CL. In Figure
4-1. a comparison between the Fourier Transform Raman (FTRaman) of the pure UiO-67, Ru-
Ui0O-67, and [Ru(tpy)(dcbpy)CI]Cl complex is demonstrated. The spectrum of the Ru-UiO-67 is
primarily a combination of the spectra of the pure UiO-67 and the Ru complex as one would expect.
The signals attributed to the UiO-67 backbone are dominant in comparison to the Ru complex.
This is simply a consequence of concentration.

By using different excitation wavelengths, different parts of Ru-UiO-67 can be probed. For
example, upon excitation at 1064 nm, where both the Ru complex and the MOF are not resonant,
the MOF structure is the main contributor to the Raman spectrum, In Figure 4-1. Upon excitation
at 532 nm excitation was used, the signals from the Ru complex are noticeably enhanced, Figure
4-2. At this wavelength the excitation source is resonant with the absorption spectrum of the
[Ru(tpy)(bpy)OH2]*". By the combination of wavelengths/techniques, non-resonance Raman

(FTRaman) and resonance Raman (RRaman), one can selectively monitor MOF components.
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Figure 4-1. FTRaman (Aex = 1064 nm) of (A, black) [Ru(tpy)(dcbpy)CI]CIl, (B, blue) Ru-UiO-67
and (C, red) UiO-67.
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Figure 4-2. RRaman (Aex=532 nm) spectra of a) [Ru(tpy)(bpy)CI]CI, b) Ru-UiO-
67, and c) UiO-67.

The changes to the RRaman spectrum of [Ru(tpy)(bpy)(H20)]*" after treatment with a
chemical oxidant, cerium ammonium nitrate (CAN) was monitored as a function of time, Figure
4-3. The RRaman spectra of Ru-UiO-67 after CAN treatment show significant changes consistent
with a change in oxidation state from Ru'' to Ru'Y and change of the Ru ligand environment from
Ru-H>0 to Ru!V=0. Different peaks also experienced different resonance enhancement due to

change of sample colour from light violet for initial material to brown for oxidized crystallites.

The most common deactivation pathway for [Ru(tpy)(bpy)OH2]2+ is the loss of the
bipyridine ligand.'3* 136 137 If this process were to occur inside the framework, it would lead to the
detachment of the putative [Ru(tpy)(02)(H20)]*" product from the MOF backbone and its presence

in the surrounding solution. ICP-MS conducted on the reaction mixture after Ru-UiO-67 catalysis
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experiments, found that only 1.2 £ 0.3 % of starting Ru inside the MOF leached out. Thus,

immobilization of Ru catalyst inside the MOF appears to suppress this deactivation pathway.

Raman Intensity (a.u.)
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Figure 4-3. RRaman (Aex=532 nm) of Ru complex under CAN treatment (100 equivalents
of CAN in nitric acid pH 1) at (A) the beginning, (B) 30 minutes, (C) 1 hour and (D) 2
hours later.

MOFs supports also prevent intermolecular side reactions between catalytic centres.'!> 145

146 Llobet et al. reported that after losing bipyridine ligand, Ru-OH> complex is susceptible to
dimerization, resulting in [(tpy)(bpy)Ru'Y(u-O)Ru' (tpy)(O)(H2 O)]*" WOC.!3% 37 Interestingly,

in the RRaman spectrum of the molecular catalyst after CAN treatment in solution clear vibrations

can be seen due to the formation of this dimeric species at low frequency (Figure 4-4). The

stretching frequencies assigned to the dimer were confirmed by comparison to previously reported

values.!37- 147- 198 Tn the RRaman spectrum of Ru-UiO-67 after CAN treatment, the dimer is not

observed. Therefore, in addition to the suppression of ligand dissociation, MOF incorporation
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limited the dimerization pathway. The diffusion of the [Ru(tpy)(O2)(H20)]*" fragment may be
limited due to the confinement effect of the MOF pores, increasing possibility of recombination

with parent bipyridine ligand and therefore, regeneration of the catalyst.!!?

|
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Figure 4-4. RRaman (Ax=532 nm) spectra of Ru-UiO-67 at a) t=0 min and after
100 mm CAN treatment (in nitric acid, pH 1): b) 0—20 min, ¢) 20—40 min, and
d) 2 h. e) [Ru(tpy)(bpy)(OH2)]** solution incubated with CAN (100 equiv.) for 2
h. f) Untreated UiO-67. Spectral signatures of the Ru—O—Ru bridges were
observed in 300450 cm ™! Raman shift range in solution but not in the MOF
framework.

The catalytic activity of Ru-UiO-67 for chemical water oxidation was confirmed and directly
compared to [Ru(tpy)(dcbpy)(OH2)]*" in solution by oxygen production studies (Figure 4-5). The
amount of catalyst used in control reaction was matched with the Ru content in Ru-UiO-67 (2
umol), as determined by ICP-MS. The time-dependent oxygen production showed that the initial
oxygen generation rate of the ligand in solution is lower than that in the MOF. The initial O>
production rate for Ru-UiO-67 was 0.43 nmol/s, while the production from the homogeneous

catalyst was 0.25 nmol/s. Additionally, for the ligand control reaction, the oxygen production
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ceased after 10 min, indicating deactivation of the dissolved Ru complex. In comparison, oxygen
production from Ru-UiO-67 was observed for over 50 minutes. The maximum amount of oxygen
produced during the experiment reached 110 + 58 nmol for the soluble ligand, compared to 212 +
25 nmol for the Ru-UiO-67 framework.

Based on these results, it was proposed that the prime mechanism for water oxidation inside
Ru-UiO-67 is mononuclear. Therefore, reaction kinetics should exhibit first order relationship
between evolved oxygen and the concentration of Ru catalyst. Berlinguette et al. showed that in
0.1 M HNO:s the reaction is first order with respect to [Ru], while in 1 M HNOs3 the reaction is first
order to both [Ru] and [CAN].1? In the present oxygen generation studies, the reaction was carried
out at pH 0.5 (HNOs3). Thus, either kinetic regimes were possible. It was found that at constant
MOF amount (and as a consequence constant [Ru]), the reaction is first order with respect to the
concentration of CAN. On the other hand, when [CAN] is held constant, the reaction becomes first
order to the [Ru]. Thus, water oxidation follows the following rate expression, Rate =
keal CAN][Ru], where keor = 3 (£2) x 10 M 57! for Ru-UiO-67. These findings provided further

evidence for the single-site reaction pathway mechanism of this type of catalyst.
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Figure 4-5. Oxygen-evolution data for Ru-UiO-67 (red) and [Ru(tpy)(dcbpy)CI1]CI
(blue) in solution (soaked in water 24h before catalysis experiment).
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4.4 Experimental Section
4.4.1 Materials

All chemicals and solvents were used as obtained without further purification, including
RuCl3-xH20 (Acros, 35—40% Ru), 2,2"-bipyridyl-5,5'-dicarboxylic acid (dcbpy, Ark Pharm, Inc.,
95%+), 2,2":6,2"-terpyridine, (tpy, Alfa Aesar, 97%), 4,4'-biphenyldicarboxylic acid (BPDC, TCI,
97%), zirconium chloride, (ZrCls, Sigma-Aldrich, 98%), N,N-dimethylformamide (DMF, Fisher
Scientific, HPLC grade > 99%), acetonitrile (Fisher Scientific, HPLC grade), Acetic acid (Fisher
Chemical, glacial), sodium hydroxide (NaOH, Spectrum, 97%), cerium ammonium nitrate (CAN,
Alfa Aesar, 99+%), sulfuric acid, (H2SOs, Spectrum, ACS reagent), acetone, (Spectrum, HPLC
grade).

Synthesis of [Ru(tpy)(dcbpy)CIl]CI (tpy = 2,2':6',2"-terpyridine, dcbpy=3,5'-dicarboxy-2,2"-
bipyridine), and [Ru(tpy)(dcbpy) OH>] (ClO4)>

[Ru(tpy)(dcbpy)CI]Cl was synthesized using method adapted from published procedures.[45]
Ru(tpy)Cl13 (300.0 mg, 0.68 mmol) and dcbpy (168.5 mg, 0.68 mmol) were refluxed in 100 mL of
EtOH/water (v/v, 3:1) for 16 h. The reaction mixture was filtered hot and the filtrate was reduced
to 25 mL by rotary evaporation. 3 mL of 1 M HCI was added and the solution was chilled in fridge
for 1 day. The solid product was collected by filtration, washed with cool water and dried under
air. To synthesize [Ru(tpy)(dcbpy)OH2](C104)2, [Ru(tpy)(dcbpy)CI]CI (162.3 mg, 0.25 mmol)
and excess AgClO4 (518.3 mg, 2.5 mmol) were refluxed in 100 mL acetone/water (v/v, 3:1) for
16 h. The AgCl precipitate was filtered off and the filtrate reduced to 25 mL by rotary evaporation.
3 mL of I M HCIO4 was added and the solution chilled in fridge for 1 day. The solid product was

collected by filtration, washed with cool water and dried under air.

4.4.2 Fabrication of Ru-UiO-67 MOF powder

0.5 mmol of ZrCl4, x mmol of [Ru(tpy)(dcbpy)CI]Cl, (0.5-x) mmol of BPDC ligand and
acetic acid (17.5 mmol for loading dependent samples, 5 to 35 mmol for size dependent samples)
were dissolved in 20 mL DMF in 6 dram vial. The mixture was sonicated until all the starting
materials dissolved. The vial was sealed and heated at 120 °C for 48 h. After cooling to room
temperature, the solid material was filtered and washed with DMF and acetone. The MOF powder

was air-dried followed by soaking in acetone (3 d, solvent exchanged each day) to remove the

102



residual DMF in MOF pore space. The acetone soaked MOFs was evacuated at R. T. The MOF
powder was soaked in water (pH ~ 3, adjusted with HNO3) for 24 h. The powder was collected by

centrifugation, washed with acetone and dried under vacuum at R. T.

4.4.3 FTRaman

FTRaman was performed with a Thermo Nicolet 6700 FTIR/FT-Raman Spectrophotometer
at an excitation wavelength of 1064nm, and a power of 1 W. Spectral resolution was 8 cm-1 and
samples were housed in NMR tubes (MANUFACTURER AND ITEM # (get from chemistry

store)). Each spectrum consists of approximately 1000 scans.

4.4.4 RRaman

RRaman was performed to have the advantage of suspending the sample in liquid (HNO3 0.1
M) to watch the dynamics in situ. The Laser wavelength was 532 nm (Second harmonic generator
of Nd: YAG CW laser). Laser intensity has a power of 50mW. The orientation of the Laser and
sample and detector was 0 degree. Spectrometer and CCD detector were both from Andor
(spectrometer Shamrock 303i and camera was iDus 420). The exposure time was 20 seconds per
scan, and each spectrum consists of 20 scans. Grating Groove Density was (line/mm):1199.2 with

500nm blazed. The slit aperture size was 80 pm.

4.4.5 Oxygen evolution measurement

In a typical experiment, ~15 mg of Ru-UiO-67 powder was added to 5 ml of HNO3 solution
(pH 0.5), while 0.15 mmol of CAN dissolved in 5 ml of HNO3 solution (pH 0.5) in two separate
vials. Both vails were sealed with rubber septa and the solution was purged with Argon for at least
30 min before each catalysis experiment. The CAN solution was transferred to the vial with MOF
suspension using a 10 ml syringe. The headspace of the vial with Ru-UiO-67 was continuously
purged with Argon until the completion of the CAN injection. The amount of oxygen evolved was
measured by Unisense oxygen sensor OX-NP. After the reaction completion, the mixture was
centrifuged at 3000 rpm for 5 min recovering the MOF catalysts, which was washed with water.
The collected powder was soaked in acetone for 3 d to exchange the solvent. The MOF powder

was isolated by centrifugation and dried on air.
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4.5 Conclusions
In conclusion, [Ru(tpy)(dcbpy)(OH2)]** (tpy=2,2":6'2"-terpyridine, dcbpy=5,5'-dicarboxy-

2,2'-bipyridine) catalyst embedded inside the UiO-67 backbone was found to catalyze water

oxidation through a single-site catalytic pathway, exhibiting kinetics similar to those of its
homogeneous counterpart. The lifetime of the catalytically active species in the hybrid Ru-UiO-
67 system was enhanced relative to that of the molecular complex, and the MOF catalyst also
demonstrated superior recyclability. This is most likely due to the ability of metal-organic
framework (MOF) incorporation to shut-off common degradation pathways, including ligand

release and dimerization.
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CHAPTERS.  FACILE LIGHT INDUCED TRANSFORMATION OF
[RUY(BPY)(BPYNO)J|?* TO [RU'(BPY)s]*

This chapter is published in whole or part in the Inorganic Chemistry Journal with DOI:
10.1021/acs.inorgchem.0c01446

5.1 Abstract

In previous chapter we introduced and studied radical coupling as an alternative to water
nucleophilic attack. In RC the N-oxide ligand plays a major role; here we study the porprties and
photo chemistry of this ligand in a similar ruthenium complex to [Ru(tpy)(bpy)(H20)]*".Although
a different complex, it can still reveal a lot about the properties of N-oxides in polypyridine ligands.
Ru-based coordination compounds have important applications as photosensitizers and catalysts.
[Rull(bpy)2(bpyNO)J]** (bpy = 2,2’-bipyridine and bpyNO = 2,2’-bipyridine-N-oxide) was
reported to be extremely light sensitive, but its light induced transformation pathways have not
been analyzed. Here, we elucidated a mechanism of the light-induced transformation of
[Ru'l(bpy)2(bpyNO)]*" using UV-Vis, EPR, resonance Raman, and NMR spectroscopic techniques.
The spectroscopic analysis was augmented with the DFT calculations. We concluded that upon
530-650 nm light excitation, *[Ru(bpyNO™)(bpy):2]*" is formed similarly to the *[Ru'(bpy
“(bpy)2]*" light induced state of the well-known [Ru'(bpy)s;]>" photosensitizer. An electron
localization on the bpyNO ligand was confirmed by obtaining a unique EPR signal of reduced
[Ru'l(bpy)2(bpyNO™)]" (gxx = 2.02, gyy = 1.99, and g, = 1.87 and "N hfs Ax =12 G, Ayy =34 G
and Az, = 11 G). *[Ruf(bpyNO™)(bpy):2]** may evolve via breaking of the Ru-O-N fragment at
two different positions resulting in [RuV=0O(bpy)a(bpyou)]*" for breakage at O--N bond and
[Ru'l(H20)(bpy)2(bpyNOou)]** for breakage at Ru-|-O bond. These pathways were found to have
comparable AG. A reduction of [Ru'V=0(bpy)2(bpyou)]*" may result in water elimination and
formation of [Ru'(bpy);]*". The expected intermediates, [Ru(bpy)(bpyNO)]** and
[Ru(bpy);]**, were detected by EPR. In addition, a new signal with gy = 2.38, gyy =2.10, and g,
= 1.85 was observed and tentatively assigned to a complex with the dissociated ligand, such as
[Ru(H,0)(bpy)2(bpyNOou)]**. The spectroscopic signatures of [RuY=0(bpy)a(bpyou)]*" were
not observed, although, DFT analysis and [Ru'(bpy);]** formation suggest this intermediate. Thus,
[Ru'l(bpy)2(bpyNO)]** has a potential as a light-induced oxidizer.
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5.2 Introduction

149-153

The Ru based coordination compounds were developed as catalysts , photo-sensitizers

154,155 " and anti-cancer drugs. '*% 3" Multiple Ru-based polypyridine complexes draw considerable
attention as they are easily modifiable, stable catalysts and sensitizers in the processes with the
harsh reaction conditions, such as the oxidation reactions.”® % 15° Their analogues, the Ru
coordination compounds with polypyridyl N-oxides, were noted in the multiple Ru based catalytic
systems under the conditions of water oxidation.5% 7% %4 160 The polypyridyl N-oxides are the
reactive compounds with applications in chemical synthesis, catalysis, and drug design. '! 162
Their combination with the photo-active Ru catalytic centers may result in novel, unusual
properties particularly suitable for the oxidation reactions. > 193 Out of these considerations, we
studied the photochemical transformations of [Ru'l(bpy)2(bpyNO)]** (1-NO), a compound with
pronounced light- sensitivity.”*°7 Its structural predecessor, [Ru(bpy)s;]** (1), is widely known as
a photosensitizer with well understood photochemistry and has wide-ranging applications in a
photo-redox catalysis. '®+1% The analogs of this compound are also used in dye-sensitized solar
cells. '*7 This compound appears as a single product of (1-NO) irradiation. Previously, (1-NO)
behavior was analyzed in oxidation .”* For instance, the oxidation of (1-NO) in the dark with
Ce(IV) ammonium nitrate (Ce') resulted in a majority conversion to [Ru(bpy)2(bpyNO)]**. A
minority, assigned to an open form, [Ru'(H.0)(bpy)2(bpyNOou)]**, is capable of O-O bond
formation and O, evolution via proposed [RuV=0(bpy)2(bpyNO"ou)]*" intermediate. ** After
oxidation with Ce!V in the dark, the Ru'Y=0 moiety vibration was detected at ~ 799 cm™'. ** Here,
we describe the behavior of (1-NO) under the illumination with visible light (530-650 nm).
Relatively short (5 — 30 minutes) exposure of (1-NO) solution in water or acetonitrile to ambient
light resulted in irreversible changes in its UV-Vis absorption spectrum. We were able to
characterize a final product of the light induced transformation as (1). We propose that light
induced *[Ru™(bpyNO~")(bpy).]*" is capable of dissociating the N-oxide group with formation of

[RuV=0(bpy)2(bpyou)]*" intermediate, which later reduces to (1) and water.

5.3 Experimental section
5.3.1 Synthesis:

Complex (1-NO) was prepared and synthesized using the published procedure. **
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5.3.2 Sample illumination:

All samples were exposed to LED lamps with 530 nm (10W), 650 nm (10W), and 760 nm
(15W). The spectrum of each LED was measured, and FWHM of each LED was less than 15 nm.
Each sample was exposed to intense LED light (15 cm away from the light source) for 30 minutes
in a heat bath, to keep the temperature constant (room temperature) during the experiment. No

change in the neutral pH was observed while irradiating samples in water.

5.3.3 Raman Spectroscopy:

A HeCd CW laser (442 nm and ~15 mW) was employed for the resonance Raman. The
measurement was conducted at room temperature and hence the sample was in liquid form. To
minimize background, measurements were done on a hanging drop, partially extruded from a
syringe pre-filled with sample solution. The sample area directly exposed to the laser beam was a
circle with a diameter of ~ 0.5 mm. The laser beam was focused on the sample with fused silica
lens with 10 cm focal length. The light (Raman signal) collecting system consisted of two fused
silica lenses, the first lens was the same lens which focused the laser beam on the sample, the
second lens focused the collected signal on the monochromator slit. The slit width during the
measurement was 70 um. A Semrock edge pass filter prevented Rayleigh scattering to get into the
monochromator. A holographic grating with 1800 I/mm was used. An iDus 420 Andor camera was

used.

5.3.4 EPR Spectroscopy:

200 pl of sample with 1 mM concentration in 0.1 M HNO3z was added to EPR tubes and
frozen in liquid nitrogen (in less than 30 sec). Low-temperature (20 K using ColdEdge closed cycle
cryostat) X-band EPR spectra were recorded with a Bruker EMX X-band spectrometer and X-
Band CW microwave bridge. For EPR signal quantitation, the standard EPR sample tubes were
filled with the samples through all of the resonator space. The signal intensities were measured on
the same day, also in the same conditions, to allow direct comparison of the signal intensities. For

the spectrum simulation SimFonia software from Bruker was used.
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UV-Vis absorption spectroscopy: A Cary 300 UV-Vis spectrometer was used for the
absorption measurements. The sample was held in a quartz cuvette with 1 mm light path at room

temperature.

5.3.5 Oxygen-evolution measurement:

Oxygen-evolution measurements of 1 mM and 4 mM Ru(bpy)(bpyNO)(PFes)>» water
solutions were performed under irradiation with visible light. In a typical experiment, 0.5 ml of (1-
NO) solution was added to an Oxygraph System (Hansatech Instruments Ltd.) chamber and
constantly stirred, followed by illumination with a 150 Watt halogen lamp, covering the entire
visible range, for 30 minutes. The oxygen concentration was recorded as a function of time.
Calibration was performed by measuring a signal in oxygen-saturated deionized water (284 uM/L

at 20° C), followed by an addition of the oxygen-depleted reagent (sodium dithionite).

5.3.6 DFT:

Gaussianl6 software with the B3LYP exchange-correlation (XC) functional was used for
DFT calculations. The 6-31G* basis was set for all organic atoms (C, O, N, H), and the all electron
DGDZVP basis was set for the Ru atom. To model water solvation, the CPCM polarizable
conductor model was used. The value of the reference potential (NHE) was assigned to 4.44 V and

the solvation free energy of a proton was set to —11.64 V.

5.3.7 Nuclear magnetic resonance spectroscopy:

NMR spectra were recorded on a Bruker AV-III-HD-400 400MHz spectrometer and
chemical shifts were referenced to solvent residual peaks.

1H NMR of (1-NO) (400 MHz, CD3CN) o/ppm: 8.98 (d, 1H), 8.70 (d, 1H), 8.57-8.50 (m, 2
H), 8.38 (dd, 2H), 8.25 (t, 1H), 8.09 — 8.05 (m, 4 H), 7.98 - 7.88 (m, 4 H), 7.84 (d, 1 H), 7.75 —
7.69 (m, 2 H), 7.48 (d, 1 H), 7.41 (t, 1 H), 7.31-7.26 (m, 2 H), 7.22 — 7.15 (m, 2 H).

1H NMR of (1-NO) (400 MHz, D>0) o/ppm: 8.96 (d, 1 H), 8.74 (d, 1 H), 8.60-8.58 (m, 2
H), 8.46-8.42 (m, 2 H), 8.26 (t, 1 H), 8.19 (s, 1 H), 8.15 (s, 1 H), 8.10 — 8.03 (m, 2 H), 8.01 — 7.88
(m, 5 H), 7.69 (t, 1 H), 7.55 (d, 1 H), 7.40-7.33 (m, 3 H), 7.26 (t, 1 H), 7.21 — 7.13 (m, 2 H).
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In-situ NMR experiments were performed in DO (> 99,8 atom % D) and CD3CN (> 99,8
atom % D) by irradiating of D20 and CD3CN solutions with LEDs at 520 nm and 659 nm.

1H NMR (400 MHz, D,0) o/ppm after irradiation: 8.55 (d, 6 H), 8.05 (t, 6 H), 7.82 (d, 6 H),
7.38 (t, 6 H).

1H NMR (400 MHz, CD3CN) o/ppm after irradiation: 8.51 (d, 6 H), 8.07 (t, 6 H), 7.74 (d, 6
H), 7.41 (t, 6 H).

5.4 Results
5.4.1 Redox behavior:

In the previous report, we outlined the main spectroscopic and redox properties of
[Ru'l(bpy)2(bpyNO)]** (1-NO). ** (1-NO) is EPR silent with Ru?" in the d° electronic configuration,
a singlet (S = 0) low spin state and the neutral ligands. A singlet state allows a convenient
investigation of (1-NO) by NMR. Upon addition of one equiv of an oxidant or reductant, it
converts into S=1/2 species [Ru(bpy)2(bpyNO)]** ** (will be discussed later in the EPR studies
section) and [Ru'l(bpy)2(bpyNO™)]'", correspondingly. An EPR spectrum of the reduced (1-NO)
(Figure 5-1) was generated by addition of one equiv of sodium ascorbate (Asc). The EPR spectrum

was simulated with g-factors gxx = 2.02, gyy = 1.99, and g,, = 1.87 and Axx = 12 G, Ayy =34
G and A,, = 11 G. The signal shape and g-factor of reduced (1) [Ru'(bpy)2(bpy™)]'*, were reported
previously '8 and are significantly different from the reduced (1-NO) in Figure 5-1. Note that Asc
is a mild reductant with estimated ~ -0.3 V redox potential. '® Earlier, it was found that the N-
oxides of pyridine origin were difficult to reduce in the aprotic solvents. !’° An interaction of a
polypyridine N-oxide ligand with the Ru" center is likely to lower the reduction potential. The
redox potential for the reduction of (1-NO) was measured as -0.4 V vs. NHE by cyclic voltammetry
in acetonitrile solution with 0.1 M Et4NCIOg4 as an electrolyte.

Table 5-1 shows the DFT estimated redox potentials. A one electron oxidation allows
conversion of the Ru center to a paramagnetic [Ru(bpy)2(bpyNO)]*", while further oxidation to
[Ru" (bpy)2(bpyNO)]*" is thermodynamically prohibitive, Table 5-1. The reduction is ligand-
centered and produces the bpyNO™ ligand. A closed configuration, where bpyNO™ is a bidentate
ligand to Ru atom, is a predominant state since the reaction occurs in the dark and also previous

published data has shown that closed configuration is thermodynamically more favorable. ** !
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Nevertheless, a possibility of an open configuration should not be excluded. Regardless of the
configuration, a reductive potential of the [Ru'(bpy)2(bpyNO™)]!" species is estimated to be
significantly more negative than for the Asc used to generate the unique [Ru'(bpy)(bpyNO™)]'*
EPR signal, Table 5-1. Previously, it was shown that DFT results for the Ru complexes can deviate
up to ~ -0.5 eV for the reduction reactions. !’* The calculations presented in Table 5-1 for the
[Ru'(bpy)2(bpyNO™)]'* and [Rul(bpy)2(H20)(bpyNO Hou)]!" correctly predict the localization of
an unpaired electron on the bpyNO ligand. We conducted the DFT calculations for multiple
possible configurations of the reduced [Ru'l(bpy)2(bpyNO™)]'* species and found that only the
[Ru'l(bpy)(bpyNO™)]'" and [Ru'{(H.0)(bpy)(bpyNO Hou)]** species were energetically viable and
provide reasonable '*N hyperfine splitting (hfs), Table 5-2. The EPR signal in Figure 5-1
resembles the EPR spectrum of Ru'' complexes with NO* such as trans-[Ru''CI(NO")(cyclam)]"
with gxx = 2.03, gyy = 1.99, g,, = 1.88 and “N (I=1), hfs Axx =17 G, Ayy =32 G, A, =15G '
and trans-[Ru"(NO")((CH3sCH2),PCH,CH2P(CH2CH3)2):Cl]* with g = 2.01, gyy = 1.98, g, =
1.88, hfs Axx = 18 G, Ayy = 35 G, A,, = 19 G '3, Following redox potentials were reported for
other Ru complexes with [Ru(NO)(L)s]** structures, such as trans-[Ru(NO)Cl(cyclam)]** with -
0.37 V vs. Ag/AgCl ' trans-[Ru(NO)CI(1-(3-propylammonium)cyclam)]** with -0.34 V vs.
Ag/AgCl1' trans-[Ru(NO)CI(15aneN4)]*" with -0.28 V vs. Ag/AgCl '7® and fac-[Ru(NO)Cla (k>
N* N® N'!(1-carboxypropyl)cyclam)]” with -0.39 V vs. Ag/AgCl "7 . (See Figure 4-2 for the

structures)
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Figure 5-1. X-band EPR of [Ru'{(bpy)(bpyNO"")]'* obtained by (1- NO) reduction with

ascorbate in water. The measurement was conducted at 20 K, using a modulation
amplitude of 10 G and 30 mW of power. Dashed line is the simulated spectrum.
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Table 5-1. Redox properties of [Ru'(bpy)2(bpyNO)]** and [Ru'l(bpy)s]** from DFT

analysis?
E%/V
Asc > Asc”+e +H' -0.01
[Ru'(bpy)2(bpyNO™)]'" = [Ru''(bpy)2(bpyNO)]*" + & -1.39
[Ru'(bpy)2(H20)(bpyNO"Houw)]*" > [Ru'(bpy)2(H20)(bpyNOaw)*" + € -1.45
+H"

[Ru'(bpy)2(bpyNO)I** = [Ru"(bpy)2(bpyNO)]*" + ¢ +1.00
[Ru"(bpy)2(bpyNO)** = [Ru" (bpy)2(bpyNO)]** + ¢ +2.88
[Ru'(bpy)s]*" > [Ru"!(bpy)s]* '+ ¢ +1.29

(1.27 178
[Ru'(bpy)s]""=> [Ru'(bpy)s]*'+ ¢ 171 (-

1.31178)

?The values in the parenthesis are from the experiment
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Table 5-2. Relative energies and N hfs for selected configuration of [Ru(bpy)2(bpyNO)]'*

species.
Species: N hfs, G | Free Energy, | Relative N-O
(Ayy:AxcAn) Hartree energy, eV | distance, A
[Ru'l(bpy)(bpyNO™)]"* 13;2;2 |- 0 1.354
6003.667367 (836 cm™)
5-coordinate - +0.68 1.292
[Ru'(bpy)(bpyNO"ou)] " 6003.642298
5-coordinate 20.3;8.6;8 | - +0.59 1.423
[Ru'{(bpy)(bpyNOH ou)I** 6004.073328
[Ru"(H20)(bpy)(bpyNO™our)]"* - +0.87 1.316
6080.048229
[Ru"(H20)(bpy)(bpyNOH wu))]** |  30.62; 17.6; | - +0.82 1.477
19.63 6080.478178
[Ru'((OH)(bpy)(bpyNO™ out)] - +2.33 1.296
6079.566980
[Ru"(OH)(bpy)(bpyNOH ou)]'* 26.2;14.4; | - +1.78 1.441
15.5 6080.014961
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Figure 5-2. The structure of some Ru with NO ligands that were mentioned in the text
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5.4.2 Spectroscopic Study

Spectroscopic characterization of the final product of light induced (1-NQO) transformation:
Previously, our group ** and others °7 have noted an extreme light sensitivity of (1-NO). To gain
further insight, the light induced changes were monitored using UV-Vis, NMR, and resonance
Raman spectroscopy, Figure 5-3, Figure 5-4, Figure 5-5, Figure 5-6, Figure 5-7. We have
compared spectroscopic properties of (1-NQ) after a light irradiation with spectra of (1). It was
found that the product of (1-NO) irradiation resembles (1). The irradiation for 30 minutes was
performed using three LED monochromatic light sources at 760, 650 and 530 nm. We recorded
absorption spectra of irradiated (1-NQ) with different irradiation times (Figure 5-3B) and found
that 30 minutes light exposure is sufficient to achieve the end of photo reactivity under the
experimental condition. 760 nm light was not effective in changing (1-NO) because of the lack of
(1-NO) absorption at that wavelength. Despite the low absorption at 650 nm, a conversion of (1-
NO) to (1) occurs, which shows an extent of (1-NO) light sensitivity. As a result of the illumination,
the main MLCT peak in (1-NO) is blue-shifted for about 10 nm to coincide with the main MLCT
of (1) while the broad peak at ~560 nm largely disappeared. It was observed that (1-NQO)
transforms to (1) by the illumination with both 650 and 530 nm light, Figure 5-3A. The
deconvolution of UV-Vis at 650 nm shows that 70% of (1-NO) converted to (1), 11% remained
intact, and 9% formed other intermediates, Figure 5-4. In UV-Vis absorption spectra, a greater

effect was observed under illumination with the 530 nm light. In this case, a new absorption band

I I

around 750 nm appeared. This band could be assigned to the Ru™ species since the Ru™' complexes
have an absorption band in the 750 nm region. Asc caused this absorption band to disappear which

also supports the assignment of the 750 nm band to the Ru'".
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Figure 5-3. A) Absorption spectra of ImM (1-NO) and (1) solutions in water (pH = 7) before
and after the irradiation with the different wavelengthes (760 nm, 650 nm and 530 nm) marked
by the arrows. The solutions were irradiated for 30 minutes at a room temperature. To examine
the reversibllity, 20 equiv of Acs was added to reduce the sample after the irradiation with the
530 nm LED (dash blue line). Although the small absorption band around 750 nm dissapeared
upon Asc addition, no absorbtion maximum shift was observed (green line). The black line is
the spectrum of (1). B) Absorption spectra of ImM (1-NO) in water. Each spectrum was
irradiated with ambient light with different exposure time
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Figure 5-4. Absorption spectra of ImM (1-NO) -orange-, (1-NO) exposed
to 670 nm for 30 minutes -gray-, and (1) -blue- in water . The green
spectrum consists of 70% of the blue and 11% of the orange. The yellow
spectrum is the difference between gray and green.
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Figure 5-5. NMR spectra of (1), (1-NO) and (1-NO) illuminated with 650 nm
light in D-O.
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Figure 5-6. Resonance Raman spectrum of 3 mM solution of (1-NO) in water (pH= 7) before
(orange curve) and after (blue curve) exposure to an ambient light. Spectrum was recorded with
442 nm laser excitation at a room temperature. The measurement took 100 seconds to minimize the
laser damage. The second measurement occurred after 30 minutes of the ambient light exposure of
the sample. The insert is focused on 827 cm™! band and corresponding fits.
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Figure 5-7. X-band EPR spectra (20 K) of illuminated and oxidized (1-NO) and (1). Green
and red curves represent (1-NO) irradiated with 530 nm and 650 nm light. Black curve is (1-
NO) oxidized with 1 equiv Ce!" in the dark. Blue curve is (1-NO) oxidized with 20 equiv of
Ce!V after an exposure to an ambient light for three days. The inserted structures are added to
depict a closed and open configuration. pH for Ce!Y mixture was set 1 and for the rest of
samples it was 7.

NMR spectroscopy showed evidence of (1-NO) to (1) conversion, Figure 5-5. NMR

17 and has a distinct signal because of its D3 point group

spectrum of (1) is well known
symmetry. The majority of the (1-NO) converts to (1) in D20 after 30 minutes of 650 nm
illumination, Figure 5-5. A spectrum after irradiation with the 530 nm light is not shown

I

because the peaks are less resolved due to a presence of paramagnetic Ru™ in the reaction

mixture. This result is in agreement with the UV-Vis spectroscopic data of the Ru' at 530 nm.

A presence of the Ru'

species was later confirmed by EPR, Figure 5-7.
A resonance Raman spectroscopy with an excitation by the 442 nm laser was used to
analyze the structural changes in (1-NO), Figure 5-6. The band at 827 cm™! is typical for the

Ru-O-N vibration.”* 169180 After the illumination all the vibrational bands of (1-NO) remain,
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except the 827 cm™! band, which loses its intensity. In Figure 5-6 insert, the fitted data show
that the intensity of the Ru-N-O band reduced by more than 76%.

EPR studies were used to investigate the paramagnetic intermediates and products of
illuminated (1-NO). Both Ru" and Ru'Y are EPR silent, while Ru'" and Ru" are paramagnetic
with S=1/2. Ru¥ complexes with polypyridine ligands are scarce and also may be
thermodynamically inaccessible in some complexes.”* 1®* The characteristic g-factors of Ru"
92130 have not been observed in EPR spectra in this study. Light exposed (1-NO) solutions
|

showed a formation of at least two coexisting Ru

=2.64, gyy = 2.22, and g,, = 1.74, while the second has gxx = 2.38, gyy = 2.10, and g,, = 1.85

species. One intermediate has g-factor, gxx

(Figure 5-7, red and green spectra). We assigned the first one to a Ru'"

complex with the
oxygen atom in bpyNO ligand coordinated to the Ru center of ([Ru(bpy)2(bpyNO)]*"), which
is also referred to as “closed form”. Addition of one equivalent of Ce'¥ to (1-NO) in the dark
produces the same signal (Figure 5-7, black line). The EPR signal of illuminated (1-NO) in
Figure 5-7 (green and red spectra) is significantly less intense than (1-NO) mixed with 1 equiv
of Ce! (black spectrum) which confirms the UV-Vis deconvolution assessment that the
majority of illuminated (1-NO) is not in the form of Ru'™ . In addition a new signal with gxx =
2.38, gyy = 2.10, and g, = 1.85 was observed and tentatively assigned to a complex with the
dissociated ligand such as [Ru™(H20)(bpy)2(bpyNOou)]**. Ru™ N-oxide g-factors similar to
the observed g-factors in this study have been reported previously.®> 160 180 For example, gxx =
2.31, gy = 2.2, and g, = 1.91 have been assigned to oxidized [Ru(bpyNO)(tpy)(H.0)]*
compound. Another study '*! on trans-[Ru'(bpy)2(H20):2]** reported gxx =2.38, gyy =2.27, and
g, =1.88. Lastly, to test (1-NO) to (1) conversion hypothesis, Ce!¥ was added to the prolong
light exposed (1-NO) and followed by a comparison with the Ce'"- oxidized (1) (Figure 5-7,

blue and magenta). This comparison indicates that the final products of the oxidized

illuminated (1-NO) and the oxidized (1) are similar.

5.4.3 Discussion of the mechanism of the light induced transformation

Ru polypyridine complexes are well known for their distinct photo-physical properties.
182,183 (1) and the similar Ru- based complexes are among the most studied systems since they
are widely used as photosensitizers. °* 13 Absorption of a photon in (1) followed by an

intersystem crossing results in a triplet state of (1):
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[Ru" (bpy)3]** + hv = [Ru'(bpy);]*** = 3[Ru''(bpy),(bpy )]**

The lifetime of the charge separated state is solvent dependent, but on average is ~ 1 pus.

%% (1-NO) system may undergo similar light excitation and charge separation processes:

[Ru'! (bpy),(bpyNO) 1** + hv - [Ru''(bpy),(bpyNO) ]***
- 3[Ru' (bpy),(bpyNO™)]**

Figure 5-8 red arrows represent this path. In (1), due to its D3 point group symmetry, any
of the ligands can be reduced, while for (1-NQO) the bpyNO ligand becomes reduced due to
higher electronegativity of its N-O moiety. Figure 5-8 depicts a spin density distribution for
the (1-NO) triplet state to illustrate an electron localization on the bpyNO ligand. We compared
well known photoluminescence of (1) %, (1-NO) and (1-NO) exposed to a light, Figure 5-9.
The intensity of the spectrum is lower in (1-NQO) compared to (1). A ~ 4 nm redshift in the
emission spectrum of (1-NO) indicates the smaller energy band gap between the singlet ground
and excited state in (1-NO).

As experimental data strongly supports (1-NO) to (1) conversion, we proposed several
viable pathways for this conversion, Figure 5-8. Since no O, evolution was observed for this
system under light illumination (Figure 5-9), the oxygen from the bpyNO ligand would be
released either as water or as O°H radical. In Figure 5-8, one pathway proceeds with the

RuV=0 formation. First, the Ru'Y intermediate would be reduced to Ru™

followed by a
conversion to the Ru" species with the release of H-O. DFT calculations predict a negative free
energy for Ru!V to Ru'™ and Ru'to Ru" reductions. Table 5-3 presents possible reactions and
their corresponding energies. Although this path is thermodynamically favorable, two
electrons and protons are needed for its completion. The initial Ru'" complex can serve as a
reductant to achieve the Ru'"' state. [Ru™(bpy)s]** is known to spontaneously decay in the basic
solutions with [Ru'l(bpy)s]** formation. '8¢ Some literature reports indicate a possibility of a
hydroxyl radical production from reduced N-oxides via protonation '¥’. De-coordinated bpy-

N-oxide ligand can potentially engage in such a pathway (Figure 5-9) producing highly

reactive hydroxyl radical, which may have potential in the biomedical applications, such as
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cancer treatments.!% 137 188 However, it is an energetically more demanding pathway (Table
5-3) and we did not observe any indication of O*H radical formation (data not shown). In both
pathways, we assumed that (1-NO) is in water solution, where the protons needed for the
transformation are readily available. In an attempt to determine the solvent dependency of the
(1-NO) conversion to (1), we illuminated (1-NO) dissolved in trifluoroethanol, which is a non-
coordinating solvent, Figure 5-11. Although, to a lesser extent, the conversion still occurs in
trifluoroethanol. Other possible pathway, that may be solvent-independent, is oxygen atom
transfer from [RuY=0(bpy)2(bpyou)]*" to the solvent, organic impurities or bpy ligand with

consecutive degradation.

122



[Ru"(bpyNO)(bpy).1***

hv

Y

Energy

[Ru¥=O(bpy), (bpyl,I**

out

170

[Ru'(bpyNO)(bpy) I

[Ru'(H,0)(bpyNO)_, (bpy)

H++é‘|
_—— -

T
|
| hd

h 4

[Ru"(H,0){(bpyNO'H)

(bpy) I

out

out

[Ru"(OH) (bpyNO)_ (bpy) 12+

2

+4H*>‘[RU'”(HO)(bpy)m(bpy)zl“

Y

[Ru'(H,0)(bpy)

out

(bpy), I

-

P

A4

[Ru'(bpy),I**

Y

[Ru'{H,0)(bpy)_(bpy),I**

r
HQ

-
-

[Ru'(bpy).J*

Figure 5-8. Possible pathways of conversion of (1-NO) to (1) upon light irradiation. So and
S1 are the singlet ground and excited states, T is the excited triplet state. The spin density of
the triplet state is at the top and shows the electron localization on the bpyNO ligand. The
triplet state could transform into two main structures initiating different pathways.
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Figure 5-9. Oxygraph data of (1-NQO) solution exposed with light. No changes in
oxygen concentration have been detected during the irradiation. The experiments have
been repeated for 3 times for each concentration of Ru(bpy)2(bpyNO)(PF6)> and
demonstrated the similar results.
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Figure 5-10. Emission spectra of 0.08 mM of (1), (1-NO), and light exposed (1-NO) in water.
(1-NO) is approximately redshifted by 4 nm. The excitation light was 350 nm
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Figure 5-11. Absorption spectra of ImM (1-NO) and illuminated (1-NO) in different solvents.
All the light induced samples are illuminated with 670 nm LED for 30 minutes.
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Table 5-3. Calculated energies of light driven reactions with DFT (the photon energy is not
explicitly entered in the calculations) #

Reaction Energy
(eV)
[Ru"(bpyNO)(bpy)2]** + hv = *[Ru'"'(bpyNO~)(bpy)2]*" +1.71
[Ru'l(bpyNO)(bpy)2]** + hv = 5-coord *[Ru'l(bpyNOou)(bpy)2]** +1.69
*[Ru"(bpyNO~)(bpy)2]*" = [Ru""=O(bpy)2(bpyou)]** -1.02
S[Ru™(bpyNO™)(bpy)2]**+ H20 = [Ru"(H20)(bpy)2(bpyNOou)]* -0.77

[Ru'(bpyNO)(bpy)2]*” + [Ru™Y=O(bpy)a(bpyau)]*” + H'= [Ru'(bpyNO)(bpy)2]*" + | 0.04
[Ru"((OH)(bpy)a(bpyou)I**

[Ru'(bpyNO)(bpy)]** + [Ru(OH)(bpy)a(bpyou)]*” + H'= [Ru'(bpyNO)(bpy)2]*" + | 0.21
[Ru'(H20)(bpy)2(bpyou) I

[Ru"(H20)(bpy)2(bpyou)]*" = [Ru"(bpy)3]*" + H20 -1.31

[Ru"(bpyNO)(bpy)>]** + [Ru'Y=O(bpy)2(bpyou)]** +2H'= [Ru"(bpyNO)(bpy).]** | -0.79
+HRu"(bpy)s]*" + H20

[Ru¥=O(bpy)a(bpyou)’*  +  [Ru'(H20)(bpy)2(bpyNOwu)**  +  H"  =| -0.16
[Ru"(OH)(bpy)2(bpyou)]** + [Ru" (H20)(bpy)2(bpyNOou)]**

[Ru(bpyNO)(bpy)2]*" + hv + H20 = [Ru"(OH)(bpy)2(bpyNO Hou)]** +3.06
[Ru'(bpyNO)(bpy)2]>" + hv + H" [1 5 coord -[Ru™(bpy)2(bpyNO Hou)]** +2.03

® The energy of the complexes can be found in Table 5-4
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Table 5-4. (1-NO) and possible intermediates theoretical free energy by DFT

Charge, Spin

Chemical formula multiplicity Energy (Hartree )
[Ru(bpyNO)(bpy)2]** 2,1 -6003.5559
S[Ru(bpyNO™)(bpy)2]** 23 -6003.4931
[RuY=0(bpyou)(bpy)2]*" 23 -6003.5306
[Ru(OH)(bpyou)(bpy)2]** 22 -6004.1567
[Ru(H20)(bpyou)(bpy)21** 21 -6004.7759
[Ru'(bpy)s]** 21 -5928.4111
[Ru"(H20)(bpyNOou)(bpy)2]** 21 -6079.9343
[Ru™(OH)(bpyNOou)(bpy)2]** 22 -6079.3175
[Ru™(H,0)(bpy)2(bpyNO" out)** 23 -6079.8925
[Ru™(H20)(bpy)2(bpyNOH out)]** 33 -6080.3074

5.5 Conclusions

I have investigated the photochemical and redox behavior of very light sensitive (1-NO)
complex. The bpyNO ligand in (1-NO) undergoes a reduction to bpyNO™ in the presence of
the mild reducing agent Asc. The UV-Vis, NMR and Raman spectroscopy confirm the
formation of (1) as a single product of the light irradiation of (1-NO). EPR signals observed in
the solutions of (1-NO) upon the irradiation were assigned to the open and closed forms of the
Ru'" intermediates. The simulated hfs are in agreement with the EPR measurements and the

previous reports of NO radicals coordinated to the Ru center. Several pathways were proposed

to explain the conversion of (1-NO) to (1) and validated with DFT calculations.
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