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Chapter 1

Introduction



1.1 Abstract

This chapter provides context to the work presented in this thesis; initially, the case is made for
why CO; reduction could be an effective approach to mitigating the negative impacts of
greenhouse gas emissions that are driving climate change. Photocatalysis and electrocatalysis
are then set out as approaches to achieve CO; reduction in a more sustainable manner,
particularly by using renewable energy sources. A general introduction to the principles of
photophysics is presented, followed by a review of common transition-metal complexes and
organic chromophores employed in CO,-reduction catalysis. Finally, an outline of the techniques
used to study the photophysical and electrochemical properties throughout is discussed;
including spectroelectrochemistry (SEC), time-resolved spectroscopies, and time-resolved

infrared spectroelectrochemistry (TRIR SEC).

1.2 CO; Reduction in the Context of Climate Change
1.2.1 Climate Change

Climate change has been the focus of global attention in the last decade, particularly in the
context of international commitments to limit global warming to +1.5 °C compared to
preindustrial levels. Anthropogenic sources are widely accepted as the leading contributor of
global warming. Fossil fuels are used for several energy intensive processes including transport,
industry, and energy generation: with combustion generating potent greenhouse gases including
carbon dioxide (CO3), methane (CH.), and nitrous oxides (NOx). These byproducts are released
directly into the atmosphere where they have acted to trap heat absorbed from solar radiation
in the atmosphere. Fossil fuel derived carbon dioxide (CO,) is the leading contributor to
greenhouse gas emissions, accounting for 74.5% of total global emissions in 2024, and despite
the aforementioned international commitments, global emissions increased by 1.3% in 2024
compared to 2023.! The Earth reached +1 °C global warming compared to pre-industrial levels
in 2017, with current trends indicating the Earth is on track to reach +1.5 °C global warming as
soon as 2030 (Figure 1.1).? The consequences of reaching the +1 °C global warming milestone
will be profound for the economies, populations, and ecosystems globally.® Continued warming
beyond this will exacerbate the effects of +1 °C global warming.? Thus, combating global warming

arising from anthropogenic climate change is at the forefront of environmental research.
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Figure 1.1. Projected global warming arising from anthropogenic climate change.?

Many approaches have been explored to combat anthropogenic climate change; carbon capture
aims to prevent the release of greenhouse gas emissions into the atmosphere from
anthropogenic sources, conversion to green energy sources such as wind or solar power aims to
prevent the formation of those greenhouse gases in the first instance, green fuels which are
energy carriers that have non-polluting byproducts have also been sought to replace fossil fuels.*
Molecular hydrogen (H;) has been considered as a potential green fuel to replace fossil fuels as
it is a high gravimetric energy density molecule, and the byproduct of its combustion is water
making it a carbon-free fuel.> H; is also a valuable industrial material as it is used in many
industrial processes, the Haber process famous among these. However, due to its low abundance

on Earth, H, must be synthesised in a sustainable manner if it is to supplement the current usage

of fossil fuels.

H, is classified depending on how it is produced with grey, blue, and green H, being the most
common types. Among these, grey H, is the most widely available and is generated from fossil
fuel sources, thus, grey H, cannot be used as a green fuel alternative. Blue H;is produced in a
similar manner and is therefore not referred to as a green fuel, however, carbon capture
technologies can be employed to minimise the impact of this industrial process. Green H, is
produced by water electrolysis using renewable energy sources. Green H; can be further
categorised depending on the renewable energy source used to drive the electrolysis of water,
with solar being used for yellow H, for instance. Solar energy is the most significant energy

source available to us, with solar radiation providing 173,000 TW per hour based on the solar



minimum of 1361 W/m2.% Annual energy consumption globally reached a record high of 620 EJ
in 20237, equivalent to 172,200 TWh, thus capturing the energy from an hour of solar irradiation

would supply the annual global energy demands.

Therefore, photocatalytic water splitting for H, generation has become a focus of research since
the first dyes-sensitised solar cells (DSSCs) were developed by Gratzel et al. in 1981 followed
later by the development of the photoelectrochemical cell (PEC).2° There are two main energy
conversion steps in the generation of yellow Hy; solar to electric, then electric to chemical energy.
Each energy conversion has an associated energy loss, with the first step having a maximum
energy conversion efficiency of 30.7% for a silicone-based device.® Thus, direct solar to chemical
energy conversion, known as photocatalysis, should reduce energy loss by reducing the number
of energy conversion steps. Photocatalysis has also been used to reduce CO; into its C1 synthons
(carbon monoxide, formate, methane, methanol, etc.) since the inception of DSSCs.!! CO,
valorisation, that is conversion of CO; into another form that has value or use, is required to
make CO; reduction catalysis an economically viable approach to combat rising greenhouse gas
emissions. This is an important consideration if CO; reduction catalysis is to be widely adopted,
particularly in developing countries which have traditionally undertaken industrialisation with

relatively cheap but also heavily polluting fossil fuels.

1.1.2 Photocatalysis

Water splitting, the most widely used reaction for photocatalytic H, generation, is described in
the overall water splitting reaction (OWS) below in Equation 1.1. The OWS can be further broken
down into the H, evolving half reaction (HER) and the molecular oxygen (0Oz) evolving half
reaction (OER) (Equations 1.2 and 1.3, respectively). The OWS requires a Gibbs free energy (AG°)
of 237.2 kJ/mol, which equates to a potential (E°) of 1.23 eV or 1008 nm.'? Water does not
however spontaneously decompose upon exposure to sunlight, thus, the energy for the reaction
must be absorbed by another molecule and later transferred to a reaction centre. Due to
radiative and non-radiative pathways associated with photoexcited species, which is discussed
in more detail later, the absorption of higher energy light is required to account for energy loss
arising from excited-state processes to ensure the energy supplied to the reaction centre meets
the AGP requirement. As is evident from the AM1.5 solar irradiance spectrum (in Figure 1.2), a
significant amount of the incident light meets this minimum energy requirement, with the solar
maximum appearing in the visible region. Thus, photocatalytic materials are designed to have

absorption features in the visible region to capture the available light.
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Figure 1.2. AM1.5 solar irradiance spectrum (300-2000 nm). The grey-shaded region indicates
the spectral region where photocatalytic water splitting is energetically accessible (A < 1008 nm).
The rainbow-shaded region (380—750 nm) indicates the visible region coinciding with the solar
maximum.

1
Hy0 — Hy + 50,

Equation 1.1. Overall water splitting (OWS) reaction.

2H* + 2~ — H,

Equation 1.2. Hydrogen evolving half-reaction (HER).

202" —4e” — 0,

Equation 1.3. Oxygen evolving half-reaction (OER).

For CO; reduction, the minimum energy requirement is dependent on the product being formed.
The proton-assisted CO, reduction reactions (Equations 1.4-1.8) are multi-electron pathways
that can be undertaken for C1 synthon formation, with CO formation requiring two electrons and
CH4 requiring eight electrons in the most extreme cases for the C1 synthons. CO and formic acid
(HCOzH) are widely encountered as reaction products in CO, reduction catalysis. CO is widely

used in industrial processes. HCO,H is a proposed H, storage material; the poor volumetric



energy density of H, and challenges associated its storage are overcome by combining it with
CO; to form HCOzH, which is more easily handled. The energy required for these reactions
(reported as potentials against a standard hydrogen electrode (SHE) in water at 25 °C, pH 7,

)14,15

under 1 atm of gases are lower than that of the OWS, meaning the same spectral window

determined for photocatalytic H, generation in Figure 1.2 can also be applied for photocatalytic
CO; reduction into its C1 synthons. Thus, photocatalytic H, generation and CO; reduction can be

performed in tandem.

CO, +2H* +2e~ - CO + H,0 [E = —0.53 V]

Equation 1.4. CO; reduction yielding carbon monoxide (CO) and HO.

CO,+2H* +2e~ -> HCO,H [E = —0.61V]

Equation 1.5. CO; reduction yielding formic acid (HCO,H).

CO, + 4H* + 4e~ - HCHO + H,0 [E = —0.48 V]

Equation 1.6. CO; reduction yielding formaldehyde (HCHO) and H:O.

CO, + 6H* + 6e~ — CH30H + H,0 [E = —0.38 V]

Equation 1.7. CO; reduction yielding methanol (CH;OH) and H-O.

CO, + 8H* + 8¢~ - CH, + 2H,0 [E = —0.24 V]

Equation 1.8. CO; reduction yielding methane (CH4) and H:O.

Two components are key to designing a photocatalytic assembly; a light absorbing unit called a
photosensitiser (PS) and a catalytic centre (CC) which can undertake the desired reaction. It is
also important that the energy absorbed by the PS upon photoexcitation is transferred to the CC
by electron transfer to drive the desired photocatalytic reaction. When these assemblies are
present in the same medium these are named homogeneous assemblies. Heterogenous

assemblies typically involve immobilising one or both components onto a semiconductor surface



and photo-generated electrical energy to drive the desired chemical process, as discussed
further in the following section on electrocatalysis. Two strategies can be employed in designing
homogeneous assemblies as illustrated in Scheme 1.1. in intermolecular assemblies the PS and
CC are present as separate molecules, whereas in intramolecular assemblies these components
are covalently linked via a bridging ligand (BL) with the supramolecular assembly being called a

photocatalyst. The ideal properties of photocatalysts are summarised below.*®

1. Photocatalysts need suitable photophysical properties with high molar extinction
coefficients (¢) and broad absorption in the visible region to benefit from solar
irradiation.

2. Long-lived photoexcited species with lifetimes (t) in milliseconds are desirable to ensure
that electron transfer from the PS to the CC occurs.

3. The redox properties of the photocatalyst should allow for efficient electron transfer
from the PS to the CC.

4. High photostability of the photocatalyst is necessary to guarantee its long-term

operation under photocatalytic conditions.

In intermolecular assemblies, for electron transfer to occur from a photoexcited PS (PS*) to a CC
a collision between PS* and CC molecules is needed. However, random collisions between the
various components in a photocatalytic assembly can also eliminate photoexcited species before
the desired reaction can occur, diminishing the performance of these assemblies. Intramolecular
assemblies avoid the requirement for chance encounters by allowing for electron transfer to
occur within the photocatalyst, leading to an increasing interest in their development. However,
charge recombination and back electron transfer processes can impede the performance of
intramolecular assemblies.’” Overcoming these losses in efficiency requires tuning of the excited
state pathway to ensure the photoexcited electron moves onto the CC and remains there for a
sufficient period of time to allow the photocatalytic reaction to proceed. Accordingly, an
understanding of the photophysical properties of photocatalysts is crucial to assessing the
photocatalytic performance of these materials; therefore, a general introduction to photophysics

is provided later in this chapter.
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Scheme 1.1. Schematics of (A) an intermolecular and (B) an intramolecular photocatalytic
assembly. (BL = Bridging ligand, CC = Catalytic Centre, PS = Photosensitiser, SED = Sacrificial
electron donor. 1. HER, 2. CO; reduction reaction into CO or HCOH).

1.2.3 Electrocatalysis

Electrocatalysis combines electrochemistry, involving the conversion of electrical energy into
chemical energy, and catalysis, which increases the rate of a chemical reaction.® In
electrocatalysis, one overall reaction takes place within the electrochemical cell consisting of two
half-reactions involving cathodic (reduction) and anodic (oxidation) processes, so named for the
electrodes at which they occur. Using the example of OWS mentioned earlier (Equation 1.1), the
HER half-reaction is the cathodic process and the OER half-reaction is the anodic process

(Equations 1.2 and 1.3, respectively).

Electrocatalysis occurs between the electrocatalyst at the surface of an electrode and the
reactants dissolved in the bulk electrolyte solution; making it a form of heterogeneous
catalysis.’® The electrical double layer, consisting of a diffusion layer and a reaction-diffusion
layer as illustrated in Scheme 1.2, is key to understanding how the reactant(s) and product(s)
behave near the electrode surface.’ The diffusion layer is the region near the electrode surface
where the bulk electrolyte solution can interact with the local electrode environment, but

remains minimally affected by the potential applied at the electrode surface. The reaction-



diffusion layer is region of the diffusion layer in closest proximity to the electrode surface and so
is the region where the desired electrocatalytic reaction occurs. Accordingly, mass transport of
reactants and products between these layers significantly influences the reaction kinetics.
Particularly, the diffusivity and concentration of the reactant or product in the bulk solution, the
rates of adsorption (of the reactant) and desorption (of the product) to and from the electrode
surface, and the kinetics of the catalytic reaction itself are all interlinked in electrocatalysis.'?°
Stirring or flow of the electrolyte solution during electrocatalysis is employed to ensure constant
diffusion of fresh electrolyte into the reaction-diffusion layer. It also supports more rapid
desorption of the product, which is particularly important upon the formation of gaseous
products that can reduce the total electrode surface area available for catalysis by the

accumulation of bubbles at the electrode surface.
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Scheme 1.2. An illustration of an electrical double layer during electrocatalysis with mass
transport, adsorption, and desorption steps indicated. Note that the layers, and also the particles,
are not to scale. A = reactant molecules, B = product molecules, e~ = electrons, A—B represents
a redox catalytic reaction; if an electron is added = reduction, if an electron is lost = oxidation.

The electrochemical cells used for electrocatalysis take into consideration the formation of
different reaction products at each electrode; accordingly, the electrodes are placed in separate

compartments to maintain separation of the reaction products, but which are linked by an ion-



exchange membrane to complete the electrical circuit (see Figure 1.3). Three types of
electrochemical cells are typically encountered in CO; reduction electrocatalysis; H-cells, Flow-
cells, and membrane-electrode assemblies (MEA-cells). The H-cell is the electrochemical cell
most widely used by researchers for electrocatalysis; however, H-cells are known to have slow
reaction kinetics.?! Flow-cells and MEA-cells are better candidates for the deployment of
electrocatalysis on the industrial scale.??2 Flow cells for CO; reduction effectively create a tri-
phasic system, with a gas phase, liquid phase, and solid phase corresponding to CO; gas, the
electrolyte, and the electrocatalyst, respectively. This is facilitated by a gas-diffusion electrode,
whereupon continuously flowing CO, gas can pass through a microporous electrode emersed in
the electrolyte.’®2122 |n this setup CO, mass transport into the diffusion layer of the electrode is
avoided which greatly enhances the efficiency of Flow-cells. In MEA-cells, all components are
combined into one compartment by putting each electrode into direct contact with the ion-
exchange membrane. This simpler assembly minimises the distance between electrodes, which
lowers the cell resistance (i.e. how much a material opposes the flow of electric current within

the cell) and lowers the energy input required to conduct electrocatalysis.?%?2

GOE Cathode

GDE Cathode

H-Cell

Flow-Cell MEA-Cell

Figure 1.3. Electrochemical cells for electrocatalysis; (A) H-Cell, (B) Flow-cell, (C) MEA-Cell.??

While photocatalysis can take advantage of direct solar irradiation, electrocatalysis must drive
catalysis from electricity. As previously discussed, most of the world’s electricity is generated by
the combustion of fossil fuels which is the leading contributor to anthropogenic climate change.
Therefore, electrocatalysis using fossil fuels derived electricity does not advance the goal of
limiting further greenhouse gas emissions. Instead, the use of renewable energy sources for
electrocatalysis is more appropriate for CO, reduction. Presently, most electric grids are not
separated according to the energy source used to generate the electricity that passes through

them. As such, it is very challenging to perform green electrocatalysis at scale — doing so will
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require significant changes to how electricity is generated. One alternative is for an
electrocatalysis facility to operate its own dedicated renewable energy source that is
disconnected from the wider electric grid. However, the cost associated with such an endeavour
is likely prohibitive for industrial scale-up and it would take time to establish; these are
incompatible with the aspirations set out by governments and international organisations in

global climate goals.
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Figure 1.4. Photoelectrochemical cell with a dye-sensitised semiconductor with a mediator redox
species in the electrolyte solution.’

Hence, solar energy may aid in overcoming these challenges. Particularly, the previously
mentioned PEC can be used to generate electricity from solar irradiation for use in a chemical
process.’® As illustrated in Figure 1.4, a dye that is sensitised onto a semiconductor surface can
absorb incident light and inject the generated charge into the semiconductor that forms part of
the anode. The now oxidised dye is reductively quenched by a mediator in the electrolyte, and
the oxidised mediator can then be used to perform redox chemistry; in this example an oxidation
half reaction. The circuit is complete by reduction of the mediator at the cathode which restores
the system to its starting conditions. A reduction half reaction can be performed in a tandem cell
with a dye-sensitised semiconductor in the cathode. Since the absorption of light is critical to the

activity of the PEC, it is also useful study the photophysical properties of catalysts, dyes, and
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semiconductor materials employed in electrocatalysis in order to assess their suitability for use
in PECs. Therefore, a general introduction to photophysics is provided in the following section

which is later used to assess the catalysts studied throughout this thesis.

1.3 General Introduction to Photophysics

For any chemical process initiated by the absorption of a photon by a molecule, including
photocatalysis, it is important to understand how that molecule behaves under irradiation by
light. Most neutral molecules have an even number of electrons, resulting in the highest
occupied molecular orbital (HOMO) being fully occupied. Such a system can be described as a
closed-shell system, with a half-filled valence orbital being an open-shell system. According to
the Pauli Exclusion Principle, two electrons occupying the same orbital must have opposite spin
guantum numbers (i.e. ms = *1/2). In the case of spin-paired electrons, where the paired
electrons have opposite spin quantum numbers, the opposite spins cancel out resulting in the
total spin angular momentum (S) of the molecule being 0. The spin multiplicity of the molecule
is determined using Hund’s Rule of maximum multiplicity (25+1)%>-%%; accordingly, for a molecule
with S of 0, the spin multiplicity is 1 and is described as the singlet ground state (So) as illustrated
in Figure 1.5. Upon photoexcitation, an electron is promoted to a higher energy state where it
retains its opposing spin as a singlet excited state (S»). It is also possible for the spin of the
photoexcited electron to flip so that both electrons have the same spin, this results ina S of 1
and a spin multiplicity of 3; described as the triplet excited state (T»). The lowest unoccupied
molecular orbital (LUMO) is populated in the lowest energy excited state. The HOMO-LUMO
energy gap corresponds to the lowest energy light that the molecule can absorb that results in

an electronic transition.
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Figure 1.5. Spin-state diagram of a closed-shell system displaying the singlet ground state (So)
and the singlet and triplet excited states (S; and Ti, respectively). The total spin angular
momentum is given as S and the spin multiplicity as 25+1.

The pathway for a photoexcited electron for larger molecular systems can be complex and so are
typically represented on Jablonski diagrams?®; a representative diagram is given in Figure 1.6 and
is accompanied by the following discussion. According to the Franck-Condon principle, the lower
mass of electrons compared to atomic nuclei gives rise to more rapid electronic motions (<103
s) than nuclear vibrations (101-10*? s).2® Consequently, initial photoexcitation results in the
population of the Franck-Condon excited state (Sn), which retains the same nuclear geometries
as the Sp ground state. This is followed by rapid vibrational cooling (VC), which is the transition
from a higher energy vibrational state to lower energy vibrational state within the same
electronic state. Since multiple electronic excited states can be populated subsequent to
photoexcitation, the excited state dynamics of molecules can often involve additional transitions
between electronic excited states including internal conversion (IC) and intersystem crossing
(ISC).?” IC describes the conversions from a higher energy electronic state to a lower energy
electronic state of the same multiplicity (i.e.: S»—Sn.1). ISC describes conversions from a higher
energy electronic state to a lower energy electronic state of a different multiplicity (i.e.: Sh—Th).
Restoration of the ground-state from the lowest energy excited state of either multiplicity occurs

via radiative processes (emission) or non-radiative processes.
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Figure 1.6. Simplified Jablonski diagram outlining typical excited state processes observed in
photophysical studies. Thick horizontal lines represent the electronic states, and thin horizontal
lines are the vibrational states. Spis the singlet ground state, Si;/T;are the lowest-energy
singlet/triplet excited states, and S,/T, are higher-energy singlet/triplet excited states.

Molecular orbital theory can be used to describe electronic transitions in terms of the
redistribution of electron density from its origin to a destination within the molecular structure.?®
In this model, the atomic orbitals involved in molecular bonding are considered; for example,
combining two s-atomic orbitals yields two o-molecular orbitals with bonding and anti-bonding
character. The lower energy molecular orbital has bonding character due to the electron density
being shared by both atomic orbitals, while the higher energy molecular orbital has anti-bonding
character due to electron density being repelled from the atomic orbitals. Using the previous
example, the o-molecular orbitals can be considered to have bonding (o) and anti-bonding (o*)
character. The non-bonding (n) orbitals arise from lone pairs of electrons localised on one atom
that do not participate in any bonding interactions. Key electronic transitions between these
molecular orbitals include metal-centred, ligand-centred (LC), and charge transfer transitions as

detailed below.

1. Metal-centred electronic transitions involve the metal-based non-bonding (t2) and anti-
bonding (eg) d-orbitals.®® Metal-centred transitions are more common amongst
complexes of the 1% row transition metals; reduced octahedral-field splitting of the ty
and eg orbitals in 1% row transition metals results in a lower energy gap for metal-centred

transitions compared to 2"¢ and 3™ row transition metals.?%3°
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2. LC electronic transitions occur between molecular orbitals within a ligand.? These are
particularly apparent in aromatic ligands with large m-conjugated systems, which have

extended m-molecular orbitals with bonding (rt) and antibonding (rt*) character.

3. Charge transfer electronic transitions typically invovle the transfer of an electron
between metal-based and ligand-based orbitals.?® These transitions can be further
subdivided according to the directionality of electron density redistribution; namely,
ligand-to-metal charge transfer (LMCT) and metal-to-ligand charge transfer (MLCT).
Charge transfer excited states can have a significant impact on the oxidation state of the
metal; LMCT transitions result in the reduction of the metal centre, whereas MLCT
transitions increase the oxidation state of the metal as the ligand is reduced. Intraligand
charge transfer (ILCT) transitions involve the redistribution of electron density between
orbitals on different molecular components within the same ligand. ILCT transitions can
also impact on metal-ligand interactions depending on the movement of electron

density towards or away from components in close proximity to the metal centre.

These electronic transitions correlate to features in the absorption and emission profiles of
molecules. The absorption of a photon can result in So—S, and So—T, transitions. However,
So— T, transitions have a low probability due to the need to flip the spin of the photoexcited
electron, resulting in low intensity So—T, absorption bands. Accordingly, the spin-forbidden
nature of ISC results in longer T, excited-state lifetimes (ca. >107s) than S, excited-state lifetimes
(ca. <10® s).3! El-Sayed’s rules allows for ISC to occur when combined with a change in the
molecular orbital; for instance, a 'm—m* excited state can readily undergo ISC to the 3h—n*
excited state, but not the 3n—m* excited state.3? Additionally, Kasha’s rule states that appreciable
emission only occurs from the lowest-energy electronic excited state of a given multiplicity.3® As
such, emission from the singlet excited state, called fluorescence, occurs from the lowest energy
singlet excited state (Si). Similarly, emission from the triplet excited state, called
phosphorescence, occurs from the lowest energy triplet excited state (T:). The type of emission
observed for a particular molecule is dependent on the kinetics involved in the IC and ISC
processes. Therefore, studying the emission lifetime can reveal both the lowest energy electronic
excited state populated by a molecule and the spin-multiplicity of that excited state. Additionally,
time-resolved spectroscopic studies can be implemented to monitor the evolution of the

populated excited states in a photoexcited molecule.?’
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1.4 Properties of Photocatalytic Components
1.4.1 Properties of CO; Reducing Catalytic Centres

Transition metal complexes were originally used in the design of photocatalysts; with their visible
region absorption properties, long-lived triplet excited states, multiple accessible oxidation
states, and the robust photostability of many transition metal complexes. Indeed, [Ru(bpy)s]*
and its derivatives have been widely used as the photosensitising component in many
photocatalytic assemblies due to the MLCT transition occurring in the visible region (ca. 450
nm).3*3¢ Additionally, the 3MLCT excited state of [Ru(bpy)s]Cl, has a lifetime of 731 ns in argon
saturated DCM, while other Ru(ll) polypyridyl complexes have triplet lifetimes ranging from 180—
1500 ns.3” The noble metals (Re, Ru, Os, Rh, Ir, Pd, and Pt) are typically employed as the CC in
these assemblies due to their implementation as catalysts for range of reactions.?® Re(a-diimine)
tricarbonyl complexes are established CO; reducing photocatalysts, stemming from work on the
Lehn catalyst [Re(bpy)(CO)sX] (where X = Br or Cl)%, their visible region absorption profiles allow
them to utilise solar irradiation (Figure 1.2). The 3MLCT excited state of [Re(bpy)(CO)sCl] has a
lifetime of ca. 600 ns in DCM, with other Re(a-diimine) tricarbonyl complexes having lifetimes

ranging from 300-650 ns.>*
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Figure 1.7. Transition metal complexes commonly used as components in photocatalytic
assemblies. Left — [Ru(bpy)s]** a common PS. Right — Re(bpy)(CO)sX, where X = Br or Cl, a common
photocatalyst for photocatalytic CO; reduction.

Many photocatalysts use [Ru(bpy)s]?* and [Re(bpy)(CO):X] (where X = Br or Cl) as building blocks
for supramolecular assemblies (Figure 1.7), resulting in the formation of polynuclear assemblies
(distinguished by the number of metal centres in the assembly) allowing for the multiple

photoexcited electrons needed for catalysis to be supplied to the CC by multiple PSs instead of
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one PS supplying multiple photoexcited electrons. Some examples of 2" and 3™ row transition
metal photocatalysts are given below (Figure 1.8) with at least one of these building blocks
present in their structure. The Ru-Rh-Ru complex studied by Rangan et al. is an example of
multiple [Ru(bpy)s]** PS units covalently linked to a Rh-based CC achieving turnover numbers
(TON) of 1 — 38 for H, generation depending on the counterion and photocatalytic conditions
used.”® Koike et al. studied a Ru-Re binuclear complex bridged by a short alkyl chain for
photocatalytic CO, reduction under a variety of photocatalytic conditions yielding a maximum
TON for CO of 3029.% Kowacs et al. studied a series of Ru-Pd and Ru-Pt complexes for H,

generation with TON ranging from 69 — 650.%?
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R = p-FPh, Ph, OEt R =H, CO,Et, M=Pd or Pt, X = Cl or |, Sol = Solvent

Figure 1.8. Examples of photocatalysts with [Ru(bpy)s]**-like PSs incorporated into their
structure.**-%2

However, the noble metals have a relatively low abundance on Earth. Consequently, attempts
are being made to design photocatalysts with 1 row transition metal complexes with higher
abundance than their 2" and 3™ row counterparts; particularly Mn, Fe, Co, Ni and Cu complexes

which have multiple accessible oxidation states and are amongst the most abundant metals on
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Earth. However, the excited-state lifetimes of 1*' row transition metal complexes are known to
be shorter compared to other transition metal complexes; with [Fe(bpy)s]?* having a sub-
picosecond triplet excited state lifetime compared to those of [Ru(bpy)s]?** complexes (ca. 700
ns).374% Additionally, the paramagnetic nature of many 1% row transition metal complexes and
the increased lability of ligands in 1% row transition metal complexes are reported to limit their

use as catalytic materials.*
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Figure 1.9. (Top) Structure of 1° row transition metal complexes with relatively long-lived excited
state lifetimes. Left: cis-[Fe(pdmi),;]**, Right: [Mn(pbmi),]**. (Bottom) Structure of a bimolecular
Mn photocatalyst [Mny(bpy)2(CO)s].

Recent attempts at extending the excited state lifetimes of 1% row transition metal complexes
have seen some successes, utilising Fe and Mn complexes (Figure 1.9). A 1.67 ns lifetime has
been reported for an Fe tetracarbene complex (cis-[Fe(pdmi);]?*)*°, while the 190 ns lifetime of
a related Mn tetracarbene complex ([Mn(pbmi),]*)*® is much closer to typical 3MLCT lifetimes of
2" and 3™ row transition metal complexes. However, whether the extended excited state
lifetimes of these 1% row transition metal complexes correspond to improved photocatalytic
activity remains to be studied by their incorporation into a photocatalytic assembly. Recently, a

dimeric Mn complex, [Mn2(bpy).(CO)s] was studied as a photocatalyst activated by either blue
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or red light; the lower energy red light was sufficient for homolytic cleavage of the Mn-Mn bond
thereby releasing the active catalyst while irradiation below 500 nm resulted in decomposition

of the Mn dimer.#’

Another approach to circumvent the use of noble metals in photocatalysts is to use organic PSs.
One such example is [ZnP-phen=Re] as illustrated in Figure 1.10, where zinc porphyrin covalently
linked to a [Re(phen)(CO)sBr] moiety yielding a TON for CO of 1300; representing an
improvement on the photocatalytic performance of [Re(phen)(CO)sBr] which had a TON of 2
after 24 hours under the same conditions.*®*° Porphyrins have long-lived T, excited states, for
example ZnTPP has a triplet lifetime of 190 us in toluene, up to 3 orders of magnitude longer
lived than that of [Ru(bpy)s])** (t = 180-1500 ns).3”*° Recalling that long-lived excited states are
desirable for photocatalysis, the incorporation of an organic PS can enhance the photocatalytic
performance of a photocatalyst compared to a purely inorganic assembly. Accordingly, the

properties of organic PSs are discussed further in the following section.

ZnP-phen=Re

Figure 1.10. Structure of [ZnP-phen=Re].

1.4.2 Organic photosensitisers

As mentioned previously, PSs have been utilised to further tune the optical properties of
photocatalysts into the visible region. However, the cost, both financially and environmentally,
of extracting transition metals has led to the development of metal-free PSs in photocatalytic
assemblies. Organic compounds with large m-conjugated systems have strong visible region
absorption features and so have been sought out as metal-free PSs for photocatalytic assemblies.
N-heterocycles are widely implemented as organic photosensitisers including carbazoles, boron-

dipyrromethenes (BODIPYs), and porphyrins whose structures are provided in Figure 1.11.
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Figure 1.11. Structure of N-heterocyclic organic PSs commonly used in photocatalytic assemblies.

Porphyrins have seen extensive study in photocatalytic assemblies as a biomimetic system;
particularly chlorophylls, whose structure contains a porphyrin, are present as the key
photosensitising component in photosystem |l for plant-based photosynthesis.>* BODIPYs are
structurally related to porphyrins, comprising half of a porphyrin ring. BODIPYs are typically
incorporated as acceptor moieties in donor-rmt-acceptor (D-m-A) assemblies which exhibit ILCT
properties, where the charge transfer occurs from the donor to the acceptor across a -
conjugated linker. Carbazoles are also used in D-1t-A assemblies, but as the donor moiety. Many
D-mt-A assemblies are described as push-pull systems for their ability to direct electron density
within that assembly via ILCT. These organic PSs are characterised by long-lived triplet excited
states which are key to many photochemical processes, including photocatalysis as identified
earlier in this chapter.>?>* Thus, tuning of the donor and acceptor moieties can be performed to
enhance ILCT; in an intramolecular photocatalytic assembly this can be used to direct electron

density towards the CC.

Another family of organic-based photosensitisers are rylene-imides (Figure 1.12); whose
structures compose of varying numbers of conjugated naphthalene units appended by either
one imide group (monoimide) or two imide groups (diimide). Rylene diimides behave as acceptor
units in D-m-A assemblies. Particularly, perylene diimides (PDI) and naphthalene diimides (NDI)
have been utilised in many photo-based applications including photosensitising materials.>%>4>7
Naphthalimides (NIs) are the simplest version of a rylene-imide, containing only one
naphthalene moiety in the core and one imide group. Functionalisation of NIs can be conducted

at the N-imide moiety or on the aromatic core. The properties of NlIs are discussed further in the

following section.
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Figure 1.12. Chemical structure of common rylene-imides.

1.4.3 Properties of Naphthalimides

The macrocyclic core of Nls, comprising of two-fused 6-membered aromatic rings as indicated in
Figure 1.13, contains 10-mt electrons following Huckel’s rule of aromaticity (4n+2 m-electrons,
where n = 2). The substitution of alkyl or aryl groups via the imide N-atom aim to improve their
solubility. Substitutions on to the aromatic core of NI via the 2, 3, and 4-positions have been
carried out extensively; however, the 4-position has been favoured due to the ability to form

resonance structures with the carbonyl groups of the imide moiety.*®

4 5
3 6
2 7
1 8
O I?I O
R

Figure 1.13. The 10-rt electron aromatic core of NI is highlighted with labels for the 1-8 positions.

The UV-Vis absorption spectra of Nis feature a mixture of m—mn* and n—n* transitions in the
near-visible region (330—-370 nm). In the UV-Vis absorption spectra of NlIs with unsubstituted

aromatic cores, vibrational structure can be seen with a n—m* transition at ca. 330 nm and a
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n—Tt* transition at ca. 345 nm, accompanied by narrow and vibrationally resolved fluorescence
bands appearing ca. 340-460 nm.>® Substitution with an electron-donating group, such as an
amine, at the 4-position of NI it is possible for two resonance structures to form via a push-pull
effect in the NI moiety (Figure 1.14). This gives rise to internal charge transfer (ICT) from the
electron donating amine to each of the electron withdrawing carboxy groups caused by the
amine and the carboxy groups. ICT causes changes of the m—n* and n—mt* transitions in the
UV-Vis absorption spectra of Nlis; for instance, ICT is sensitive to solvent polarity, with

bathochromic shifts observed in increasingly polar solvents.*®
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Figure 1.14. The possible resonance forms arising from the push-pull effect for Nis with an amine
at the 4-position.

ICT in Nls results in a reduction in the m—mt* energy and an increase in the n—mt* energy arising
from the stabilisation of the non-bonding orbitals of the carboxy groups. Consequently, broad
n—T* absorption and emission features are observed that are bathochromically shifted
compared to unsubstituted Nls (ca. 350 — 550 nm). Furthermore, the lowering of the n—m*
energy increases the probability of populating the singlet mn—mt* excited state and thus, causes
an increase in the emission intensity coupled with higher fluorescence quantum yields due to
reduced rates of ISC.>° In contrast, substitution of an electron-withdrawing group, such as a nitro
group, reduces fluorescence quantum yield compared to the unsubstituted Nls. This is due to a
lower n—Tt* energy allowing for greater population of the non-emissive triplet n—mn* excited
state via ISC, in-line with El-Sayed’s rules.? Therefore, the spectral and photophysical properties
of Nis are governed by the energy gap between the n—n* and the 3n—m* excited states, which

can be modulated by modifying the substituent present at the 4-position.

Transition metal complexes can also be linked via the imide N-atom to adjust their photophysical

properties further into the visible region.>®%® Extending m-conjugation across the imide group is
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achieved by direct conjugation of the NI moiety with an aryl substituent via an N-heterocyclic
ring. Such systems have been previously prepared by linking rylene diimides to an a-diimine
group via an imidazole ring.?*"% While the absorption profiles were extended into the visible
region and triplet lifetimes were observed up to 440 us have been reported, the poor solubility
of such systems in non-acidic solvents remains an issue.®*%* Alternatively, covalently linking
another molecular component to Nl via the imide N-atom has a negligible impact on the spectral
properties of Nls owing to the poor electronic coupling across the formed o-bond.>® Accordingly,
a weakly coupled bichromophoric assembly is formed when NI is attached to another
chromophore in this way; where the absorbance profile of the bichromophore appears as the
sum of the individual chromophores.®> While the absorption profile of the bichromophore
remains largely unchanged compared to the individual chromophores, the emission profile may
change drastically arising from new excited state pathways.®® By selecting the appropriate
chromophore to accompany NI, a wider spectral region may be absorbed by the bichromophore

and used to access the excited state(s).

The two rhenium tricarbonyl complexes presented in Figure 1.15 illustrate some of the
approaches by which a rylene core may be modified and functionalised; with [Re(dmb)(CO)s(Py-
DPA-NDI)]PFs modified via the imide groups, while [Re(bpy-C2-NPDI-R)CI] was functionalised on
the PDI core and the imide groups. In the study of [Re(dmb)(CO)s;(Py-DPA-NDI)]PFs, it was
reported that extending the distance from the NDI core to the rhenium metal centre with an
electron accepting diphenyl anthracene moiety allowed for rapid electron transfer to the
rhenium metal centre upon photoexcitation while also inhibiting back transfer to NDI resulting
in the formation of a long-lived excited state species (t = 43.2 us).%® While these excited state
properties are ideal for photocatalysis, as discussed earlier, the photocatalytic performance of
this complex has not yet been assessed. The effect of the substitution of electron donating or
electron withdrawing groups onto the PDI core, in the series studied by Koenig et al., revealed
that electron withdrawing groups deactivated the complex for photocatalysis while electron
donating groups enhanced it; with [Re(bpy-C2-NPDI-NH,)Cl] yielding the highest TON for CO of

234 in this series of complexes.®’
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Figure 1.15. Structure of three Rhenium tricarbonyl complexes covalently linked to an organic PS.
(Top) [Re(dmb)(CO)s(Py-DPA-NDI)]PFs, (Bottom) [Re(bpy-C2-NDPI-R)CI].

Compared to their larger rylene diimide counterparts, the NiIs have seen limited attention for
photocatalytic and electrocatalytic systems. This may be due to the limited visible-region
absorption profile of Nis, which precludes their use in setups that use solar irradiation — though
as discussed earlier, their optical properties can be tuned to improve their visible-region
absorption. Photocatalytic studies by Case, Spear, and co-workers showed that [Re(NO,—NI-
phen)(CO)sCl] (see Figure 1.16) can be used to reduce CO; to HCOH, yielding a maximum TON
of 533 with 110 equiv. of BIH in 1:9 (v/v) DCM:MeOH and 450 — 460 nm irradiation.®®®° A catalytic
pathway is proposed in the studies by Spear et al., which involves the formation of a hydride
complex whereupon CO, can bind via the Re-H bond.%® While this pathway is known for other
[Re(a-diimine)(CO)sCl] catalysts in the literature, and is likely the case for this complex, direct
evidence for the formation of any of the intermediate species is absent. Instead, the
enhancement of the photocatalytic activity in the presence of a hydride donor is used to support
the proposed pathway. Furthermore, their system had a TON of 176 in the absence of light
irradiation; which is significant catalytic activity to arise from no apparent stimuli.®® Certainly, the
presence of [Re(NO,—NI-phen)(CO);Cl] is important for catalysis in their system, with only a TON
of 6 in its absence; however, the proposed photo-induced mechanism cannot account for the

apparent activity in the dark.
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Figure 1.16. Structures of the NiI-containing CO; reduction catalysts studied by Case, Spear, and
Co-workers [Re(NO,—NI-phen)(CO)sCl], and Franco et al. [Re(PNI-phen)(CO)sCl] and [Re(PNI-Ph—
bpy)(CO)sCl].

Franco et al. studied the [Re(PNI-phen)(CO)sCl] and [Re(PNI-Ph—bpy)(CO)sCl] complexes
illustrated in see Figure 1.16 (where PNI = 4-piperidinyl-1,8-naphthalimide) as both a
photocatalyst and electrocatalyst for CO; reduction.”® These structures differ from [Re(NO—NI—
phen)(CO)sCl] by the substitution of the strongly electron-donating piperidinyl group instead of
the electron withdrawing NO, group. Additionally, a phenyl spacer is present between the bpy
and NI moieties in [Re(PNI-Ph—bpy)(CO)sCl], unlike the phen and NI moieties in Re(PNI-
phen)(CO)sCl]. The results of photocatalysis and electrocatalysis with both complexes yielded CO
as the main reaction product instead of HCO,H, with enhanced electrocatalytic activity observed
for both complexes. The enhanced electrocatalytic activity is attributed to electron transfer from
the PNI moiety to the singly reduced Re—phen metallacycle, which occurs at less negative
potentials than the second reduction of the Re—phen metallacycle typically needed to yield the
active catalyst.”* Furthermore, the greater activity of [Re(PNI-Ph—bpy)(CO)sCl] over [Re(PNI-
phen)(CO)sCl] (TON = 64 and 44, respectively) is attributed to the presence of the phenyl spacer
which reduces back-electron transfer.’”® However, no experimental evidence is provided that
demonstrates different back-electron transfer rates, or even forward-electron transfer, between
the two complexes; with only theoretical calculations indicating different electron transfer rates

are possible.
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The studies of the Nl-containing CO, reducing catalysts showcase their photocatalytic and
electrocatalytic activities. However, absent from these studies are direct evidence of the
proposed pathways and mechanisms involved in forming the active catalyst, or their deactivation
in the case of back-electron transfer. This is a significant gap in this research that makes devising
improved photocatalysts and electrocatalysts challenging. If the proposed bottlenecks to the
activity of these materials were identified and understood, new catalysts containing NI electron
reservoirs could be devised towards improving their ability to catalytically reduce CO; under

photochemical or electrochemical conditions.

1.5 Techniques Used to Study Photocatalysts and Electrocatalysts
1.5.1 Spectroelectrochemistry

Electrochemistry is often employed to identify the presence of redox processes; however, it is
not ideal for characterising the intermediate species or products of those redox processes.
Spectroelectrochemistry (SEC) combines electrochemistry with spectroscopic techniques, which
are more suitable for obtaining qualitative and quantitative information about redox processes
and the formed intermediate species and products. IR and UV-Vis spectroscopies are widely used
in SEC and are discussed further; though combinations with Raman, NMR, and Mass

spectrometry are also possible.”?

UV-Vis spectroelectrochemistry (UV-Vis SEC) takes advantage of UV-Vis spectroscopy to study
the intermediate species or products of redox processes. As explained earlier in this chapter,
electronic transitions are dependent on the energy gap required to excite an electron from a
lower energy occupied molecular orbital to a higher energy unoccupied molecular orbital. By
adding or removing electrons from a molecule, as performed in UV-Vis SEC studies, the energy
gaps change and give rise to different electronic transitions. Therefore, the UV-Vis spectra of
redox species will have unique spectral features based on the redox process undertaken and its

effect on the molecular orbitals.

In a similar fashion, IR spectroelectrochemistry (IR SEC) employs IR spectroscopy in the study of
intermediate species or products of redox processes. When IR radiation has the same frequency
as the vibrational frequency of a bond in a molecule, that radiation is absorbed by the molecule.
A changing dipole moment is required for a molecule to be IR-active; typically, molecules with
heteronuclear bonds are IR-active while homonuclear bonds are IR-inactive.” In IR SEC studies,

the addition or removal of electrons from a molecule can also induce changes in the dipole
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moments of bonds, with bonds that are in closer proximity to the redox centre having greater
changes in their dipole moments. Therefore, the IR spectra of redox species display unique
spectral features according to the proximity of molecular bonds to the region of the redox

process undertaken.

A = ecl

Equation 1.9. Beer-Lambert Law; A = absorbance, € = molar extinction coefficient, ¢ =
concentration, | = path length of light through the cell.

IR studies conducted in solution can suffer from interference from the solvent, which may also
interact with IR radiation; this may be overcome by using thin-layer liquid films (< 100 um). While
reducing the path length can minimise spectral features from the solvent, this also requires a
higher concentration of the analyte to obtain sufficiently detectable analyte absorption readings
according to the Beer-Lambert law (see Equation 1.9). This becomes a challenge when
conducting IR SEC experiments, since higher sample concentrations are needed with small
sample volumes. One advantage such a setup is that when the cell height is smaller than the
diffusion length, total electrochemical conversion can be achieved more easily; thus, IR spectra

for each redox species may be obtained.

Accordingly, an optically transparent thin-layer electrochemical (OTTLE) cell is widely used in SEC
experiments.”® In this configuration, the sample with electrolyte is loaded between IR-
transparent windows such as CaF;, with the electrode assembly contained within the space
between the windows. As a result, a thin layer of liquid analyte is sandwiched between the
electrode and the transparent IR windows. Such a setup can be used for transmission IR SEC and
UV-Vis SEC studies; where the IR/UV-Vis beam passes through a mesh working electrode, where
the local sample absorbs part of the IR/UV-Vis radiation and the rest is transmitted through the
cell towards the detector. The resulting difference between the emitted light and the detected

light creates the IR or UV-Vis spectrum of the redox species.

1.5.2 Time-resolved Spectroscopy

For catalytic systems, insights into their reaction mechanism can be obtained using time-resolved
spectroscopy which monitors spectral changes over a period of time after excitation.®>7578

Certain time-resolved spectroscopic techniques use pump-probe configurations to cause
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photoexcitation of a sample (i.e. pump) and then spectroscopically monitor the behaviour of the
formed excited state(s) upon absorbing a secondary laser pulse (i.e. probe).”®# Pump-probe
configurations have been developed to study excited-state processes at many timescales,
generally from femtoseconds (10> s) to milliseconds (103 s). Thereby, the evolution of the
populated excited states, more commonly referred to as excited-state dynamics, can be
monitored form shortly after excitation until the restoration of the ground state. While many
spectroscopic techniques can be combined with time-resolved spectroscopy, three are used
throughout this thesis; transient absorption (TA) spectroscopy, time-correlated single photon
counting (TCSPC), and time-resolved infra-red (TRIR) spectroscopy. A brief outline of these time-

resolved spectroscopic techniques is provided herein.
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Figure 1.17. (A) A schematic diagram of a TA pump-probe spectroscopic setup. (B) Representative
TA spectrum (black) comprised of individual components ESA (red), GSB (green), and SE (blue).
(C) Representative kinetic traces, positive traces are attributed to ESAs and negative traces are
attributed to GSBs and SE.””

TA spectroscopy monitors changes in the electronic transitions of excited-state species over time.
The pump-probe TA setup, illustrated in Figure 1.17A, operates as follows.”” The pump light
causes excitation within the pump-probe cross-section within the sample; therefore, a chopper
is used to alternate between pump-on and pump-off states. The probe light passes through a

delay-line before the sample; this allows for the probe pulse to be temporally offset from the
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pump pulse. A TA spectrum is obtained by subtracting the “pump-off” UV-Vis absorption
spectrum from the “pump-on” UV-Vis absorption spectrum. The resulting difference spectrum
is referred to as a TA spectrum (Figure 1.17B) which comprised of positive and negative spectral
features; excited-state absorption (ESA), ground-state bleach (GSB), and stimulated emission
(SE). ESAs are attributed to new absorption features populated excited state(s). GSBs arise from
depleted ground-state absorption features due to the population of excited state species. SE is
attributed to the emission of photons from an excited-state molecule populated subsequently
to the pump pulse; this can result in the appearance of negative features in the resulting TA
spectrum due to more photons reaching the detector than observed for the ground-state
molecule. A TA map is comprised of multiple temporally offset TA spectra; thus, showing the
spectral evolution over the timeframe of the experiment. Kinetic traces can be obtained by
monitoring the change in optical density (AO.D.) at a particular wavelength in a TA map over the
timeframe of the experiment (Figure 1.17C). The excited-state lifetimes of optically populated

excited states can be obtained from exponential fitting of the kinetic traces.

TCSPC is a form of time-resolved fluorescence spectroscopy, although it can be used to detect
phosphorescence as well, that records the time between an excitation pulse and the emission of
a photon by an excited-state species.””#! Accordingly, a sample must be emissive in order to
study it by TCSPC. A simplified diagram of a TCSPC assembly is provided in Figure 1.18 and
accompanies the brief explanation that follows.8? When a sample emits a photon, it is counted
by a detector and converted into an electric pulse. Correlation with the excitation electric pulse
gives the time delay of the counted photon. A histogram sorts the counted photon by arrival
time, which allows for a kinetic trace to be obtained. Exponential fitting of kinetic traces yields

the emission lifetimes of the optically populated excited state(s).

29



[
AL START Histog ramiing E
4 J |
Excitati Y gl
xcitation TCSPC ({1 § |
| JL STOP j ! é | ! .
I:I—* Detector |—| T | START L sToP  Time
I {Exdtation I (Detector
Sample _'rl_l’utsu]n _h_Signai} )
Time
(a) (b)

Figure 1.18. (a) A simplified diagram of a TCSPC setup and histogram, (b) a kinetic trace
overlayed with the start-stop timing mode.%?

TRIR spectroscopy uses a similar pump-probe setup as used in TA spectroscopy (Figure 1.17). The
key difference between these spectroscopies is the use of an IR probe in TRIR, which monitors
changes in the vibrational transitions of a sample.”” Since molecular vibrations are related to the
bonds present in a molecule, this technique provides insights into the redistribution of electron
density within the molecular structure upon excitation. Therefore, a more detailed account of
the excited-state dynamics can be obtained by adopting a combination of time-resolved
spectroscopies in a complete photophysical study. Photophysical studies are often carried out
along with photocatalytic studies, where the excited-state dynamics contribute to the activation
of the catalyst. Therefore, the combination of TA, TCSPC, and TRIR spectroscopies used in this
thesis provides insights into the character, kinetics, and molecular structure of the populated
excited state(s) of the studied samples which can be used to understand their relevance to the

activation pathways of the catalysts presented in subsequent chapters.

1.5.3 Time-resolved Infrared Spectroelectrochemistry

In this thesis, the TRIR and SEC techniques are combined into a new time-resolved infrared
spectroelectrochemistry (TRIR SEC) experiment. In TRIR SEC, an electrochemically produced
redox species can be generated in-situ within a pump-probe TRIR assembly as illustrated in
Figure 1.19A. An adaptation of a standard OTTLE cell, a slit in the working electrode, is made so
that the pump-probe beams of a TRIR assembly can pass through it (Figure 1.19B). The
electrochemical species present in the beam path is irradiated at an appropriate excitation

wavelength, determined from UV-Vis SEC studies, so that the electrochemical species is

30



promoted into an excited state. Thereby, the photophysical properties of the electrochemical
species can be analysed. Such a study becomes relevant when secondary absorption is possible
under irradiation conditions, making it important to understand the photophysical properties of

the redox species in addition to those of the parent species.
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Figure 1.19. (A) lllustrative diagrams of an OTTLE cell and a TRIR-OTTLE cell [CE = counter
electrode, WE = working electrode, RE = pseudo-reference electrode]. (B) Simplified schematic of
a TRIR SEC assembly including the TRIR-OTTLE cell.

The electrochemical reduction or oxidation of a closed-shell system transforms it into an open-
shell system, that is a molecule where the outermost orbital is half-filled. In the case of a
reduction, the redox species is a radical anion and in the case of an oxidation this is a radical
cation. Accordingly, different terminology is used when discussing the excited states of redox
species. For instance, the HOMO and LUMO terminology associated with closed-shell systems
are replaced with new terminology associated with open-shell systems; the highest-occupied

spin-orbital (HOSO) and the lowest-unoccupied spin-orbital (LUSO) terms. For any open-shell
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system, only one electron is present in the HOSO regardless of redox process undertaken, though
the energy of the HOSO orbital may be higher or lower depending on whether reduction or
oxidation has occurred. Accordingly, the singlet and triplet spin states are no longer
representative of the total spin angular momentum, S; for an open-shell system this is 1/2.
According to Hund’s rule of maximum multiplicity the corresponding spin-multiplicity is 2 and is
described as a doublet (Dy) spin state. Figure 1.20 below shows the evolution of a singlet ground
state species to the doublet ground state (Do) upon electrochemical reduction, with subsequent

photoexcitation to the lowest energy doublet excited state (D).
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Figure 1.20. Spin state diagram, following reduction of a singlet ground state (So) parent species,
of the doublet ground state (Dg) and the lowest doublet excited state (D1). The open-shell systems
are contained within the red box. The total spin angular momentum is given as S and the spin
multiplicity as 25+1.

Excited state interactions with doublet spin states can be complicated; often manifesting as
interactions between two doublet states, or between a doublet state and a singlet or triplet
state. The photophysics of many organic photosensitisers, including rylenes and rylene diimides,
have been manipulated by linking them to stable free radicals to create radical-chromophore
systems. In doing so, doublet and quartet excited states can be utilised to populate the triplet
excited states of organic photosensitisers that are not accessible by typical photoexcitation in
closed-shell systems.?® The greater reactivity of T, excited states makes radical-chromophore
systems a useful design approach for many photochemical applications requiring the population

of T excited states. The challenge with such systems is the design of radical-chromophore
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systems that populate the T, excited states required for these applications and is a growing area

of research.

1.6 Conclusions

As demonstrated in the study by Franco et al., incorporating electron reservoirs onto transition-
metal catalysts can positively influence electrocatalytic CO, reduction.” To fully realise the
promise of these electron reservoirs in other materials, and to extend this ability to
photocatalysis, a better understanding of the Nl-based electron reservoirs is needed. Roth and
co-workers provide an interesting assessment of current limitations in photocatalytic
efficiencies; a surface of 370 km? coated by the best known photocatalysts would be needed to
convert the CO, emitted by one cement plant in a year, whereas an equivalent capacity is
provided by a 200 km? forest using photosynthesis.®* Therefore, further advances in
photocatalyst design are needed so that improved efficiencies are attained. Identifying the
pathway leading to the active catalyst is important in understanding the catalytic activity of these
materials and is needed to recognise bottlenecks in these pathways during catalysis. In doing so,
one may bring the acquired knowledge to new catalyst materials with the aim of enhancing their

performance under catalytic conditions.

This thesis studies the photophysical and electrochemical properties of a series of CO, reducing
catalysts, consisting of NI moieties covalently linked to transition-metal catalytic centres, as CO»
reducing photo- and electrocatalysts. NIs were identified as ideal candidates for the studies
entailed in this thesis on account of their facile synthesis, tuneable optical and electronic
properties, and the poor understanding of their activation pathways under electrochemical and
photochemical conditions for CO, reduction catalysis. Three novel NI moieties are presented in
Chapter 2, with ethynyl-containing substituents appended onto the 4-position of the aromatic
of NI, which are linked to a [Re(phen)(CO)sCl] catalytic centre. Detailed photophysical studies of
this series of precursor catalysts are outlined which provide an account of the excited-state
dynamics of the ethynyl-appended complexes. Thereafter, the electrochemical, SEC, and TRIR
SEC studies of two precursor catalysts are exhibited in Chapter 3 to establish the activation
pathway under photocatalytic conditions. In doing so, bottlenecks in the activation pathway are

identified which account for the poor photocatalytic activity of these photocatalysts.

To support the movement of research with transition-metal catalysts to more Earth-abundant
metals, the Mn' analogues of the Re' complexes, studied in Chapter 3, were prepared. The

electrochemical and SEC studies of these Mn complexes are presented in order to determine the
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activation pathways leading to the active catalyst under electrochemical conditions. With these
studies it is also possible to identify the catalytic cycle by which these complexes are able to
electrocatalyse CO, reduction. Finally, a novel series of transition-metal complexes, containing
NI moiety appended with a malononitrile substituent, are characterised in Chapter 5. These

complexes are prepared for future work stemming from this thesis, as outlined in Chapter 6.

To conclude, the principles of photophysics and the overviews of key spectroscopic techniques
in the study of photo- and electrocatalysts are summarised in this chapter. These are considered
throughout this thesis, with the insights afforded by this research aimed at improving the design
of future CO, reducing photo- and electrocatalysts. The designed complexes take into
consideration the need to move to more sustainable materials by incorporating organic-based
PSs into their structure and by moving towards more Earth-abundant transition metals. Time-
resolved techniques and spectroelectrochemical studies are implemented to study the effect of
modifying the organic-based PS and eliciting the pathway leading to the formation of the active
catalyst in those photocatalytic assemblies. The performance of these complexes as CO, reducing
photo- and electrocatalysts are assessed. Despite their poor catalytic performance, the insights
gained into their activation pathways and catalytic cycles will lead to improved designs of future

photo- and electrocatalysts.
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2.1 Abstract

The synthesis and photophysical properties of four [Re(R—NI-phen)(CO);Cl] complexes (Re—R),
where NI = 1,8-naphthalimide and phen = 1,10-phenanthroline, are reported. The R—NI
chromophores were substituted at their 4-positions with R = H (Re=H), ethynyl benzene (Re—EB),
ethynyl thiophene (Re-ES), ethynyl trimethylsilane (Re—ET), yielding a series of metal—organic
bichromophores. The R=NI-phen organic chromophores were investigated in parallel to better
understand the photophysical properties exhibited in the Re=R complexes. The excited-state
processes of these molecules were studied by transient absorption and time-resolved infrared
spectroscopies, to unravel the kinetics of the energy transfer processes occurring in the Re-
R series. Namely, the interplay between the singlet ligand-centred (1LC), the triplet metal-to-
ligand charge-transfer (3MLCT), and the triplet ligand-centred (3LC) excited states were studied
using these time-resolved spectroscopic techniques, supported by quantum chemical
calculations, to monitor the changing excited-state dynamics in the Re—R series. These studies
reveal that the thermal equilibrium between the 3MLCT and 3LC excited states present in Re—H is
modulated in favour of the 3LC excited state in the remaining Re—R series, giving rise to

increasingly ligand-like photophysics as the electron-donating strength of the R-group increases.

2.2 Introduction

In the last two decades, rylene diimides have emerged as organic photosensitising units, due to
their visible-region absorption bands and typically long-lived triplet excited states when attached

2 Particularly, perylene and naphthalene diimides have

to transition-metal complexes.
extensively been studied for many photo-based applications, including photocatalysis and OLED
design.>® When employed in photocatalysis, these dyes are covalently attached to transition-
metal complexes, leading to intramolecular assemblies.>”8 The naphthalimide (NI) moiety is one
of the simplest structures in this series of compounds; however, the smaller n-delocalised system
of NI compounds results in absorption bands shifted predominantly to the UV spectral region.
The presence of only one imide group in NI, as opposed to two in the rylene diimide family,
allows for further functionalisation on the NI core, which can modulate the UV-Vis absorption
spectra.”!® Additionally, when covalently linked to 1,10-phenanthroline (phen), as in NI-phen,
the phen unit can be utilised for coordination to transition metals. Thus, a bichromophore is
created with the (CI)Re—phen m-system as a ligated metal chromophore and the NI moiety as an

organic chromophore.!’ Despite being covalently linked, these chromophores behave as

electronically distinct units in the ground state.!?
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Photophysical studies of transition-metal NI-phen complexes, including those typically prepared
for photocatalytic applications (Cu*, Ir¥*, Re*, Ru®*), have predominantly utilised transient
absorption (TA) spectroscopy to probe the excited-state dynamics in these systems.?*"1® Yarnell
et al. reported TA studies for a series of [Re(R—NI—-phen)(CO)s(dmap)](PFs) complexes (where R =
H, Br, phenoxy, phenylthiol, or piperidinyl groups and dmap = 4-dimethylaminopyridine)
proposing a “ping-pong” effect when describing the populated excited states.!” Initially, optical
excitation results in the population of the Ni-based singlet ligand-centred (}LC) excited state and
concomitant population of the 3MLCT excited state that persists on the nanosecond timescale.
Subsequently, a NiI-based triplet ligand-centred (3LC) excited state forms and decays to the

ground state on the microsecond timescale.

Metal—carbonyl ligands display unique stretching patterns and wavenumbers in both the IR and
TRIR spectra, which can easily be monitored, depending on the metal centre and its oxidation
state, the number of bonded carbonyls, the molecular structure, the symmetry point group, and
any (non-innocent) auxiliary ligands present.'® Accordingly, TRIR spectroscopy has widely been
implemented to study the excited states of transition-metal carbonyls.?®*?® By comparison, the
organic-carbonyl vibrations (vc-o) can be more challenging to detect, being approximately 20
times weaker than metal-carbonyl vibrations (vc=0). In the Nl-containing rhenium carbonyl
compounds presented here, inclusion of both metal—carbonyl (C=0) and organic carbonyl (C=0)
bonds within the same molecule enables monitoring of the excited states involving both
moieties in a relatively silent IR region (2400-1700 cm™) by TRIR spectroscopy.’® Generally, IR
Vc=o absorption features are intense owing to the nature of m-back-bonding through the C=0
bonds, thus resulting in a large change in the dipole moment, which enables monitoring of
excited-state processes near the metal centre, such as metal-to-ligand charge transfer (MLCT).*
Time-resolved infrared spectroscopy (TRIR) has also been used to study a number of transition-
metal NI—-phen complexes, including [Re(PNI—phen)(CO)sCl] and [Ir(ppy)2(PNI—phen)](PFs)
(where PNI = 4-piperidinyl-1,8-naphthalimide).}**> For [Re(PNI-phen)(C0O)sCl], the incorporation
of a strong electron-donating group (EDG) onto the NI core resulted in a 3000-fold increase of
the triplet excited-state lifetime compared to [Re(phen)(CO)sCl], from a 0.2 ps 3MLCT excited-

state lifetime to a 651 us 3LC excited-state lifetime with significant ligand-like photophysics.

While carbonyl ligands have been used extensively as IR-active tags for TRIR studies, other triple
bonds, namely ethynyl (C=C) and nitrile (C=N) groups, have come to be more widely used for this
purpose.?>=° Their ground-state vibrations occur in the IR multiple-bond stretching region; ca.
2240 cm™ for C=N bonds?’ and ca. 2200 cm™ for C=C bonds3!. Additionally, transient

enhancement has previously been observed for C=X (where X = C, N, O) functionalised
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compounds, making these vibrations more readily detectable. Previous TRIR studies of C=N
groups as IR-active tags have reported significant enhancement of the C=N vibrational modes in
the excited state, similarly to the enhancement observed for the reduced species in IR-SEC
studies.?’3%33 Recently, Vauthey et al. used TRIR spectroscopy to study the excited-state
dynamics of ethynyl-bridged donor-acceptor systems and reported excited-state symmetry
breaking in the ethynyl transient features observed.?>?%34 |n such systems, a donor—acceptor
dyad can undergo a transition from a symmetrical “dipolar” excited state to an asymmetric

“dipolar” excited state.?

While ethynyl groups are known electron-withdrawing groups, this character is influenced by the
molecular components they bridge.?* Trimethylsilane, benzene, and thiophene®® are known to
weakly donate electron density onto aromatic ring systems via induction. Hence, when attached
to the electron-accepting NI-phen moiety, the ethynyl-substituents should exhibit behaviour
akin to an EDG. Consequently, the triplet—triplet state equilibrium in the rhenium(l) complexes
can be modulated in favour of the 3LC excited state, giving rise to more ligand-like photophysics,
as in the case of the series appended with EDGs, studied by Yarnell et al.'” Indeed, in our
experimental studies, complemented with TDDFT calculations, indicate that the triplet—triplet
energy gap between the 3MLCT and 3LC excited states increases in the explored series of [Re(R—
Nl—phen)(CO)sCl] complexes (Re-R, where R = H, ethynyl trimethylsilane (ET), ethynyl benzene
(EB), and ethynyl thiophene (ES), see Chart 2.1); [Re-H < Re—ET < Re—EB < Re-ES].

R groups:
(abbreviation - top)
(structure - bottom)

H EB

- =0

ES ET

[Re(R-NI-phen)(CO);Cl]

E/[/
fl
(_i)

Chart 2.1. General structure of the Re-R series of complexes studied in this work. R is the
substituent at the 4—position on the NI core.

The [Re(H-NI—-phen)(CO)sCl] (Re-H) complex with the unsubstituted NI core was studied as a

reference complex in tandem with three novel Re—=R complexes incorporating ethynyl benzene
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(Re—EB), ethynyl thiophene (Re-ES), and ethynyl trimethylsilane (Re—ET) groups attached onto
the NI core at the 4-position. The impact of the weak electron-donating effect associated with
the ethynyl substituents on the triplet—triplet equilibrium between the 3MLCT and 3LC excited
states was assessed using steady-state and time-resolved spectroscopic techniques. Additionally,
the presence of C=0, C=0, and C=C bonds as IR-active tags enables taking advantage of TRIR
studies for gaining a deeper understanding of the photophysics of this Re-R series. The insights
gained may lead to the design of photocatalysts or as materials for use in other photo-based

applications.

2.3 Results and Discussion
2.3.1 Syntheses

The literature-based syntheses of H-NI-phen and Re-H were modified to develop the general
reaction scheme for the target materials of this study (Scheme 2.1).3'7 Briefly, the
naphthalimide chromophores were prepared from the corresponding naphthalic anhydride (NA)
(either unsubstituted or substituted with Br, 2-ethynyl benzene or 2-ethynyl thiophene in the 4-
position of NA) by reacting with 5-amino-1,10-phenanthroline according to published protocols
to generate the series of R=NI-phen compounds. Subsequently, R-NI-phen were brought to
reflux temperature with [Re(CO)sCl], yielding the [Re(R—NI—phen)(CO);Cl] complexes. For Re—-EB
and Re-ES, the starting anhydrides were synthesised according to Scheme 2.2a. The Br group in
[Re(Br—NI—-phen)(CO)sCl] was substituted with 2-ethynyl trimethylsilane, using the Sonogashira
cross-coupling reaction, to make the last target complex, Re—ET (Scheme 2.2b). All products were
characterised using H NMR spectroscopy (Figures S2.1-S2.11), high resolution mass

spectroscopy, and elemental analyses (Figures S2.12-52.18).
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Scheme 2.3. Reaction schemes for (A) general synthesis of R—NI-phen, (B) general synthesis of
Re—R. R =H, EB, ES, or ET.
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Scheme 2.4. Sonogashira cross-coupling reaction schemes for the formation of (A) EB-NA and
ES—NA precursors, (B) Re—ET complex.

NI-containing compounds, including those linked to metal centres, are known to undergo
aggregation via -1t stacking interactions.'*3”~*! Though aggregation is not the focus of this work,

the effect of aggregation on the spectral and photophysical properties of R=NI-phen and Re-R
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are briefly outlined. In terms of the spectral properties, blue/red-shifts and signal
broadening/narrowing are associated with the formation of such aggregates in solution.
Additionally, aggregation-induced emission and aggregation-induced self-quenching have been
reported for NI’s which can impact on the photophysical properties of these materials. Sample
concentrations are reported for all spectra, and where aggregation does affect the studies

performed in this work, specific mention of their impact is outlined in the relevant sections.

Finally, many of the reactants and reaction products involved in preparation of the R—NI-phen
and Re—R samples contain mt-conjugated systems. It is well known that n-it stacking interactions
makes it very difficult to remove all starting materials, and in this case resulted in trace amounts
of the reactants in the product materials. This is apparent in the *H NMR spectra of the EB—NI-
phen and ES—-NI-phen samples (Figure S2.4 and S2.7). However, these impurities are not
observed in the Re—EB and Re—ES complexes which form part of the main Re—R series studied in

this work.

2.3.2 FTIR and UV-Vis Absorption Studies

The FTIR and UV-Vis absorption spectra of Re-R are presented in Figures 2.1 and 2.2,
respectively. The FTIR and UV-Vis absorption spectra of R—NI-phen are available in Figures
$2.19-2.21. Key spectral data from the IR and UV-Vis absorption spectra are given in Table 2.1.
The calculated electronic absorption and vibrational properties of Re-R (Figures S2.43 and S2.44)
are in a good agreement with the recorded experimental spectral data. The key molecular
orbitals involved in the main electronic transitions of Re-R, as determined by the TDDFT

calculations, are presented in Figure 2.3.

The IR vc-o wavenumbers are identical for Re-R (Figure 2.1) and R—NI-phen (Figure S2.19),
proving the electronically independent nature of NI in free and complexed R—NI-phen. For all
Re-R complexes, the vc=o band pattern supports their fac-configuration.”:194243 For ethynyl-
bearing Re—EB and Re-ES, the ethynyl stretching vibration (vc=) is observed at 2206 and 2195
cm™, respectively. For Re—ET, it was not possible to detect the IR vc=c band; instead, ATR IR
technique was used to observe the vc=c band at 2162 cm™ (Figure S2.20). The DFT-calculated IR

spectra are in good agreement with the experimental IR spectra (Figure 52.43).
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Figure 2.1. IR spectra of Re-R between 2250 and 1550 cm™ in DCM (50, 20, 35, and 100 uM
samples for Re—H, Re—EB, Re—ES, and Re—ET, respectively). Inset: Expanded IR spectra between
2225 and 2175 cm™.

The UV-Vis absorption spectra of the Re-R series in Figure 2.2 feature absorption bands
corresponding to electronic transitions arising from the (Cl)Re—phen m-system and the NI
chromophore, consistent with a bichromophoric system showing negligible electronic
communication between the subunits.’? The phen n—nt* transition at 265 nm was observed for
all Re—R complexes. In the UV-Vis absorption spectrum of Re—H, a transition with a maximum at
385 nm appeared as a shoulder in the spectrum of Re-ET. This transition was attributed to a
mixture of di(Re)—m*(phen) MLCT and n(Cl)—m*(phen) halide-to-ligand charge transfer (XLCT),
a so-called “metal-ligand-to-ligand charge transfer” (MLLCT) transition. However, when the
halide is Cl, as is the case with the Re-R series in this work, the MLCT character predominates
over the XLCT character.?**** As such, this transition is referred to as a MLCT transition herein.
The MLCT transition was expected for Re—EB and Re-ES, as the (Cl)Re—phen m-system
chromophore is retained in those complexes; however, it was obscured by the transitions from
the NI chromophore. The intra-ligand NI transitions were expected to differ the most in the Re—
R series owing to the substitutions made at the 4-position of the NI core. For Re-H, the
transitions belonging to the NI chromophore display vibrational fine structure; with a m—mn*
transition at 352 nm, and a n—7t* transition at 338 nm.3”*¢ These assighments are supported by
TDDFT calculations of Re—H in Figure 2.3; where the NI-based transitions correspond with the
HOMO-3 to LUMO transition, while the MLLCT transition corresponds with the HOMO-1 localised
on the Re(CO)sCl moiety and the LUMO+1 localised on the phen moiety (Figures S2.45 and S2.46
and Table S2.1).

49



The intraligand NI transitions are bathochromically shifted relative to those seen for Re-H, with
the smallest shift of the n—nt* transition of 26 nm (2110 cm™) being observed for Re—ET
followed by Re—EB with a shift of 47 nm (3610 cm™) and Re—ES seeing the largest shift of 70 nm
(5080 cm™). Previously, similar shifts have been assigned to an increasing charge-transfer
character in a series of transition-metal complexes with ligated R—-NI-phen!*1%1®, and becomes
more noticeable as the electron-donating character of the R-group increases.?’*® The UV-Vis
absorption spectrum of Re—ET retained the vibrational fine structure of the NI transitions; the
n—Tt* transition appears at 364 nm and the m—mn* transition appears at 381 nm. The n—m*
transition of the ET=NI unit has the largest € value among the NI-based transitions in Re—ET
compared to the n—mt* transition in Re—H; but this is most likely due to an additive effect of the
underlying MLCT transition rather than a true hyperchromic shift of the m—mn* transition. This
indicates that extended m-conjugation is responsible for the bathochromic shift and the retention
of the vibrational fine structure, in the absorption profile of Re—ET, rather than an electron-
donating effect. TDDFT calculations of Re-ET provided in Figure 2.3 show the NlI-based
transitions correspond to HOMO-2—LUMO and the MLCT transition involves the HOMO-1 and
LUMO+1 molecular orbitals localised on the Re(CO)sCl moiety and the phen moiety, respectively

(Figures S2.51 and S2.52 and Table S2.4).
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Figure 2.2. UV-Vis absorption spectra of Re—H (50 uM), Re—EB (20 uM), Re—ES (35 uM), and Re—
ET (50 uM) in DCM.

In the UV-Vis absorption spectrum of Re-EB, a bathochromic and hyperchromic shift of the NI
transitions are observed, while the vibrational fine structure is less pronounced than that seen

for Re—H and Re—ET. The n—1t* transition is observed at 385 nm and the m—mt* transition at 398
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nm. The UV-Vis absorption spectrum of Re—ES shows a further bathochromic shift of the NI
transitions though the hyperchromic shift was less than that observed for Re—EB. Broadening of
the NI transitions resulted in a complete loss of the vibrational fine structure such that one peak
is observed at 408 nm. The TDDFT calculations presented in Figure 2.3 support these spectral
assignments for Re—EB and Re-ES; where the HOMO is distributed across the extended m-
conjugated system of the NI moiety and the LUMO is localised on the NI core, while the MLCT
transition involves the HOMO-2 and LUMO+1 molecular orbitals (Figures $2.47-52.50 and Tables
$2.2 and S2.3). Thus, the lowest-energy transition in Re—EB and Re-ES arises from a R—NI—NI

n—Tt* intra-ligand charge transfer (ILCT) transition within the NI moiety, with a close-lying MLCT

transition.

MLCT transitions NI-based transitions
Hg il oo B R
HOMO-1 LUMO+1 HOMO-3 LUMO
2, T8 b 5L $ .;" > N 1o
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Figure 2.3. The key molecular orbitals involved in the MLCT and Ni-based electronic transitions
of Re-R.
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Table 2.1. IR and UV-Vis absorption and emission spectral data for both the R—NI-phen and Re—R series in DCM and DFT/TDDFT calculated spectral features

for Re-R.
Amax calc. Amax Aem Aem Vc-o calc. ve=0® Ve=o calc. ve=o® Vesc calc. vesc®
Sample (nm) (nm) (nm) (nm) (em™) (em™) (em™) (em™) (em™) (em™)
[e (Mtecm™)] 298 K 77 K®
449, 539,
H-NI-phen 336 [12500] - 374 1712, 1675 - - - - -
587
EB-NI-phen 381 [30790] - 442 410, 432 1711, 1673 - - - 2208 -
ES-NI-phen 406 [16680] - 483 434, 456 1710, 1672 - - - 2195 -
451, 539,
Re-H 338 [19900] 353 628 seg 1712,1678 1678,1630 2024, 1921, 1900 1998, 1872, 1853 - -
Re-EB 385 [43040] 446 447 446, 611 1713,1677 1678,1630 2024,1921,1900 1998, 1872, 1853 2206 2220
Re—-ES 408 [29030] 473 487 453, 593 1713,1676 1678,1630 2024,1922,1900 1998, 1872, 1853 2195 2212
Re-ET 381 [20010] 397 412,624 453, 591 1714,1677 1678,1630 2024,1923,1899 1998, 1872, 1853 2162¢ 2183

A proportionality factor of 0.983 was used to multiply the DFT-calculated IR spectra.*’ ®2-Me-THF was used as the solvent glass for 77 K emission studies with
excitation at 385 nm for all samples except H-NI-phen which used 330 nm excitation. vc=c for Re—ET is only observed using ATR IR.
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2.3.3 Emission studies at RT and 77 K

The RT emission spectra of Re—R are presented in Figure 2.4A. The 77 K emission spectra of Re—
R in 2-MeTHF were also recorded and are displayed in Figure 2.4B. The RT and 77 K emission
spectra of R—NI-phen are provided in Figure $2.22. All emission maxima (Aem) were recorded

above in Table 2.1.

The emission profile of Re—H (Figure 2.4A) reaches a maximum at 628 nm, which closely matches
that of other Re(a-diimine) complexes with emissive 3MLCT excited states.}”#%49 A second
emission band with a maximum below 400 nm occurs at a similar wavelength to fluorescence of
H-NI-phen (Aem = 374 nm) and was previously assigned to the 'LC excited state.!” Dual emission
was previously reported for H=-NI-phen in polar solvents such as THF, which displayed short-
wavelength and long-wavelength components.?”*%>1 This behaviour is attributed to excited-state
conjugation enhancement (ESCE), where the orthogonal geometry of the NI and phen moieties
undergoes planarisation and is stabilised by polar solvent environments.>® Thus, ESCE is likely
inhibited in DCM due to the non-polar solvent environment, resulting in only a single emissive
feature. Fluorescence from the LC excited state (Aem = 374 nm for H—NI-phen) has a good
overlap with the MLCT absorption band of Re=H (Amwcr = 385 nm); thus, the population of the
IMLCT excited state can occur by energy transfer from the LC excited state of Re—H, with
subsequent population of the emissive 3MLCT excited state. Indeed, Férster-like resonance

energy transfer has been reported for the related series of complexes studied by Yarnell et al.*’
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Figure 2.4. Normalised emission spectra of Re=R following excitation at 385 nm (10, 5, 7.5, and
10 uM samples for Re—H, Re—EB, Re—ES, and Re-ET, respectively);, [A] room-temperature
emission spectra in DCM, [B] 77 K emission spectra of Re-R following excitation at 385 nm in 2-
MeTHF. Inset: Non-normalised 77 K emission spectra.
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Re—ET displayed a similar emission profile as Re—H, with an emissive *MLCT excited state centred
at 624 nm and the higher-energy !LC excited-state emission near the edge of the spectroscopic
window (Aem = 412 nm). The relative intensity of these emission features shifts from Re—H to Re—
ET, with the 1LC emission appearing more prominently than the 3MLCT emission in Re—ET. This
may be explained by the bathochromically shifted LC fluorescence of Re—ET (Aem = 412 nm),
having reduced overlap with the MLCT absorption band at ca. 385 nm and consequently reducing
energy transfer in Re—ET. In contrast to the notable changes in the emission profiles of H=NI-
phen and Re-H, there was little difference in the emission profiles of Re—EB and Re—ES compared
with their R=NI—-phen counterparts (Figure S2.22). Intense LC emission bands were observed
for Re—EB and Re-ES at 447 and 487 nm respectively. These LC emission bands have poor
overlap with the MLCT absorption band at ca. 385 nm. Accordingly, the bathochromic shifts
associated with substitution of the NI core in the Re-R series inhibit population of the 3MLCT
excited state via energy transfer, leading to significant quenching of the 3MLCT emission in Re—
EB, with an extremely weak tail extending beyond 700 nm. The 3MLCT emission is entirely
quenched in Re—ES. This quenching of the 3MLCT excited state matched the bathochromic shift
of the NI absorption bands in the following trend: Re=H < Re—ET < Re—EB < Re-ES.

The 77 K emission spectra (Figure 2.4B) were collected to monitor the population of the 3LC
excited states in 2-MeTHF, following the excitation at 385 nm. The 77 K emission spectra of the
R—NI-phen displayed similar emissive profiles to those in the Re—R series (Figure $2.22); and as
such, only the spectra of Re=R are discussed. The 77 K emission spectrum for Re=H displayed
vibrationally structured emission bands ca. 550-600 nm, similarly to [Re(NI-
phen)(CO)s(dmap)](PFs), which Yarnell et al. attributed to the population of the 3LC excited
state.'” For the remaining Re—R complexes in this work, a broad emission band was observed ca.
600 nm closely resembling the 3LC excited state at 77 K for [Re(R—NI—phen)(CO)s(dmap)](PFs)
with increasingly electron-donating R groups (R = phenoxy, phenylthiol, or piperidinyl).'” In the
77 Kemission spectra of all Re-R, a band near 450 nm was observed with minimal shifts in energy
throughout the series. However, the relative intensity between the 450 nm band and the 600
nm band in the Re-R series shifted from a 1:1 ratio in Re=H to 3.5:1 ratio for Re—ES, following

the previously established trend for this series: Re—H < Re—ET < Re—EB < Re-ES.

2.3.4 TRIR Spectroscopy

The TRIR spectra of Re—R on the picosecond (ps) and nanosecond (ns) timescales (Figures 2.5—

2.8) were collected in DCM following excitation at 420 nm, except for Re—H that was excited at
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400 nm. The TRIR spectra of the R-NI-phen series are presented in Figures 5S2.23 and S2.24. The
kinetic traces from TRIR studies are shown in Figures S2.25-52.31. All transient features (vc-o,
Vc=o, Ve=c) from the TRIR spectra of the Re-R series are summarised in Table 2.2, with the
lifetimes (trrir) reported in Table 2.3. The calculated vibrational data obtained for the 3LC excited

states (Figure S2.43) are in a good agreement with the experimental spectra (Table 2.2).

Following excitation at 400 nm, the TRIR spectrum of Re—H (Figure 2.5A) displayed an excited-
state transient formed within the laser pulse (< 0.2 ps). Femtosecond processes are known for
Re(a-diimine) complexes, particularly ultrafast intersystem-crossing (ISC) processes, resulting in
the formation of a triplet excited state, typically the 3MLCT excited state.'® For Re=H, vc=0 ground-
state bleaches (GSBs) were observed at 2030, 1920, and 1898 cm™, accompanied by three
transient vc=o bands at 2058 , 1975 and 1957 cm™. The transient bands at 1975 and 1957 cm™,
which arises from a mixture of the 3LC (phen n—nt*) and 3MLCT excited states®>>3, shift to larger
wavenumbers (vc=o = 1993 and 1965 cm™) with a lifetime trrir of 7.2 ps. This coincided with a
blue shift of the vc=o transient band at 2058 cm™ to 2082 cm™, which has been attributed to
vibrational cooling of the vibrationally hot 3MLCT excited state.'® The vc=o transient signal at 2082
cm™ did not reach maximum absorbance until about 200 ps after excitation, with a doubling of
the AO.D. in this time domain compared to the other vc=o. In the ns-TRIR experiments (Figure
2.5B), these signals returned to the baseline with a lifetime of 258 ns, which is in agreement with

the literature 3MLCT lifetime for Re(a-diimine) complexes.**>

On the ps-timescale (Figure 2.5A), weak vc-0 GSBs were observed at 1706 and 1670 cm™ with
transient bands at 1695 and 1655 cm™ assigned to the !LC excited state. However, unlike that
observed for H—NI-phen (Figure S2.34), no transient band was detected ca. 1620 cm™ for the
Nl-based radical anion.>® Ultrafast ISC from the 'LC excited state to the *MLCT excited state of
Re-H leads to significant depletion of electron density on the NI moiety in the 1LC excited state,
as the 3MLCT excited state is populated. The ve-o features remain unchanged up to 9.5 ns. In the
ns-TRIR experiment, displayed in Figure 2.5B, the 3LC excited state was first detected at 10 ns as
two new vc-o transient features at 1642 and 1599 cm™ that reached a maximum between 30—
35 ns, coinciding with the decay of the !LC vco transient bands. This is in agreement with
previous studies in the literature, which indicated that the 3LC excited state forms over ca. 10—

30 ns 14,17
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Figure 2.5. (A) ps—TRIR spectra (10 uM) and (B) ns-TRIR spectra (12 uM) in the metal-carbonyl
and organic carbonyl regions of Re—H in DCM, following excitation at 400 nm.

The ps-TRIR spectra of Re=ET in Figure 2.6A displayed the same vc=0 and vc-o transient features
and excited state processes as observed for the Re=H reference. Despite the incorporation of the
ethynyl moiety into Re—ET, no vczc were detected likely due to the limited redistribution of spin
density across the ethynyl moiety in the triplet excited state according to TDDFT calculations
(Figure S2.61). The main difference between the TRIR spectra of Re—H and Re—ET were the
lifetimes determined for the observed excited-state processes. While the formation of the 3LC
excited state was not observed in the picosecond experiment for Re=H, in Re—ET the two new
Ve-o transient features at 1655 and 1606 cm™ with a trrir of 3.3 ns were attributed to the
concurrent decay of the LC excited and the formation of the 3LC excited state in Re—ET.
Additionally, all vc=o bands associated with the 3MLCT excited state had decayed to the baseline
within the 9.5 ns. In the ns-TRIR experiments (Figure 2.6B), the 3LC vc-o bands were poorly
resolved; although, it was possible to confirm rapid depopulation of the 3MLCT excited state (Tt

=3.3 ns). Thus, the population of the 3LC excited state of Re—ET was faster than observed for Re—
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H (trrr = 30-35 ns) and was similar to the lifetimes reported by Yarnell et al. for complexes

substituted with EDGs (2.1 and 5.4 ns)."’
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Figure 2.6. (A) ps-TRIR spectra (15 uM) and (B) ns-TRIR spectra (5 uM) of the metal-carbonyl and
organic carbonyl regions of Re—ET in DCM following 420 nm excitation.

The ps-TRIR spectra of Re—EB and Re-ES (Figures 2.7A and 2.7B) displayed vc=0 and vc-o GSBs
that closely matched all vibrations in the ground-state IR spectra; additionally, they revealed the
same transient features and excited state processes as observed for Re—ET. Population of the 3LC
excited state in Re—EB was more rapid (trir = 2.2 ns) than that of Re—H (trrir < 400 ns). Likewise,
the population of the 3LC excited state of Re—ES was the fastest in the Re—R series studied here
(treir = 1.7 ns). The ve-o transient bands associated with the LC excited state were observed
within the laser pulse at 1688 and 1633 cm™, and at 1686 and 1638 cm™ for Re—EB and Re-ES,
respectively. A broad transient signal at ca. 1645 cm™ was observed within the laser pulse for

Re-EB and Re—ES and was also observed for EB-NI—-phen and ES—NI-phen (Figure S2.35), which
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was attributed to the Nl-based radical anion. New vc-o transients were observed at 1658 and
1610 cm™ for Re—EB and at 1661 and 1614 cm™ for Re—ES, which formed concurrently with the
decay of the 3MLCT and !LC transient bands. These new vc-o transients appeared similarly to
those for the 3LC excited state of Re—ET. The two 3LC vc-o transient bands were monitored in the
ns-TRIR experiment (Figure 2.6) and up to 1400 ns in both complexes. The similarities between
these TRIR spectra show that these Re-R complexes have more ligand-like photophysics. These

processes were also observed for the EB-NI-phen and ES—NI-phen counterparts (Figure 52.24).

The inclusion of ethynyl-bearing substituents in Re—-EB and Re—ES allowed for the ethynyl
stretching region to be monitored in the ps-TRIR studies as presented in Figures 2.7C and 2.7D,
respectively. A broad transient signal was observed throughout the ethynyl stretching region of
both complexes, which decayed to the baseline within 5 ns, in agreement with the nanosecond
lifetimes arising from the S,.«<—S, electronic transition in organic compounds containing ethynyl
bridges.>* A weak vc=c GSB at 2207 cm™ and a transient signal at 2106 cm™ were formed within
0.2 ps for Re—EB, similarly to the EB-NI-phen analogue. For Re—ES, the vc=c GSB at 2196 cm™
and a transient band at 2109 cm™ were observed within 0.2 ps, as in the ES~-NI-phen analogue.
These features are attributed to the partial oxidation of the C=C bond upon 420 nm excitation of
the n—n* HOMO-LUMO transition (Figure 2.3) discussed previously in the UV-Vis absorption
spectra of Re—EB and Re-ES.

The vc=c GSBs for Re—EB and Re—ES persisted onto the nanosecond time scale (Figures 2.7E and
2.7F, respectively), with the growth of new transient bands at 1997 and 1976 cm™ for Re—EB and
Re-ES, respectively. Similar vc=c transient features were observed between 1-9 ns in the TRIR
spectra of the R—NI-phen analogues (Figure S2.24). However, TRIR studies at longer time
intervals were not performed for R—NI-phen. For Re—EB and Re-ES, the transient bands at 1997
and 1976 cm™ produced a similar AO.D. as the 3LC vc-o transient bands which coexist on the
same nanosecond timeframe. Indeed, the long-lived vc=c modes decayed to the baseline over
1.4 ps, together with the 3LC vc-o transient bands. Tentatively, the transient bands at 1997 and
1976 cm™ are assigned to long-lived vc=c transient features associated with the 3LC excited state
and involve a redistribution of electron density across the ethynyl bridge, as further detailed

below.
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Figure 2.7. (A) ps-TRIR spectra of Re—EB (5 uM) following excitation at 420 nm in DCM. (B) ps-
TRIR spectra of Re—ES (8 uM) following excitation at 420 nm. (C) The ethynyl stretching region of
the ps-TRIR spectra of Re—EB. (D) The ethynyl stretching region of the ps-TRIR spectra of Re—ES.
(E) The ns-TRIR spectra of Re—EB (5 uM) following excitation at 420 nm in DCM. (F) The ns-TRIR
spectra of Re—ES (5 uM) following excitation at 420 nm.

Pt—acetylide complexes with ethynyl-appended NI groups have recently been reported to
generate similar vesc transients ca. 1950 cm™ in the 3LC excited state.>>°® Adams et al. propose a
change in the bond order of the ethynyl bridge in the excited state, resulting in a partial
cumulene bridge.>” These results indicate that a redistribution of the electron density across the
ethynyl bridge occurs in the 3LC excited state of Re—EB and Re—ES. Indeed, the calculated spin

densities of the 3Re—-EB and 3Re-ES complexes support this explanation, showing that a
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redistribution of the spin densities occurs between the NI moiety and the phenyl or thiophene
rings via the ethynyl bridge (Figure S2.61). We suggest that in the 3LC excited states of Re—EB and
Re-ES, the bond order of the C=C bond is closer to a partial C=C bond (corresponding to the
cumulene chain “aryl=C=C=NI"), with new stretching vibrations at 1997 and 1976 cm™ for Re—
EB and Re-ES, respectively. Such a rearrangement can be stabilised by resonance with the imide
carbonyls, as illustrated in Figure 2.8; which is known to occur for NIs with EDGs present at the
4-position on the NI core.*® Furthermore, the lone pair on the sulphur atom can participate in

this resonance, accounting for the greater electron-donating effect seen for Re-ES.
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Figure 2.8. The proposed resonance structures for Re—EB and Re—ES. Note that resonance
structures with both imide carbonyls are possible, though only one is illustrated above.
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Table 2.2. TRIR data following 420 nm excitation of Re—R and DFT-calculated IR wavenumbers of Re-R.°

Excited Ve=0 Calc. ve=0° Veso® Calc. ve=o© Vc=c Calc. vesc®
Complex
State(s) (cm—l) (cm—l) (Cm—l) (cm—l) (Cm—l) (Cm—l)
LC and 3MLCT 1703, 1665 - 2060, 1988, 1964 - - -
Re-H
3LC 1641, 1599 1625, 1615 - 1998, 1872, 1853 - -
ILC and 3MLCT 1702, 1664 - 2059, 1987, 1963 - 2106 -
Re-EB
3LC 1658, 1610 1634, 1625 - 1998, 1872, 1853 1996 2037
LC and 3MLCT 1699, 1664 - 2060, 1987, 1963 - 2109 -
Re-ES
3LC 1662, 1615 1634, 1625 - 1998, 1872, 1853 1972 2032
ILC and 3MLCT 1702, 1665 - 2059, 1987, 1964 - —d -
Re-ET
3LC 1654, 1606 1634, 1625 - 1998, 1872, 1853 —d 2018

9TRIR studies in DCM following excitation at 420 nm. All GSBs were in good agreement with the ground-state IR spectra of the corresponding Re—R species (see
Table 2.1). °The ve=o0 signals are attributed to the 3MLCT excited state. ‘A proportionality factor of 0.983 was used to multiply the DFT-calculated IR spectra.*’
The 1LC and 3MLCT excited states are reported together as both are populated within the laser pulse (< 0.2 ps) in the ps-TRIR experiments; the vc=0 and calc.
Vc=o values are attributed to the 3MLCT excited state only. The long-lived 3LC excited state is populated on the nanosecond timescale and is reported separately;
no vc=o modes are observed for the 3LC excited state. “No vc=c signal was observed for Re—ET in DCM.
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2.3.5 TCSPC studies

The kinetic traces obtained from the time-correlated single photon counting (TCSPC) studies are

displayed in Figures S2.32-52.37, with experimental data in Table 2.3.

For Re-H, a bi-exponential fit was obtained, resulting in 31.6 ns and 233 ns components. The
former one coincides with the maximum AO.D. observed in the organic carbonyl region of the
ns-TRIR experiment, associated with formation of the 3LC excited state living between 30-35 ns.
The longer component of 233 ns is assigned to emissions from the 3MLCT excited state.!” As
emission signals for Re-ET were weak, no lifetimes could be determined. Indeed, the low
fluorescence quantum vyields in the Re—R series (¢pem = 0.1-4.9%), compared to the R—NI-phen
ligands, indicates that there is efficient ISC from the !LC excited state to the triplet manifold in

these complexes.

Emission lifetimes in the nanosecond time domain were determined for Re—EB and Re—ES (Tem =
2.2 and 1.0 ns, respectively). They closely correspond to those obtained for EB-NI-phen and ES—
Nl-phen (tem = 2.1 and 1.2 ns, respectively). Additionally, these values are in good agreement
with the 1LC excited-state lifetime determined from the ps-TRIR studies of Re—EB and Re—ES (trrir
= 2.2 and 1.7 ns, respectively). An emission lifetime from experimental data at 630 nm was also
obtained for Re—EB (Tem = 242.3 ns), corresponding to the weak 3MLCT emission observed in the
emission profile. Re—ES was also studied at 630 nm, but no lifetime associated with the emission
from the 3MLCT state was obtained. Due to the lower energy of the 3LC excited state of Re—EB
and Re—ES, the there is no evidence for a thermal equilibrium and the 3MLCT emission is

effectively quenched in these complexes.
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Table 2.3. Excited-state lifetimes based on room-temperature emission, TRIR, and TA studies in DCM.°

Aem Pem Tem TIRIR A1 Tra (M) Relative Taveg

Sample
(nm) (%) (ns) (ns) (nm) [oralf Contributions (ps)
H-NI-phen 374 0.3 —b 1.8 480 16.7 [0.01], 93.7 [0.01] (15%, 85%) 56
EB-NI-phen 442 54.9 2.1 0.7 575 16.9[0.027], 104 [0.018] (20%, 80%) 52
ES—NI-phen 483 30.1 1.2 0.9 645 14.3[0.036], 75.7 [0.032] (18%, 82%) 43
Re—H 628 26 3162334  30-35° 430 0.35 [0.026], 18.5 [0.002] (20%, 80%) 1.6
Re—EB 447, 630° 4.9 2.1,242.3¢ 2.2 600 13.1[0.036], 60.3 [0.026] (23%, 77%) 33
Re-ES 487 1.0 11 1.7 660 16.9 [0.026], 65.9 [0.028] (19%, 81%) 42
Re-ET 412,624 0.1 —d 3.3 510 0.26 [0.059], 20.0 [0.00612], 62.3 [0.00835]" (3%, 18%, 79%) 8.18

9All Tem values correspond to excitation at 375 nm for all samples. All trrir values were determined following excitation at 420 nm (except for H-NI-phen, Acx =
365nm). The ta values were determined upon excitation at 355 nm for all samples. °No tem could be obtained following excitation at 375 nm. ‘The 3MLCT Tem
was obtained at 630 nm, following excitation at 375 nm. “The Re—ET emission was too weak for t. to be obtained. ¢The reported lifetime range for the
formation of the 3LC excited state based on the ns-TRIR experiment. /Amplitudes (a7a) used to calculate the amplitude-weighted average lifetime. 9The Tavq for
Re—ET was calculated using the tri—exponentially fitted tia and ara.
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2.3.6 TA Spectroscopy

Kinetic traces for aerated samples of Re=R from ns-TA and ns-TRIR experiments are presented in
Figure 2.9 and for R-NI-phen in Figure S2.38. The TA spectra for the Re=R complexes under an
N, atmosphere were collected on the microsecond (us) timescale, following excitation at 355 nm
(Figures 2.10 and 2.11). The R—NI-phen ligands were also studied upon 355 nm excitation
(Figures S2.39-52.41). The kinetic traces of Re—R are reported in Figure S2.42. All TA lifetimes
(t1a) are presented in Table 2.3. The calculated electronic spectra obtained for the 3Re—R excited
states (Figures S2.53-S52.60 and Tables S2.5-52.8) are in good agreement with the recorded

experimental spectra.

Rylene diimides and their transition-metal complexes are known to form aggregates; with the
kinetics of the long-lived species following progressively more second-order character with
increasing sample concentration.’*37=39 |t was not possible to prepare sufficiently dilute solutions
and obtain the mono-exponential fits of non-aggregated samples. As such, the amplitude-
weighted average lifetimes ( Tay) were calculated™® and used for further discussion. This approach
has been implemented previously in systems where an aggregation-induced self-quenching

effect is present.1”:3839

Kinetic traces were collected for Re—R in aerated solutions to mimic conditions used in the ns-
TRIR experiments. Figure 2.9 shows an overlay of the closely matched kinetic traces from the
aerated ns-TRIR and ns-TA experiments of Re—H, Re—EB, and Re—ES. The long-lived signals in the
ns-TRIR spectra of Re—ET were poorly resolved, preventing their exploration. An excited-state
lifetime of 267 ns for Re—H in an aerated solution closely matched the 3MLCT lifetime determined
by TCSPC (tem = 233 ns). Slightly longer excited-state lifetimes of 655 and 538 ns were obtained
for Re—EB and Re-ES, respectively. These extended lifetimes probably arise from the 3LC excited

state of R—NI-phen living ca. 1 ps under the same conditions (Figure 52.38).
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Figure 2.9. Kinetic traces for aerated samples from ns—TA and ns—TRIR experiments of (A) Re—H,
(B) Re—EB, and (C) Re—ES. The kinetic traces from the ns—TRIR experiments were selected based
on the most intense signal in the respective spectra: this was the 3MLCT transient at 2063 cm™
for Re—H, while for Re—EB and Re—ES this was the 3LC transient at 1615 cm™.

Additional TA studies were performed under an N, atmosphere to further confirm the 3LC excited
state lifetime. In all instances, the excited-state features in the ps-TA spectra of R—-NI-phen
(Figures S2.39-52.41) closely match those of the Re—R counterparts; these transients were
attributed to the 3LC excited state known for NI-containing complexes.’*” The ps-TA spectra of
Re-H in Figure 2.10 display two excited-state absorption (ESA) bands at 370 nm and 480 nm.
Stimulated emission was also apparent, with a negative feature at ca. 650 nm arising from 3MLCT
emission. TDDFT calculations of 3Re—H document that the ESA at 370 nm arises from Re—phen
HOSO-to-LUSO transitions, whereas the ESA at 480 nm arises from NI-based HOSO-to-LUSO
transitions (Figures S2.53 and S2.54 and Table S2.5). The TA spectra of Re—R indicate that the 3LC
excited states have formed within the laser pulse (< 50 ns), closely matching observations from
previous studies, where the 3LC excited states were populated in ca. 31 ns, as determined by the

TCSPC experiments.***’
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Figure 2.10. TA spectral changes recorded for a 20 uM DCM solution of Re—H after the 355 nm
excitation. (The asterisk denotes a depletion arising from stimulated *MLCT emission).

In the TA spectra of Re—ET (Figure 2.11A), two 3LC ESA bands are evident at 410 and 510 nm,
which are red shifted compared to the corresponding bands observed for Re=H. Unlike Re=H, a
GSB was detected for Re—ET at ca. 375 nm, approximately matching the NI transitions in the
electronic absorption spectrum. From TDDFT calculations performed on 3Re—ET, the ESA at 410
nm is assigned to a mixture of Re—phen and NI-based HOSO-to-LUSO transitions, while the ESA
at 510 nm arises solely from NI-based HOSO-to-LUSO transitions (Figures $2.59 and S2.60 and
Table S2.8). Similar observations were made in the TA spectra of Re—EB and Re-ES in Figures
2.11B and 2.11C, respectively. The GSB was observed at 380 nm and the two 3LC ESA bands at
435 and 600 nm for Re—EB, while for Re—ES the GSB was observed at 400 nm and the two 3LC
ESA bands at 465 and 660 nm. Similarly to Re—ET, the GSBs approximately match the Nl-based
transitions in the absorption spectra of Re—EB and Re-ES. However, TDDFT calculations
performed on 3Re—EB and 3Re-ES indicate that the higher-energy ESA bands (A7 = 435 and 465
nm, respectively) and the lower-energy ESA bands (Ara = 600 and 660 nm, respectively) arise
solely from Nl-based HOSO-to-LUSO transitions (Figures $2.55—S2.58 and Tables S2.6 and S2.7).
These results suggest that the thermal equilibrium between the close triplet excited states of
Re-H is less established for Re—=ET and does not occur in Re—EB and Re-ES, shifting in favour of

population of the NiI-based 3LC excited state.
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Figure 2.11. TA spectral changes recorded for (A) 20 uM Re—ET, (B) 10 uM Re—EB, and (C) 14 uM
Re—ES in DCM after the 355 nm excitation.
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A bi-exponential fit of the ns-TA spectra of Re—H was obtained. The first component has been
attributed to the population of the 3MLCT excited state (t1 = 350 ns), which closely matched the
3SMLCT emission lifetime of Re=H (tem = 233 ns). The second component (1 = 21 ps) resembles
the 3LC excited state lifetime for [Re(Nl-phen)(CO)s(dmap)](PFs) (r = 19.6 ps).'” Due to the planar
nature of the NI moiety, as discussed earlier, aggregation occurs for all the NI compounds
studied; thus, lifetime averaging is used to simplify the analysis of the 3LC excited states. This

approach has been reported in the literature previously.'#1617

The tay for Re—H of 1.6 s, lies between the *MLCT emission lifetime of Re—=H (tem = 233 ns) and
the 3LC lifetime of H-NI-phen (ta = 36 ps); representing a value lying between the 3MLCT and
3LC lifetimes indicative of the thermal equilibrium between these triplet excited states. For Re—
ET, a tri-exponential fit was required; in addition to the two microsecond components attributed
to aggregation, a 255 ns component was also observed similarly to the 3MLCT emission lifetime
of Re=H (tem = 233 ns). Averaging of the tri-exponentially fitted lifetimes gave t.,s of 8.1 us for
Re—ET. For Re—EB and Re—ES, no 3MLCT component was observed in the kinetic traces obtained
from the TA studies. This resulted in the average 3LC excited-state lifetimes of Re—EB and Re—ES
(Tavg = 33 and 42 s, respectively) being closer to those of their R—NI—phen counterparts (viz. Tayg
= 52 and 43 ps, for EB-NI-phen and ES—NI-phen, respectively). The ligand-like photophysics of
Re-EB and Re-ES indicates that there is a significant deviation from a triplet—triplet equilibrium
in favour of the 3LC excited state. Re—ES displayed the most pronounced ligand-like photophysics
in the series; matching the trend in the Re-R series established earlier in this work (Re—H < Re—

ET < Re—EB < Re-ES).

2.3.7 Triplet Energy Gap

The triplet energy gap (AE7) between the 3MLCT and 3LC excited states determines the (non-
)existence of a thermal equilibrium between the triplet excited states of each Re-R complex. In
the first approach, an equilibrium constant (K.q) was calculated from Equations 2.1 and 2.2,
comparing the rate constant of Re—R (kgre—g) Obtained from their 7., to the rate constants from
the 3MLCT and 3LC models (kmicr and kic, respectively).r” The equilibrium approach then utilises
Keq in Equation 2.3 to determine the difference of free energy (AGr) which is used to approximate
AE7. Another approach uses recorded 3MLCT emission (at room temperature) and 3LC emission
(at 77 K), where the high-energy side of the respective emission bands at 25% of the maximum
intensity are used to determine AEr.** The ultimate approach taken in this work determines a

value of AEr by comparing the TDDFT calculated energies of the 3MLCT and 3LC excited states
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(Table S2.11). The AEr values obtained for each Re—R complex, using the equilibrium, emission,

and the TDDFT approaches, are presented below in Table 2.4.

k Re-R
a=——
kvmicr + kic
Equation 2.10. Equation used to derive the ratio (a) between the rate constant obtained from the
average emission lifetime (kre-) and the rate constants obtained from the 3MLCT and 3LC excited-

state lifetimes (kmicr and k¢, respectively).

__la]
1 [1-q

Ke

Equation 2.11. Equation used to derive the equilibrium constant (K.q) from a.

AEr = AGr = —RT(InKeq)

Equation 2.12. Equation used to derive the triplet-energy gap (AE7) from Ke,.

Table 2.4. Key values for AEr calculations of Re—R.

AEr based on Keq ° AET based on emission spectra AEr based on TDDFT
Re-R
(em™) (em™) (em™)
Re-H 370 850 530
Re-EB 1030 1760 3480
Re-ES 1080 1840 4410
Re-ET 740° 1180 2470

“The value for kmicr was determined from the emission lifetime of the 3MLCT excited state of Re—
H and the value for k,c was determined from the LC lifetime of the corresponding R—NI-phen
ligands. ®In lieu of the corresponding R—NI—-phen ligand, H-NI-phen was used as the 3LC model
in the calculations for Re—ET.

In the case of Re-H, AEr = 370 cm™ was determined from the equilibrium approach, which
indicates that a thermal equilibrium exists between the two triplet excited states. Using the same

approach for Re—ET, AE7 = 740 cm™ suggests that some thermal equilibrium between the two
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triplet excited states may also exist. There was a minimal difference between the AEr values
obtained for Re—EB and Re—-ES (AEr = 1060 and 1080 cm™, respectively). This represents a
significant increase in AEg, indicating that thermal equilibrium between the two triplet excited
states is unlikely. While the magnitude of the AEr values were greater using the emission and
TDDFT approaches, the same trend is observed for all three approaches for AEr (Re—H < Re-ET <
Re-EB < Re-ES). Our results are in agreement with previous reports in the literature, where the
trends in AEtT values are maintained despite the different approaches taken in calculating those
values.!” The AEr values calculated using the emission data is a better representation of the true
AET value for these Re—=R complexes, as the concentration used in these experiments is
substantially lower compared to the TA studies and so is less affected by aggregation. The higher
AEr for Re—EB and Re—ES of 1760 and 1840 cm™, determined by the emission approach, reflect

the absence of a thermal equilibrium in these complexes.

2.3.8 Excited-State Dynamics and Kinetics

Based on the photophysical studies conducted in this work, the Jablonski diagrams in Figure 2.12
illustrate the excited state dynamics and kinetics of the Re-R series in DCM following

photoexcitation.

In the case of Re—-H, the electronic excitation at 365 nm leads to initial population of the Franck-
Condon excited state (S,), followed by vibrational cooling to form the fluorescent LC excited
state. The first electron transfer process is the population of the *MLCT excited state by energy
transfer. Excitation at either 400 nm or 420 nm directly populates the MLCT excited state.
Therefore, the excitation between 365 and 420 nm results in the same excited-state dynamics
after the population of the *MLCT excited state. Ultrafast intersystem crossing from the *MLCT
excited state yields the vibrationally hot 3MLCT excited state (< 0.2 ps). Subsequently, vibrational
cooling of the hot 3MLCT excited state occurs with trrir of 7.2 ps to yield the emissive 3MLCT
excited state (Tem = 233.4 ns). The next electron transfer process is the formation of an
equilibrium between the 3MLCT and 3LC excited states (tem = 31 ns). Finally, a ground-state
recovery from the 3MLCT and 3LC excited states occurs with a Ta Of 1.3 s, as determined by TA

spectroscopy.

For Re-ET, the same energy-transfer pathway occurs as in Re—H (Figure 2.12A), with slight
variations in the kinetics. Energy transfer from the 1LC excited state to the *MLCT excited state is
retained as the first energy-transfer step for Re—ET. However, a reduced spectral overlap

between the LC excited-state fluorescence and the MLCT absorption bands, and therefore
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reduced mixing of the excited-state energies, results in a reduced energy transfer efficiency for
Re—ET. Vibrational cooling from the hot 3MLCT excited state with a Trrir = 3.2 ps yields the 3MLCT
excited state (tra = 0.26 ps). The second electron transfer process results in population of the 3LC
excited state, with a shorter lifetime (trrir = 3.3 ns) compared to Re=H (tem = 31 ns). The extended
conjugation due to the ethynyl trimethylsilane on the NI moiety lowered the energy of the 3LC
excited state in Re—ET compared to in Re=H. As a result, the population redistribution of the
3MLCT and 3LC excited states shifts in favour of the 3LC excited state, representing a deviation
from the triplet—triplet equilibrium observed for Re—H. This observation is reflected in the
ground-state recovery lifetime (tag = 8.1 ps), which is closer to the 3LC lifetimes determined for
the other two ethynyl-substituted Re-R complexes (R = EB and ES) and all R—-NI-phen

compounds.

Identical pathways are proposed for both Re—EB and Re—ES complexes (Figure 2.12B). Due to the
large bathochromic shifts of the NI-based electronic transitions in the absorption spectra of Re—
EB and Re-ES, the excitation at 420 nm results in the simultaneous population of the 'LC and
IMLCT excited states. However, unlike Re=H and Re—ET, energy transfer from the LC excited
state to the IMLCT excited state is negligible for Re—EB, with a significantly quenched 3MLCT
emission band. The lack of any 3MLCT emission band or an associated lifetime, which would be
indicative of delayed MLCT photoluminescence, suggests that this energy transfer process does
not occur for Re—ES. The 'LC excited state had a fluorescent lifetime of 2.2 and 1.7 ns for Re-EB
and Re-ES, respectively, closely resembling the fluorescent lifetimes of EB=NI-phen and ES—NI-

phen.

Following the *MLCT pathway, population of the vibrationally hot *MLCT excited state from the
IMLCT excited state occurs subsequently on sub-picosecond timescales (< 0.2 ps) as observed in
the TRIR experimental data (Figure 2.7). Vibrational cooling of the hot 3MLCT excited state
follows with a trrir of 2.1 and 4.9 ps, for Re—EB and Re—ES, respectively. The resulting 3MLCT
excited state observed in the TRIR experiments is short-lived for both complexes. Indeed, the 3LC
excited state of Re—EB and Re—ES is populated from both the 1LC and 3MLCT excited states (tem =
Trrir = 2.2 and 1.7 ns, respectively). Additionally, the lower energy of the 3LC excited state of Re—
EB and Re-ES, the lowest in the Re-R series, prevents the formation of a thermal equilibrium
between the 3LC and 3MLCT excited states. This is supported by the relatively large AEr calculated
for Re—-EB and Re-ES, which indicates that a thermal equilibrium between the triplet excited
states is unlikely. Consequently, the photophysics of Re—EB and Re—ES more closely resembles
that of the corresponding R—NI-phen ligands; with .,z = 33 us for Re—EB compared to 52 ps for
EB—-NI-phen and for Re—ES t.; = 42 us compared to 43 ps for ES—NI—phen.
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Figure 2.12. Jablonski diagrams displaying the excited-state dynamics from photoexcitation to
ground state recovery of (A) Re—H and Re—ET, (B) Re—EB and Re—-ES.

2.4 Conclusions

The incorporation of a C=C group as an IR-active tag within the R—-NI-phen moiety was
successful. The ve=c GSBs and transient bands were particularly useful for understanding the LC
excited state on the picosecond time regime. Fluorescent lifetimes were determined for the Re—
EB, Re—ES, and Re—ET complexes which were attributed to the LC excited state (trar = 1.7, 2.2,
and 3.3 ns respectively), closely matching the fluorescent lifetimes of the EB-NI-phen and ES—
NI-phen compounds in this study. New vcsc transients were also detected in the ns-TRIR
experiments which were associated with a partially oxidised C=C bond in the 3LC excited state of

the EB—=NI-phen and ES—-NI-phen compounds and the Re-EB and Re—ES complexes.

The triplet excited state lifetime for the Re—EB, Re—ES, and Re—ET complexes were extended (Tavg

=45, 49, and 54 s respectively) compared to the Re—H complex (Tayg = 1.3 ps). This demonstrated
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that the substitution of weak EDGs (ethynyl benzene, ethynyl thiophene, and ethynyl
trimethylsilane, respectively) onto the NI core affected the excited-state dynamics of the Re-R
complexes. Particularly, the thermal equilibrium between the 3MLCT and 3LC excited states
present for Re—H shifted in favour of the 3LC excited state in the following series: Re—H < Re—ET
< Re—EB < Re-ES. Thus, the ethynyl group can be used to study the triplet excited states of
organic compounds and transition-metal complexes key to electron transfer pathways in many

photo—based applications, including photocatalysis.
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3.1 Abstract

UV-Vis and infrared spectroelectrochemistry were employed to investigate the CO, reduction
pathway of electro- and photocatalyst precursors, [Re(R—NI-phen)(CO)sCl] (Re—-R), with R—NI
electron reservoirs; where R = H (Re-H), and EB = 4-ethynylbenzene (Re-H). Three reduction
steps are reported (R1-R3); a/ R—NI-based, yielding [Re-R]™ (R1), b/ phen-based, yielding [Re-
R]* biradical (R2), and ¢/ [R—NI]-based (R3), inducing concomitant CI~ dissociation and yielding
[Re(R—NI—-phen)(C0O)s3]?> (35—-DA). Complementary quantum chemical calculations reveal a spin-
flip in [Re-R]* to 3[Re-R]* allows partial CI~ dissociation near R2, producing [Re(R—NI-
phen)(CO)s]~ (35—MA). Subsequent intramolecular electron transfer [R—NI]™—[Re—phen] in 35—
MA produces 5-MA. Both ¥35-MA are reducible between R2 and R3 to give [Re(R—NI-
phen)(CO)s]* (3.5-DA). Theoretical calculations reveal that both '5-MA and 25-DA featuring
{Re’—phen} are the active electrocatalysts; although, catalysis accelerates from 25—-DA formed
at R3. Spectroelectrochemistry combined with ps—ns time-resolved infrared spectroscopy (TRIR
SEC) probed the excited state(s) populated upon 420-nm excitation of [Re-R]™ and 3[Re-H]%,
mimicking the intermediates formed under photocatalysis. TRIR SEC with [Re—R]™ revealed the
concurrent population of Re—phen *MLCT and NI—phen *ILCT excited states. Re'—Re'
photooxidation in the *MLCT excited state triggers the formation of [Re-R]*" by reductive
quenching from TEOA under photocatalytic conditions. Additionally, the *ILCT excited state
indicates that [R—NI]"—Re—phen intramolecular electron transfer can be achieved
photochemically. The CI™ dissociation from [Re—R]?>~ has been identified as the bottleneck in the

photocatalytic pathway.

3.2 Introduction

There is an urgent need to devise solutions to curb the current trajectory of climate change to
limit global warming to an additional 1.5 °C in the coming years.! Since the invention of the first
dye-sensitised solar cells by Gratzel et al., there has been a growing interest in developing photo-
driven processes to mitigate climate change.>® One such application is photocatalytic CO,
reduction; this approach converts CO,, a major greenhouse gas, into another form such as its C;-
synthons (CO, HCO;H, CHsOH, and CHy4).* These C;-synthons can be further utilised in industrial
processes beyond simply capturing carbon. The classical Lehn catalyst, [Re(bpy)(CO)sCl] (bpy =
2,2’-bipyridine), has been extensively studied as a CO,-reducing photocatalyst due to its facile
synthesis and its ability act as both the photosensitiser and catalytic centre, being often viewed

as a benchmark in CO; reduction chemistry.>® Re'(a-diimine) tricarbonyl complexes are widely
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known for their ability to photocatalyse CO, reduction to CO and/or formate, stemming from the
seminal work by Hawecker, Ishitani, and co-workers who proposed the underlying photocatalytic

cycles.” 1

Various a-diimine ligands have been used to tune the photophysical properties of [Re(a-
diimine)(CO)sX] (X = Cl or Br) complexes towards improved photocatalytic activity, where 2,2’-
bipyridine (bpy) is replaced by 1,10-phenanthroline (phen) or dipyrido[3,2-a:2’,3'-c]phenazine

11-14 Another approach is to tune the ground-state properties and the excited state

(dppz) ligands.
dynamics of the [Re'(a-diimine)(CO)sX] complexes; this can be achieved by varying the
substituents on the a-diimine ligand. For instance, substitution at the phen core with electron-
rich N-donors including carbazole, phenoxazine, phenothiazine, or pyrrole creates a push-pull
organic chromophore, with phen acting as an electron acceptor. The excited-state properties are
then modulated by the degree of conjugation and electron-donating ability of the appended

substituents.r>%7

Rylenes form a family of organic chromophores with tuneable electronic and optical properties
that are significantly affected by the extent of conjugation in their delocalized m-systems, by
substitution at the rylene core, and by functionalisation through the imide groups.!® Of the
rylene family, naphthalimide (NI) is amongst the simplest forms, featuring naphthalene as the
core with a single imide group. The small t-conjugated system of NI exhibits relatively high-
energy n—1* and n—m* electronic transitions at ca. 340 nm, but lower-lying compared to phen
absorbing at ca. 270 nm. The number of substitution sites on the NI core facilitates the potential
to tune the optical and electronic properties of the NI chromophore.*?° By linking NI and a-
diimine moieties, as in naphthalimide-phenanthroline (Nl-phen), a visible/near-UV region
organic chromophore can be appended to a metal(a-diimine) chromophore, thereby creating a
bichromophoric system.?22* Furthermore, linking these chromophores through the imide group
has little impact on the electronic properties of the NI motif, while allowing for a charge-transfer

processes via the formation of radical species.?

The photophysical properties of [Re(PNI-phen)(CO)sCl] (where PNI = 4-piperidinyl-1,8-
naphthalimide) were reported by Yarnell et al.?2 This Re'(a-diimine) complex displayed a 3000-
fold increase in the triplet excited-state lifetime (651 ps) compared to [Re(phen)(CO)sCl] (197
ns), due to a bidirectional “ping-pong” energy transfer proposed between the triplet metal-to-
ligand charge-transfer (3MLCT) excited state of the Re'(a-diimine) chromophore and the triplet
ligand-centred (3LC) excited state of the NI chromophore.?? Sub-microsecond TRIR spectroscopy

was employed to analyse the intense and distinct metal carbonyl stretching vibrations associated
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with fac-rhenium tricarbonyl motif, typically observed between 2100-1800 cm™.26 Additionally,
the stretching vibrations arising from the imide organic carbonyls of NI were simultaneously
monitored to locate the populated excited states within the complex. Later, Yarnell et al. varied
the substituents on the NI unit in [Re(R—NI-phen)(CO)s(dmap)](PFs) (where R = H, Br, phenoxy,
phenylthiol, or piperidinyl groups and dmap = 4-dimethylaminopyridine) to further study the
nature of the bidirectional “ping-pong” energy transfer in these complexes.?” The latter studies
revealed that the triplet—triplet equilibrium is dependent on the electron-donating ability of the
R-group; with stronger electron-donating groups lowering the energy of the 3LC excited state and

thereby preventing the formation of a triplet—triplet equilibrium in those complexes.?”

While some [Re(R—NI—phen)(CO);X] complexes (where R = 4-piperidinyl and nitro groups, and X
= Cl) have been deployed as CO; reducing photocatalysts, the study by Franco et al. showed that
CO; conversion is relatively low upon the addition of the R—NI moiety as an electron reservoir
when conducted by photocatalysis compared to electrocatalysis.?®3° In designing new
photocatalysts, it is essential to provide a rationale for why some systems give poor conversion.
Spectroelectrochemistry (SEC) can aid in identifying the nature of the intermediates in redox
catalytic cycles and mimic the formation of photoreduced species and their intermediates.3! SEC
has been combined with time-resolved techniques including transient absorption, 2D-electronic,

and 2D-ATR-IR  spectroscopic  techniques.3?-34

Recently, time-resolved infrared
spectroelectrochemistry (TRIR SEC), achieved by using a semi-stopped-flow optically transparent
thin-layer electrochemical (OTTLE) cell, was adopted for probing the excited-state dynamics of
intermediates formed during photocatalytic CO, reduction in a proof-of-concept study using
[Re(bpy)(CO)sX] (where X = Cl or Br), with the excited-state lifetimes obtained for several in situ

reduced species.®® This combination of techniques provides a powerful approach to identify the

active catalyst formed from the precursor.

In this study, two [Re(R—NI-phen)(CO)sCl] complexes, denoted as Re-R hereinafter, were
prepared as potential CO; reducing photocatalysts featuring R—NI electron reservoirs (where R =
H or ethynyl benzene (EB)) appended to the phen ligand, as illustrated in Chart 3.1. The syntheses
and spectral characterisation of Re—R are already discussed in Chapter 2%, and therefore a brief
synopsis of their spectral characterisation in THF is provided here. The UV-Vis absorption spectra
of Re—R (Figures S3.1 and S3.2) have distinct features arising from the Re—phen metallacycle and
the R—NI moiety. Particularly, a metal-ligand-to-ligand charge-transfer (ML'LCT) transition at ca.
380 nm has a dual character arising from nt(Cl)—m*(phen) halide-to-ligand charge transfer (XLCT)
and dmnt(Re)—m*(phen) metal-to-ligand charge-transfer (MLCT) transitions; hereinafter, this is for

simplicity referred to as an MLCT transition.>”=*° Different electronic transitions arising from the
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R—NI moiety are apparent for each Re-R complex, also involving the differing R-groups attached
at the NI core; with vibrationally structured n—mn* and n—mn* transitions for Re—H at ca. 340 nm,
while a new EB-NI—NI n—nt* intraligand charge-transfer (ILCT) transition is observed at ca. 385
nm. The IR spectra (see Figures S3.3 and S3.4) of Re—R reveal the typical fac-band pattern of the
metal tricarbonyl vibrational modes (vco) in the Cs point group associated with the [Re'(R—NI-
phen)(CO)sCl] complexes?®, with additional organic carbonyl bands (vc-o0) from the NI moiety.
In the case of Re—EB, the ethynyl bridge is an additional IR-active reporter group, with the C=C
stretching mode (vc=c) observed at 2206 cm™. The experimental IR and UV-Vis absorption spectra

are closely matched by DFT/TDDFT calculated spectra (Table 3.2 and Figures S3.26 and S3.27).

In this work, electrochemical techniques (CV, SEC) were employed to elucidate the reduction
pathway leading to the active catalyst of Re—R. Further to these, TRIR SEC studies were
conducted to gain a more detailed account of the excited-state dynamics of some of the reduced
intermediates leading to the formation of the active catalyst for photocatalytic CO; reduction.
This approach uses a OTTLE cell adapted with a working electrode bearing a wide rectangular
aperture enabling in situ TRIR SEC studies upon cell-rastering to avoid local overheating.*! The
results of the experimental electrochemical (CV, SEC), TRIR and TRIR SEC studies, together with
the investigation of the photocatalytic CO, reduction mechanism, of Re-R are discussed and

analysed with insightful data obtained from DFT and TDDFT calculations.
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Chart 3.2. Molecular structures of the R—=NI-phen ligands and the Re—R complexes studied in this
work.
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3.3 Radical-Chromophore Systems
3.3.1 Overview

Upon the electrochemical reduction of the Re—=R complexes, as undertaken later in this chapter,
the R—NI moiety becomes a radical species while the Re—phen chromophore remains
unperturbed; thereby establishing a radical-chromophore system. Studies of radical-
chromophore systems typically involve stable-free radicals, air-stable organic compounds that
have unpaired m-spin systems that are delocalised through m-conjugation*?, linked to organic
chromophores. However, radicals can also be formed by redox and excited-state processes,
although these are not typically air-stable and must be formed during in situ studies. Regardless
of how they are formed, radicals exist in the doublet ground state (Do) and populate doublet
excited states (Dn, where n > 1) upon optical excitation, as illustrated in Figure 1.20 in Chapter 1.
When linked to an organic chromophore, these radicals can modify the excited-state dynamics

of the appended chromophore.*®

In the TRIR SEC experiments presented later in this chapter, Re-R is first electrochemically
reduced, and the formed radical-chromophore system is then excited at 420 nm. Two scenarios
can be considered upon excitation of a radical-chromophore system; namely, excitation of the
chromophore or excitation of the radical. The processes arising from each excitation pathway
can be complicated and requires some examination prior to discussing the results of the TRIR
SEC studies presented in this chapter. As such, a brief overview of radical-chromophore systems

follows.

3.3.2 Excitation of the Chromophore

Excitation of the chromophore in a radical-chromophore system typically results in the
population of the same locally excited state(s) obtained by excitation of the isolated
chromophore. However, the presence of a covalently linked radical changes the nature of the
excited-state dynamics subsequent to the populated of the locally excited state(s). Since there
are two valence electrons in the chromophore HOMO, and the radical characteristically possess
one unpaired electron in the HOSO, the spin-pairing of all three valence electrons in the
covalently linked radical-chromophore system must be considered. Consequently, there are

three possible configurations as outlined below:
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1. Where a singlet chromophore (T,»L) is linked to a doublet radical (i) a sing-doublet is
formed. The ground state of radical-chromophore systems are sing-doublets, with an
overall doublet spin multiplicity.

2. When two of the three valence electrons are spin-paired, i.e. chromophore (T,T) and
radical (~L), a trip-doublet is formed. This is the case upon excitation of the chromophore
to a triplet excited state with a doublet on the radical. The overall spin multiplicity in this
case remains as a doublet spin state.

3. When all unpaired electrons are spin-aligned, i.e. chromophore (T,7) and radical (1), a
trip-quartet is formed. In this case, the overall spin state changes to a quartet (Qn) arising

from Hund’s rule (25+1, where S = 3/2).

The local spin state of the chromophore differs in the first two configurations, being either a
singlet or triplet in the sing-doublet and trip-doublet, respectively. However, when the
chromophore is linked to a radical it cannot be simply considered as an isolated system. When
the overall spin multiplicity of the radical-chromophore system is considered, by correlating the
individual spin states of the radical and chromophore components, a doublet spin state is
obtained in both of first two configurations.** This creates an unusual situation where ISC on the
chromophore becomes spin-allowed in the presence of a radical as the overall spin multiplicity
of the radical-chromophore system is unchanged; so-called radical-enhanced ISC (REISC). In
REISC, ISC from the chromophore S, to T, excited state is enhanced by a spin-exchange
mechanism with the radical, where the valence electrons of the chromophore and of the radical
are coupled allowing for their spin to be exchanged; this preserves the overall spin multiplicity

of the radical-chromophore, as illustrated in Figure 3.1.

sing-doublet trip-doublet trip-quartet

_l_
_1_ ‘1_ REISC | 4 _L_ ESP | ‘1_

Sn Do Tn DU Tn DO

Figure 3.13. The excited state dynamics of a radical-chromophore system following excitation of
the chromophore. Chromophore-based orbitals are on the left and radical-based orbitals are on
the right of each box.
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The Do— D, and Dn— Do transitions are spin-allowed processes. Accordingly, high ISC efficiencies
can be attained in radical-chromophore systems at the cost of shorter-lived T, excited state
lifetimes compared to the isolated chromophore.*® Increasing the distance between the radical
and chromophore with a spacer reduces coupling between these components; this can extend
the lived T, excited state lifetime, but also reduces the efficiency of ISC in these systems. This
effect was studied by Wang et al. using a 2,2,6,6-tetramethyl-1-piperidinyloxyl radical linked to a
BODIPY chromophore; a high triplet state quantum vyield of 80% and an triplet excited state
lifetime of 62 us were reported with a shorter spacer (1,4-dimethyl-1H-1,2,3-triazole), while a
longer spacer (4-methyl-1-(2-phenoxyethyl)-1H-1,2,3-triazole) had a lower ISC efficiency of 14%
but a longer triplet state lifetime of 190 ps.*
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Figure 3.14. A diagram of the substates of the isoenergetic D, and Q. excited states. Mixing
between the substates are shown with dashed lines.

To access long-lived excited states in radical-chromophore systems spin-forbidden transitions are
required; this is achieved by populating quartet (Q.) excited states. The Q. excited states in
covalently linked radical-chromophore systems are populated by electron spin polarisation (ESP),
where the spin of the radical valence electron becomes aligned with those of the T, excited
chromophore as illustrated in Figure 3.1.4748 While the overall spin state changes from the trip-
doublet to trip-quartet state, the spin-states of the individual components remain unchanged;
this results in the two excited states having very similar energies. Under the influence of a
magnetic field, the spin magnetic quantum number (m;) causes the energy levels of D, and Q,
excited states to undergo hyperfine splitting into substates (for S = 1/2; m; = +1/2 for D,, and S =
3/2; ms = £1/2, £3/2), as shown in Figure 3.2. If the D, and Q, excited states are isoenergetic an
equilibrium between their substates is established with a 1:2 probability ratio in favour of the Q,
excited states.*® This equilibrium has been shown to form over an 80 ps timescale for

oxoverdazyl-perylene radical-chromophore systems studied with fs-TAS.**%° Zero-field splitting
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interactions also allow for the hyperfine splitting of the D, and Q,, substates even in the absence
of an external magnetic field due to the mixing of the unpaired electrons in the radical-
chromophore system.>>*? If the D, and Q. excited states have different energies, the Q, excited
state can be populated so long as the Q, substates have a lower energy than the D, substates or

the energy difference between the substates remains sufficient small for mixing to occur. 4450

Ground-state recovery involves ISC from the T, excited state on the chromophore to its Sp ground
state, similarly to T,—So transitions seen for the isolated chromophore. However, two pathways
are possible in radical-chromophore systems; one is the spin-forbidden Q,— Dy transition from
the trip-quartet state and the other is the spin-allowed D,—Dq transition from the trip-doublet
state. The latter is the more likely pathway due to the spin-allowed nature of the D,—Do
transition, and the equilibrium between the trip-quartet and trip-doublet states makes this

transition accessible.

3.3.3 Excitation of the Radical

The excitation of a radical species was previously described in Chapter 1. However, the relevant
characteristics of the subsequently populated D, excited states that are pertinent to this
discussion are described here. Upon populating a D, excited state, the formerly occupied Do
ground state HOSO is vacated. This creates an unstable species where the valence electron
occupies a high energy molecular orbital, while a lower energy molecular orbital is empty. As
described above, Do—D, and D,—Dy transitions are spin-allowed processes; consequently, D,
excited states are short-lived. However, interactions between an excited radical and a
chromophore are still possible in a radical-chromophore system. This requires the linked
chromophore to have an excited state lower in energy than the initially populated D, excited
state of the radical.*? Without this, ground state recovery proceeds via a D,—Do transition as
illustrated in Figure 3.3A, which is also the only situation where fluorescence from a D, excited

state occurs in radical-chromophore systems.*%>3
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Figure 3.15. The excited state dynamics of a radical-chromophore system following excitation of
the radical. (A) When there are no chromophore-based molecular orbitals that are lower in
energy than the D, excited state, only ground-state recovery is possible. (B) When there is a
chromophore-based molecular orbital lower in energy than the D, excited state, DTET can occur.

One possible interaction between an excited radical and a chromophore involves electron-
exchange based Dexter-like doublet-triplet energy transfer (DTET; see Figure 3.3B), which has
many common attributes with triplet-triplet energy transfer (TTET). TTET involves an energy
donor in the T, excited state that transfers its energy to an acceptor through electron exchange
via a Dexter mechanism; this produces a T, excited state on the acceptor and restores the donor
to the Sp ground state.>* However, TTET involves spin-forbidden transitions and so spin-orbit
coupling (SOC) interactions are required to obtain high efficiency ISC, widely attained from the
triplet excited states of transition metal complexes.>? In DTET, the radical species in the D, excited
state is the energy donor; consequently, the overall spin multiplicity of the radical-chromophore
system remains a doublet despite ISC within the chromophore. Therefore, the advantage of DTET
over TTET is that ISC can be achieved without using a heavy atom, such as the use of transition
metal complexes in TTET.>® DTET is also a form of REISC, driven by an electron-exchange

mechanism in this case rather than the spin-exchange mechanism described earlier.

Separate studies by Han et al. and Wei et al. used DTET to achieve triplet-triplet annihilation
photon up-conversion (TTA-UC), where two T, excited states produce a higher energy acceptor
Sn excited state that subsequently displays upconverted delayed fluorescence.>>*¢ In doing so,
they could use near-IR light to excite the radical while attaining high UC quantum yields of 6.8%,
reportedly close to the highest UC quantum yield of 7% with a heavy-metal complexes as
photosensitsers.>® An excited state radical can also populate the chromophore triplet excited
state via an intermediate excited state. The intermediate excited state can be populated by a
number of excited state processes including electron transfer, energy transfer, or ISC, and
subsequently the trip-doublet and trip-quartet states are then populated from the intermediate

excited state by SOC-ISC or radical-pair intersystem crossing (RP-ISC).*> Once the trip-doublet and
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trip-quartet states are populated, the same excited state pathways can occur as outlined for

these states identified by excitation of the chromophore.

3.3.4 Studying Radical-Chromophore Systems

Electron paramagnetic resonance (EPR) spectroscopy is the most widely adopted technique to
study the spin states of open-shell systems (S > 1/2).°2 EPR is related to nuclear magnetic
resonance (NMR) spectroscopy in that both techniques study the splitting of spin states under
an applied magnetic field.>” However, while NMR is concerned with nuclear spin (i.e. the spin of
the neutrons and protons in the nuclei of atoms), EPR analyses electronic spin (i.e. the spin of
electrons) which is relevant to this discussion of radical-chromophore systems. The EPR spectra
of systems with multiple unpaired electrons, such as the trip-doublet and trip-quartet state (S =
1/2 and 3/2, respectively), can be difficult to interpret due to the multiple possible processes
involved in the interconversion of these states.”’>® These spectra are often accompanied by
theoretical calculations which aid in assigning the absorption and emission signals by unpaired

electrons to D, or Q, excited states.

Time-resolved EPR (TREPR) spectroscopy can be employed to study the spin-state dynamics of
open-shell systems, which includes photocatalysts.>>>’-%! This technique could be very beneficial
to studying radical-chromophore systems that undergo optical excitation, particularly due to its
ability to distinguish between the many mechanisms that ESP can proceed by.*>*">° However,
TREPR spectroscopy experiments face difficulties with data interpretation, which require
sophisticated data analysis systems, and complex setups that require precise synchronisation of
microwave pulses, magnetic fields, and time-resolved detection systems.®! Accordingly, most
systems are studied as solids at low temperatures (ca. 77 K) which prolongs their excited-state

dynamics, allowing for the excited-state processes to be monitored on longer time regimes.*

3.3.5 Conclusion to Radical-Chromophore Systems

Photocatalytic systems are often overlooked as radical-chromophore systems despite the
creation of radical species upon optical excitation during photocatalysis, including
photosynthesis.®2 In this chapter, a radical-chromophore system is created following
electrochemical reduction of the Re=R photocatalyst precursors, mimicking the formation of
radical species during photocatalysis. This is unlike the studies presented in this overview of

radical-chromophore systems, which primarily use stable-free radicals. However, the same
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analyses can be applied to those radical-chromophore systems as the electrochemically

generated radical-chromophores in this work.

To conclude, the studies presented in this chapter are used to determine the excited-state
dynamics of a photocatalyst precursor by creating an electrochemically generated radical-
chromophore system; the first that uses TRIR SEC to do so. Furthermore, there are many reports
of radical-chromophore systems incorporating rylenes, rylene monoimides, and rylene
diimides.*448:50,56:5863-65 Hawevyer, these organic compounds are typically incorporated as the
chromophore, or in larger radical-chromophore systems as donor or acceptor moieties. As such,
the formation of a R—NI*" upon the electrochemical reduction of Re-R also presents an
interesting opportunity to study a rylene monoimide as the radical component in a radical-

chromophore system.

3.4 Results and Discussion
3.4.1 Cyclic Voltammetry

Cyclic voltammetry of H-NI-phen, EB—NI-phen, Re-H, and Re-EB conducted in DCM/10™* M
TBAPFs under a N, atmosphere is presented in Figure 3.4. The reversibility of the R1 and R2
reduction waves for all samples is assessed at various scan rates between 10-100 mV s™* (Figure
$3.5). Complementary cyclic voltammograms were recorded in DMF/10™* M TBAPFs under N
and CO, (Re—R) atmospheres, and in THF/10™ M TBAPFs under a N, atmosphere (Figures S3.6—
$3.8). The reduction potentials against Fc*/Fc (used as the internal standard) are listed in Table

3.1

The first reduction wave, R1, seen in the cyclic voltammogram of H=NI-phen at £1,, = -1.83 V,
appeared reversible and closely matched the literature electrode potential for generating the NI
radical anion, [H-NI-phen]*~.°¢ For EB-NI-phen, the R1 reduction forms the corresponding
radical anion, [EB-NI-phen]*, at a less negative potential, viz. E;, = —1.60 V, indicating that
binding EB onto NI stabilises the LUMO of the NI moiety. In both R-NI-phen, the uncoordinated
phen moiety has a higher-lying LUMO compared to that of NI and reduces more negatively. For
free phen, E,c = —2.53 V vs. Fc*/Fc in CH3CN®’, which is comparable with the second reduction
wave (R2) in [H-NI-phen]*~ but more negative than the R2 wave in [EB-NI-phen]*~ (Table 3.1).
However, upon complexation of R—NI-phen in Re-R, the phen LUMO becomes strongly
stabilised and chelating phen reduces at much less negative potentials. In [Re(PNI—phen)(CO)sCl]

(where PNI = 4-piperidinyl-1,8-naphthalimide), an analogue of the Re—R complexes in this study,
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the phen complexation even results in a reversed situation, where the R1 wave at E;, =—-1.59 V
has been attributed to the population of the stabilised phen-based LUMO and the more negative
R2 wave at Ei; = =1.71 V is localised on the PNI moiety bearing the strongly donating 4—
piperidinyl substituent.?® Especially in Re—EB, EB—NI has its LUMO significantly more stabilised

compared to chelating phen.

]
T~

Potential vs Fc*/Fc [V]

Figure 3.16. Cyclic voltammograms of 1 mM [red] H-NI-phen, [black] Re—H, [blue] EB—Ni—phen,
and [green] Re—EB samples in the DCM/10™* M TBAPFs electrolyte. Scan rate = 100 mV s™.

Two close-lying reversible reduction waves, R1 and R2, are localised in the CV of Re-H in DCM
(Figure 3.4) at E1/, =-1.70 V and —1.84 V, respectively. The R1 reduction producing the [Re-H]~
species corresponds to reduced NI in coordinated [H-NI*—phen]. This is confirmed by TDDFT
calculations showing the LUMO of Re-H entirely localised on the NI moiety, while the LUMO+1
of Re—H is predominantly distributed across the phen moiety (Figure $S3.29). Accordingly, the R2
reduction wave can be attributed to the reduction of the phen moiety forming [H-NI*—phen*"]
as a biradical species named [Re—H]?*" herein. DFT calculations reveal that two biradical species
are formed by the Re—R complexes (Table S3.7 and $3.9); the open-shell singlet, [Re—R]*", and
the slightly lower energy open-shell triplet, 3[Re—R]?*". Both have added electrons in the R—NI and
phen moieties but vary by being spin-paired and spin-unpaired in ![Re-R]*" and 3[Re-R]%,

respectively. Further details of these biradical species are discussed in the following section.

The reversible R1 and R2 reduction waves observed in the CV of Re—EB (Figure 3.4) resembles

those of Re-H, but R1 is much less negatively shifted: E1, = =1.51 V and —=1.81 V, respectively.
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The R1 and R2 reductions are assigned to the formation of [Re—EB]™ and [Re—EB]%, respectively.
Accordingly, [Re—EB] arises from the formation of chelated [EB-NI*"—phen], while [Re—EB]*" is
formed by a phen-based reduction with chelated [EB-NI*—phen*-]. This assignment is supported
by DFT calculations showing the LUMO almost entirely localised on the NI moiety, while the
LUMO+1 of Re-EB is predominantly distributed across the phen moiety (Figure S3.31). Thus, the
greater separation of the R1 and R2 reduction waves for Re=EB (AEgr;-r1 = 300 mV) compared to
Re-H (AEr;-r1 = 140 mV) arises from the greater stabilisation of the NI LUMO in Re-EB. The
reduction potential of phen in chelating R-NI—phen is clearly much less affected by the R-
substituent, reflecting the limited electronic communication between NI and phen as

independent redox centres.

An irreversible oxidation (O1) wave is observed for both Re—R complexes at E,, = +1.01 V and
+1.09 V, respectively. For Re—H, the DFT calculations indicate that the HOMO and HOMO-1 are
based on the Re—phen metallacycle (Figure S3.29); therefore, O1 is attributed oxidation of the
Re(l) (or, more precisely, the Re—Cl) centre. However, the HOMO is localised on the EB—NI moiety
for Re—EB, with a close-lying HOMO-1 assigned to oxidation of the Re(l) centre (Figure S3.31);
therefore, O1 is attributed oxidation of the EB—NI moiety which precedes the oxidation of the

Re(l) centre in Re—EB.

The continued negative CV scan of Re-H and Re-EB in DCM (for Re-EB only), DMF and THF
electrolytes (Figure 3.4, S3.6, and S3.7) displayed a separate irreversible third reduction wave
(R3) as indicated in Table 3.1. The B-LUSO of [Re—R]?* (Figures S3.37 and S3.39) are localised on
the R—NI moiety, therefore the reduction at R3 likely creates the R—NI dianion initially. This is
sufficient to labilise and break the Re-Cl bond to obtain uncommon 35-MA, with the [R-NI—
phen™] biradical coordinated to a 5-coordinate Re' metal centre. Concomitant reduction at R3
then yields the formally Re® metal centre, establishing the 5-coordinate dianion (25-DA) as the
electrochemically formed active catalyst. Indeed, the diamagnetic 5-coordinate monoanion,
[Re’(a-diimine)(CO)s]™ (*5-MA), formed from double reduced Re'(a-diimine) precursors, has
been reported as the CO, reducing active catalyst.3>% The '5—~MA of Re—EB could be formed from
the 35—-MA by intramolecular electron transfer from [R=NI]" to the [Re—phen~] metallacycle;
however, R-NI is easily reduced at this potential to spontaneously form the 25-DA. A weak
catalytic effect is observed at the R3 reduction wave for both Re—R complexes in DMF under a
CO, atmosphere associated with the binding of CO, to a Re® metal centre (Figure S3.8).2%%°
Accordingly, the R3 reduction waves are formally assigned to a [R—NI]™-based reduction with
concomitant CI” dissociation resulting in the formation of 35-MA, followed by a subsequent [R—

NI]™-based reduction which yields the 25-DA active catalyst. This complex electrochemical-
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chemical-electrochemical (ECE) process is further detailed by the corresponding IR and UV-Vis

SEC studies outlined in the following section.

Table 3.4. Redox potentials of R~NI-phen and Re—R from CV measurements.°

R1 R2 R3 o1
Sample Solvent
(v) (v) (V) (v)
DCM -1.83 -2.60° - -
H-NI-phen
DMF -1.70 - - -
DCM -1.60 -2.18° - -
EB-NI-phen
DMF -1.55 - - -
DCM -1.70 -1.84 = +1.01°
Re-H DMF -1.57 -1.70 —2.74b +1.06°
THF -1.85 -1.95 -2.87° +0.99°
DCM -1.51 -1.81 -2.19b +1.08°
Re-EB DMF -1.46 -1.75 -2.17° +1.06°
THF -1.55 -1.84 -2.29b +0.96°
[Re(PNI-phen)(CO)sCI]*  CHsCN -1.59 -1.71 —2.40° -

9All potentials (V) are reported versus ferrocene internal standard (Fc*/Fc). Eis; values for
reversible redox processes. °E, values for irreversible reduction and E, . values for irreversible
oxidation processes. ‘See Ref. 28.%

3.4.2 Spectroelectrochemistry

IR and UV-Vis SEC experiments were performed in DCM/TBAPFs and THF/TBAPFs electrolytes.
The reduction paths of Re—H and Re—EB encompassed three steps at the R1-R3 reduction waves
identified in the parallel thin-layer CV (TL-CV) scans. The corresponding IR and UV-Vis spectral
changes in THF/TBAPF¢ under an inert N, atmosphere are presented in Figure 3.5 (Re—H) and
Figure 3.6 (Re—EB), and the IR spectral changes in THF/TBAPF¢ under a CO, atmosphere in Figure
3.7 (Re-H and Re—EB). The IR and UV-Vis spectral changes in DCM/TBAPF; for free R—-NI-phen
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and Re-R are presented in Figures S3.9-S3.12. The key IR and UV-Vis spectroscopic
characteristics from the SEC experiments in THF and DCM, complemented by supporting DFT
and TDDFT calculated data (Figures $3.28-53.42 and Tables $3.1-53.6), are summarised in Table
3.2.

For [H-NI-phen]*-, the IR spectrum (Figure S3.9A) features two vc-o absorption bands at 1635
and 1618 cm™, which are shifted to smaller wavenumbers compared to the parent, H-Nl—-phen
(Ve=o at 1713 and 1675 cm™). Similarly, the two vc-o absorption bands of the parent EB-NI-phen
at 1710 and 1673 cm™ shifted to smaller wavenumbers (vc-o = 1638 and 1621 cm™) upon the
le™ reduction at R1 (Table 3.1) to [EB—NI-phen]*~ (Figure S3.10A). This change is coupled with a
red shift of the parent vc=c absorption band at 2207 cm™, associated with weaking of the C=C
bond, with two vc=c absorption maxima being observed at 2157 and 2136 cm™. Depletion of the
parent NI m—mt* transition at 335 nm in the UV-Vis absorption spectrum of [H-NI-phen]*~
coincided with the formation of a new electronic transition at 417 nm (Figure S3.9B),
corresponding to the Nl-based radical anion.®® Similarly, the UV-Vis SEC monitoring of the
formation of [EB-NI-phen]*~ displayed the gradual growth of two new absorption bands at 444
and 487 nm, which accompanied the depletion of the parent NI m—m* transition at 385 nm

(Figure S3.108B).
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Figure 3.17. (A) IR SEC of 4 mM Re—H and (B) UV-Vis SEC of 2 mM Re—H in the THF electrolyte at
T = 293 K, showing the stepwise conversion of the parent complex (black, dashed) to reduced
species formed at R1 (red), R2 (blue), and R3 (green). OCP = open-circuit potential, ® = Re—H, B
=[Re-H]~, V¥ =3[Re-H]*, ® =35-MA, A =25-DA.

The IR SEC experiments indicated that there is almost complete conversion of the parent Re-H

at the R1 reduction wave (partially overlapping with R2 in Figure 3.4) to [Re—H]~ with minimal
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appearance of [Re—H]? (Figure 3.5A). New vc-o bands at 1637 and 1621 cm™, associated with
the formation of [H-NI*"—phen], are shifted to a smaller wavenumber for [Re-H]™ by ca. 70 cm~
! compared to Re—H at the open circuit potential (OCP). A slight red shift of the vc=o0 bands of
[Re=H]™ (by ca. 2 cm™) further indicates that the first reduction is remote from the tricarbonyl
Re centre, supporting the assignment of the R1 reduction wave to the NI—NI*" reduction step.
The DFT-calculated IR spectrum corroborates with the experimental IR spectrum of [Re=H]~
(Table 3.2) and further supports the reduction of the NI moiety at the R1 reduction wave (Figure
S3.40).

The UV-Vis spectral changes accompanying the reduction of Re—H at R1 (Figure 3.5B) are similar
in appearance to those of H-NI-phen (Figure S3.9); showing the growth of a band at 417 nm
upon the formation of [Re—H]~ with the concurrent depletion of the NI m—m* transition in Re—
H at 338 nm. The TDDFT-calculated UV-Vis spectrum of [Re-H]™ agrees with the experimental
spectra (Table 3.2); with the new transition at 417 nm attributed to a NI*"—phen n—n* ILCT
transition which overlies the MLCT transition unperturbed by the NI-based reduction (Figures
$3.32 and S3.33 and Table S3.3). These spectral changes are consistent with the formation of
chelated [H-NI*"—phen] and is in agreement with the NI-based radical anion in the literature.®®
Similar features are observed for [Re—H]" in the IR SEC and UV-Vis SEC experiments conducted

in the DCM electrolyte (Figure S3.11).

For Re-EB, the greater separation of the R1 and R2 reduction waves ensured reduction to [Re—
EB]~ without the formation of [Re—EB]%". In the IR spectrum of [Re—EB]~ in THF (Figure 3.6A), the
Ve=o and vc=o bands underwent similar shifts as observed for [Re—-H]~ associated with the
formation of the NI-based radical anion. Inclusion of the ethynyl group in Re—-EB, with vc=c = 2207
cm™?, enabled monitoring of bands in the C=C IR region. Indeed, two new bands at smaller
wavenumbers (vcsc = 2156 and 2140 cm™) are observed for [Re—EB], representing a red shift of
ca. 60 cm™. DFT calculations support the experimental data for [Re—EB]~ (Table 3.2) and the
reduction of the EB—NI moiety at R1 (Figure S3.41).

In the UV-Vis spectrum of [Re—EB]" (Figure 3.6B), the reduction at R1 resulted in a depletion of
the EB—NI—NI m—m* ILCT transition at 385 nm and coincided with the growth of two new bands
at 443 and 488 nm. The TDDFT-calculated UV-Vis spectra of [Re-EB]~ agreed with the
experimental spectra (Table 3.2); the band at 443 nm arises entirely from an EB—NI*"-based
n—7t* LC transition, while the band at 488 nm is attributed to a mixture of EB—NI*"-based n—mnt*
LC and EB—NI*"—phen n—n* ILCT transitions (Figures S3.34 and S3.35 and Table S3.4). The IR

and UV-Vis spectra of [Re—EB]~ matched the spectral profiles of [EB-NI-phen]*~ (Figure S3.10);
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further supporting that the first reduction in both Re—=R complexes is localised on the NI moiety.
Similar features are observed for [Re—EB]" in the IR SEC and UV-Vis SEC experiments conducted

in the DCM electrolyte (Figure S3.12).

Upon the subsequent phen-based reduction of [Re—=H]™ at R2, new vc=0 bands are observed at
1997, 1888, and 1862 cm™ (see Figure 3.5A). These are assigned to the 6-coordinate biradical
[Re'(H-NI"—phen)(C0)sCl]%, 3[Re-H]*; the assignment of the triplet biradical is based on it being
lower in energy (AE = 0.65 kcal mol™) compared to the singlet biradical (Tables $3.7-53.9). This
assighment is also supported by the calculated IR spectrum of 3[Re—H]?* in Figure S3.40. These
vc=o bands retained the fac-Re-tricarbonyl pattern in the local Cs symmetry, being red-shifted by
~30 cm™ compared to the vc=o bands of Re=H (Table 3.2), in line with the phen-based reduction
increasing the Re—C=0 ni-back-donation.”® Trace amounts of the 35—-MA may be present at ca.
1990 cm™ on account of the slight asymmetry of the 1997 cm™ band. The UV-Vis spectrum of
3[Re—H]?* (Figure 3.5B) displayed new transitions at 307 and 580 nm with concurrent depletion
of the phen n—Tt* transition at 265 nm. The calculated UV-Vis spectra of 3[Re—H]?*" agreed with
the experimental spectra (Table 3.2); the transition at 307 nm arises from both NI™—phen™based
and Re—phen™ transitions, while the transition at 580 nm is attributed solely to a NI™—phen™-
based transition redistributing onto the Re—phen metallacycle (Figures $3.36 and $3.37 and Table
S3.5).

The IR spectra collected in DCM provide more detail about the species formed at R2. Two species
were observed in the IR spectrum collected at R2 (Figure S3.11A). The 3[Re—H]* species with
Ve=o bands at 1998, 1893, 1869 cm™ closely matched the same species in THF. A second, minor
species with vco at 1989, 1869 and 1846 cm™ is attributed to the formation of 35-MA of Re—H.
The 3[Re-H]* and 35-MA species were also identified in UV-Vis absorption spectrum recorded
at R2 (Figure S3.11B). The three absorption bands at 287, 457, and 580 nm are assigned to 3[Re—
H)%. The band at 287 nm is red shifted to 313 nm for 35—-MA, but the longer wavelength features
were largely unchanged. Upon applying a ca. 150 mV more negative potential beyond R2,
complete conversion to 35—MA occurred. The TDDFT calculations of the electronic transition at
287 nm of 3[Re—H]* indicates the involved orbitals are localised on the Re—phen™ metallacycle
(Figures S3.36 and S3.37 and Table S3.5). This transition shifted to lower energy in 35—MA, in line
with the calculated UV-Vis spectra in Figure S3.40A, indicating that the Re—phen™ metallacycle is

stabilised upon CI~ dissociation.
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Figure 3.18. (A) IR SEC of 4 mM Re—EB and (B) UV-Vis SEC of 1 mM Re—EB in DCM electrolyte
solution at T = 293 K, showing the stepwise conversion of the parent complex (black, dashed) to
the reduced species formed at R1 (red), R2 (blue), and R3 (green). OCP = open-circuit potential,
® = Re—EB, B = [Re—EB]~, V¥ =3[Re—EBJ*, ® =35-MA, A =25-DA.

In the IR spectrum recorded beyond the R2 reduction wave of Re—EB (Figure 3.6A), the vc-o
vibrations remained largely unchanged, and no vc= vibrations are observed. New vc=0 bands
attributed to the 3[Re—EB]* species are apparent at 1998, 1890, and 1862 cm™; which are shifted
by ca. 15 cm™ to higher frequency compared to the vc=o bands of [Re-H]*". An additional set of
Vo bands are observed at 1983, 1858, and 1842 cm™; and agree with the calculated IR spectrum
of the 35—-MA of Re—EB in Figure S3.41. Thus, two reduced species are formed from the second
reduction localised on the phen moiety, which are easily identified in the IR spectrum recorded
at R2 in the DCM electrolyte (Figure S3.12); with vc=o stretching wavenumber at 1998, 1889,
1862 cm™ and 1983, 1858, 1842 cm™ for 3[Re—EB]?~ and 35—-MA, respectively. The 2e” reduction
products typically formed by [Re(a-diimine)(CO)sCl] complexes are diamagnetic, particularly the
15-MA active catalyst.”! The addition of the R—NI moiety enables larger delocalisation of the
added electrons after CI~ dissociation. This is visualised in the spin-density distribution of 35-MA
of Re—EB in Figure S3.47; where the extended delocalisation of Re—EB further stabilises the 35—
MA. This also accounts for the increased absorption of the 35—-MA vc=0 bands in the IR spectrum

of Re—EB at R2 compared to that seen in the IR spectrum of Re—H.

In the UV-Vis absorption spectrum recorded at the R2 reduction wave of Re-EB, the two
absorption bands associated with the EB—NI*~ were marginally red-shifted compared to that of
[Re—EB]; they appeared at 443 and 509 nm in THF (Figure 3.6B), and at 430 and 506 nm in DCM
(Figure S3.12B). The transition at 430 nm in DCM is attributed to EB—NI"—phen~ based
transitions based on TDDFT calculations (Figures $3.38 and S3.39 and Table S3.6). The new
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absorption band observed at 585 nm in THF, and at 539 nm in DCM, is attributed to both 3[Re-
EB]* and 35-MA species as observed in the IR spectra in both electrolytes. The TDDFT-calculated
UV-Vis spectrum of 3[Re—EB]?>" at 506 nm is attributed to transitions entirely localised on the EB—
NI~ moiety, while the 539 nm band is assigned to redistribution of electron density from phen™
to the Re(CO); moiety (Figures S3.38 and S3.39 and Table S3.6). The bands at 509 and 585 nm in
THF are red shifted compared to those in DCM; this indicates that the more polar THF
environment stabilises these species which lowers the energy of their transitions. For the 35—
MA, this may be facilitated by forming the more stable, weakly THF-solvated complex, which

would account for the larger red-shift of its transition from 539 nm in DCM to 585 nm in THF.

The doubly reduced [Re—R]* species can exist in two biradical open-shell spin-states; the spin-
singlet biradical ({[Re-R]*), with added electrons in the R—-NI(T) and phen(J) moieties, and the
spin-triplet biradical (3[Re—R]*), with added electrons in the R-NI(T) and phen(T) moieties.
Theoretical calculations of ![Re-R]*~ and 3[Re—R]* (Figures S3.40-S3.42) revealed that these
species are very close in energy, with AE of ca. 0.65 kcal mol™ (Tables $3.7-53.9). The increased
electron density on the Re—phen metallacycle of Y3[Re-R]* is sufficient to induce CI~
dissociation, which yields the more stable 35—-MA detected in the SEC experiments; particularly
apparent for Re—EB reduced at R2. However, only trace amounts of the 35-MA of Re-H is
observed in the SEC experiments at the R2 reduction wave, and a small quantity is detected at
R3 as discussed later in this section. Again, the supporting TDDFT calculations provide an

explanation for this as follows.

For 3[Re-H]*", a-HOSO is delocalised over phen and B-HOSO on H-NI and are reducible at the
LUSOs delocalised over the corresponding m*—system (a-LUSO on phen and B-LUSO on H—NI;
Figure S3.40). The a-HOSO and B-HOSO of 3[Re-EB]* are delocalised over EB—-NI and are
reducible at the LUSOs delocalised over the m*—system of EB—NI (Figure $3.39). As such, [Re—
EB]* appears to be stabilised by the presence of the EB substituent on the NI moiety, likely due
to stabilisation of the m-system as shown in structure “c” which has a lower energetic barrier of
0.38 kcal mol™ (Figure S3.41 and Table S3.8). Accordingly, the 35-MA is more easily obtained
from 3[Re—EB]?* at R2, and is reduced to the 25-DA before R3. While the 35-MA of Re—H may be
obtained from the 3[Re-H]* by intramolecular electron transfer, it requires a more negative
potential to do so; likely much closer to R3 where electrochemical reduction of 3[Re—H]?* to the
25-DA occurs. The 5-coordinate dianion with a quartet spin multiplicity (*5—DA), with all added
electrons being spin unpaired, has larger calculated wavenumbers than the 25-DA and is not

observed in the experimental data (Figure S3.44).

98



No further reduced species are observed in the SEC experiments in the DCM electrolyte due to
its limited negative potential window. However, the 25-DA formed at the R3 reduction wave of
Re-R is investigated in THF. In the IR spectrum of Re-H collected at the R3 reduction wave (Figure
3.5A), strongly red-shifted vc=o vibrations are observed at 1948 and 1844 cm™ matching the A;
+ E pattern associated with a local Cs, symmetry due to the rotation of a Re® tricarbonyl unit.”>
74 \Weak shoulders are observed at 1980, 1862, 1844 cm™ corresponding to the 35-MA of Re—H,
which supports that the 35—MA is formed at a lower potential closer to R3. The vc-o vibrations
are essentially unchanged compared to 3[Re-H]*. In the UV-Vis spectrum (Figure 3.5B),
depletion of the H-NI*" transition at 418 nm is observed, with concurrent growth of a strong
electronic absorption band at 625 nm with Re’-phen™—CO., m—n* character as visualised in
Figure S3.45; characteristic of the 5-coordinate active catalyst.”>’# Similar spectral features are
observed in both the IR and UV-Vis spectra at the R3 reduction wave of Re-EB (Figure 3.6). Two
strongly red-shifted vc=o bands are observed at 1950 and 1845 cm™ with a local Cs, symmetry,
with residual vc=o bands from 3[Re—EB]*" and 35—-MA apparent in this spectrum. A strong n—mt*
(Re®—phen™) electronic absorption at 620 nm in the UV-Vis spectrum is observed together with
the depleted EB—NI*" transitions at 443 and 509 nm. TDDFT calculations of the 35-MA of Re—-EB
reveal that the HOSOs are localised on EB—NI7, with LUSOs reducible on the Re—phen~
metallacycle (Figure S3.47). Therefore, reduction of 3[Re-R]?>~ with concomitant CI~ dissociation
at R3 reduction, or reduction of 35-MA before R3, produces the [Re®(CO)s3(R—NI™—phen™)]*

complex as the 25—-DA species as the electrochemically generated active catalyst.

Presented in Figure 3.7 are the reference IR SEC experiments with Re=R performed in THF under
a CO, atmosphere, with both [Re—R]™ and 3[Re—R]* being observed. At more negative potentials,
significant CO gas evolution is observed in the OTTLE cell preventing further monitoring. New
bands between 1700-1600 cm™ correspond to the formation of bicarbonate species, which
begins at R2 but accelerates at more negative potentials.”>”>7¢ This is particularly evident in the
spectra collected at an approximately 300 mV more negative potential than R2, where the
absorbance of the bicarbonate species in the spectrum of Re—EB drastically increase (Figure
3.7B). In contrast, there is only a slight increase in the absorbance of the bicarbonate species in
the spectrum of Re—H at a 300 mV more negative potential than R2 (Figure 3.7A); this indicates
that Re-EB is activated at less negative potentials than Re—=H. This is supported by the slow
decrease of the 3CO; satellite band at R2, found at ca. 2330 cm™?, followed by a further depletion
approaching R3. These results indicate that CO; binding with 35—-MA, followed by intramolecular
electron transfer and subsequent reduction, produces 25-DA before R3 and reduces CO, to CO

and bicarbonate species under electrochemical conditions.
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Figure 3.19. IR spectra from SEC experiments conducted under a CO, atmosphere in THF
electrolyte, showing the stepwise conversion of the parent complex to reduced species formed at
R1 (red), R2 (blue), and R3 (green), including an inset of the 3CO; satellite band. A = Re=H, B =
Re—EB with an additional inset of the C=C stretching region. OCP = open-circuit potential, ® =
Re-R, B = [Re—R]-, V =3[Re-R]*.

The absence of the 35—-MA from the IR SEC experiments under CO, atmosphere indicates its
involvement in catalysis. However, catalysis directly from the 35—-MA is unlikely due to the Re—
phen metallacycle in the 35—-MA being only singly reduced. Instead, reduction of the 35-MA
would yield the R—NI dianion, as indicated by the B-LUSO of [Re—R]* which are localised on the
R—NI moiety (Figure S3.37 and $3.39), and subsequent intramolecular electron transfer to the
Re—phen metallacycle induces CI~ dissociation to give 25-DA. Alternatively, intramolecular
electron transfer from the reduced R—NI moiety of 35-MA to the Re—phen metallacycle would
produce [Re®(CO)s(R-NI-phen~)]~ 15—-MA. The calculated UV-Vis spectra of !5-MA and ?5-DA in
Figure $S3.45 have a common n—1t* transition within the {Re’~—phen~} moiety at ca. 650 nm in
both species, as shown in Figure S3.46. This transition is reported for the active 5-coordinate

catalyst of other related Re(a-diimine) complexes3>737477;

a strong indication the electron
density on the Re—phen metallacycle has increased sufficiently for CO, reduction catalysis to

proceed with either '5—-MA and 25-DA, as illustrated in Scheme 3.1.

Of the two 5-coordinate monoanions formed from Re-R, only 35—-MA is observed in the SEC
experiments under a N, atmosphere due to the '5-MA being more reactive (reducible). An
equilibrium between ¥35-MA is possible under these conditions leading to the gradual
accumulation of the 25-DA before R3 by reduction of the '5-MA (Scheme 3.1). However, the
absence of any 35—-MA under CO; indicates that CO, binding shifts this equilibrium in favour of

15—-MA. This may account for the catalytic activity observed between R2 and R3 during the SEC
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experiments under a CO, atmosphere. Although the '5-MA and 25-DA have very similar
calculated IR and UV-Vis spectra (Figure S3.44 and S3.45 and Table S3.10), they are distinguished
by the region where neutral and reduced R—NI absorb. The retention of reduced R—NI features
in the IR and UV-Vis absorption spectra between R2 and R3 supports 25-DA being the active
electrocatalyst. Thus, upon the formation of 35—-MA between R2 and R3, intramolecular electron
transfer from reduced R—NI to the [Re—phen~] metallacycle produces the '5-MA. While '5-MA
has the prerequisite doubly reduced {Re’~phen~} metallacycle for CO, reduction, spontaneous

reduction of the R—NI moiety yields 25-DA as the CO,-reducing active electrocatalyst.

- Observed at R1

Observed at R2

Observed at R3

CO, reducing
electrocatalysts

after R2, before R3 0 N/l\co
|

15-MA

Scheme 3.5. The reduction pathway of Re—R under electrochemical conditions, based on the
electrochemical studies conducted in this work. Note that while two possible 5-coordinate
electrocatalysts are proposed, only the 25—-DA is observed in SEC studies.
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Table 3.5. Key spectroscopic data from experimental SEC studies and supporting DFT/TDDFT calculations of Re-R and their reduced forms in DCM and THF
electrolyte solutions.

UV-Vis SEC IR SEC
Compound Solvent Amax Amax (calc.) Vc=o Ve=o (calc.)? Ve=0 Vo (calc.)? Vese Vec (calc.)?
(nm) (nm) (em™) (em™) (em™) (em™) (em™) (em™)
Re—H DCM 269, 339, 382 353 2025,1921,1901 2019, 1911,1887 | 1715,1682 1710, 1666 - -
THF 336, 377 - 2020, 1918, 1896 - 1715, 1682 - - -
[Re—H]- DCM 417,488 400 2022,1916, 1897 2014,1901, 1882 | 1636,1623 1646, 1617 - -
THF 418, 490 - 2020, 1917, 1896 - 1637, 1621 - - -
3[Re-H]*- DCM 287,457, 580 299, 606 1998, 1893, 1869 1984, 1857,1838 | 1636, 1623 1631, 1612 - -
THF 301, 491, 580 - 1997, 1888, 1862 - 1631, 1622 - - -
35_MA of Re—H DCM 313,454,578 300, 395,830 | 1989, 1869, 1846 1967,1848, 1839 | 1636,1624 1636 - -
THF 301, 491, 586 - 1980, 1862, 1844 - 1631, 1622 - - -
25-DA of Re-H THF 307, 362, 626 305, 390, 670 1948, 1844 1936, 1812, 1807° | 1631, 1622 1635 - -
Re—EB DCM 270, 385 446 2023,1920,1901 2019, 1911,1887 | 1712,1676 1710, 1666 2207 2254
THF 269, 378 - 2021, 1918, 1896 - 1715, 1682 - 2204 -
[Re—EB]- DCM 441, 488 427,502 2022,1915,1899 2014,1901, 1882 | 1640, 1623 1646,1617 | 2158, 2140 2181
THF 440, 491 - 2021, 1917, 1896 - 1642, 1626 - 2156, 2143 -
3[Re-EB*- DCM 289, 430, 506 427,508 1997, 1889, 1862 1980, 1852, 1842 | 1656,1621 1631,1612 - 2176
THF 301, 443, 509 - 1999, 1887, 1868 - 1622 - - -
35_MA of Re—EB DCM 304, 430, 539 325,495,820 | 1983, 1858,1842 1968,1849,1840 | 1656,1621 1642,1635 =< 2230
THF 301, 443, 585 - 1985, 1866, 1848 - 1622 - = -
25-DA of Re—EB THF 312,426, 620 340, 505, 650 1950, 1848 1937, 1814, 1808 1620 1641, 1633 =< 2225

°The calculated values were multiplied by a 0.983 proportionality factor.”® °The multiplication of the DFT data by 0.983 is not needed here because of the
strongly delocalised r-bonding in the 2e™ reduced Re®—phen™ metallacycle that does not change the dipole moment upon electronic excitation (Figure S3.46).
°No IR ve=c bands are observed.

102




3.4.3 TRIR Spectroscopy

TRIR spectroscopic investigations were performed on both Re-R complexes to establish their
excited-state dynamics in the electrolyte solutions, with 420-nm excitation used to replicate the
photocatalytic conditions (A;r = 450 + 50 nm) used later in this study. For both Re—R complexes,
the excitation at 420 nm populates the 3MLCT excited state in both complexes, and for Re—EB it
also directs to the EB—NI—NI m—m* ILCT transition. The results obtained in the THF electrolyte
are briefly outlined below, though similar excited-state dynamics were observed in the ps-TRIR
spectra collected in DCM electrolyte prepared in this work (Figures S3.13 and S3.14) and in

studies previously reported in organic solvents.®
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Figure 3.20. TRIR spectra collected in the THF electrolyte following optical excitation at 420 nm
of (A) Re—H and (B) Re—EB.

Excitation of Re—H (Figure 3.8A) initially populates a vibrationally hot->MLCT excited state within

the laser pulse (<0.2 ps) with ve=o at 2058 and 1954 cm™.7° Subsequent vibrational cooling yields
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the 3MLCT excited state with vc=o at 2084, 1995 and 1965 cm™, in agreement with the literature
for other Re'(a-diimine) complexes, and is assigned to the 3MLCT excited state.®%®2 Weak vc-o
transient bands at 1708 and 1669 cm™, attributed to the *LC excited state were also evident. At
longer time delays (from T > 1 ns), new bands formed (vc-o = 1644 and 1603 cm™) and were
assigned to the 3LC excited state.?? In the ps-TRIR spectrum of Re—EB (Figure 3.8B), excitation
results in population of both the 3MLCT (vc=0 = 2062, 1985, 1960 cm™) and the LC (vc-o = 1702
and 1672 cm™) excited states. The reduced solubility of Re—EB in THF electrolyte inhibited the
detection of the 'LC vc=c transient bands. However, a ve=c band at 2110 cm™, associated with the
1LC excited state, is observed in the DCM electrolyte (Figure S3.15). The bands assigned to the
3MLCT and !LC excited states decayed (t of 2.2 ns) with concomitant population of the 3LC excited
state (vc-o = 1664 and 1615 cm™ and vc=c = 1997 cm™), with the 3LC excited state persisting on

the microsecond timescale.3¢

3.4.4 Time-Resolved Infrared Spectroelectrochemical Studies

The TRIR SEC studies were conducted on the reduced species of Re-R to determine the character
of the populated excited state(s), and their lifetimes, following excitation at 420 nm to replicate
the photocatalytic conditions used later in this study. The rationale for this study is that the
reduced species formed under these pseudo-photocatalytic conditions can provide additional
insights into the photoreduced species involved in the pathway leading to the active catalyst.
The same excitation source (420 nm) as used in the TRIR studies is used to excite the [Re—-R]~ and
[Re—R]?* species owing to the presence of absorption features in this region as confirmed in the
UV-Vis SEC studies discussed previously (Figures 3.5 and 3.6). Specifically, both Re—phen MLCT
and H-NI*"—phen n—mt* ILCT transitions are populated by excitation of [Re-H]~, while the
Re—phen MLCT and H-NI*"-based n—mt* LC transitions are populated by excitation of [Re—EB]~
. The TRIR spectra were collected in THF electrolyte, while later in this work DMF is used as the
solvent in photocatalytic studies, as is the norm.®® However, the TRIR spectra of EB-NI-phen,
Re-R and [Re—R]™ in the DCM electrolyte, presented in Figures S3.13-53.17, displayed similar
excited-state dynamics as those measured in THF electrolyte. The kinetic traces from all TRIR
spectra are provided in Figures S3.18-S3.25. The transient features observed in the TRIR spectra

of Re-R, [Re-R]", and [Re-R]* are summarised in Table 3.3.
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Table 3.6. Transient bands of the Re—R complexes and their reduced species from TRIR/TRIR SEC
experiments in DCM and THF electrolytes.”

3MLCT/*MLCT Veso 4ILCTves0 Veso Vesc
Complex
(cm™) (cm™) (cm™) (cm™)
2060, 1988, 1964 — 1705, 1665° —€
Re-H
[2084, 1995, 1965] [-]° [1708, 1669]° [
2061, 1964, 1954 2001, 1868 € €
[Re-H]”
[2074, 1975,1957] [2002, 1872,1849]  [1628, 1610] [-]¢
3[Re—H]* ¢ [-]¢ [1993, 1838] [1611] [-]¢
2065, 1990, 1964 —€ 1698, 1662 2114, 1997
Re-EB
[2062, 1985, 1960] [-]° [1702, 1672]¢ [-]
2060, 1980, 1954 2001, 1870 —¢ ¢
[Re-EB]
[2058, 1973, 1958] [1996} [1633, 1610] [-]¢

°All GSBs are in good agreement with the calculated and experimental spectra of the
corresponding complex (see Table 3.2). PAll ve=o, V-0, and vesc values from experiments in THF
electrolyte solutions are given in square brackets. “No transient bands associated with that
vibrational mode/excited state are observed. “The ve-o values for Re-R are given for the 'LC
excited state, which is populated concurrently with the SMLCT excited state for which the ve=o
values are reported. The [Re=H]?>~ complex is only studied in the THF electrolyte. ‘Only the high
frequency transient is captured within the experimental window.

Following excitation of [Re—H]", ground-state bleaches (GSBs) of the vc=0, Vc-0, and vc=cvibrations
occurred within the laser pulse (Figure 3.9); the GSBs closely match the experimental IR spectra
observed in the IR SEC studies of Re—R (Table 3.2) and the associated DFT-calculated IR spectra
(Figures S3.26A and S3.27A). Several new vcso transient features are formed concurrently and
are attributed to the population of two excited states. One group of vc= transient bands are
shifted to higher wavenumber compared to the GSBs (vc=o0 = 2058 and 1954 cm™), similarly to
the vibrationally hot 3MLCT transient bands observed in the TRIR spectra for Re—H (Figure 3.8A).
These blue-shifted bands underwent vibrational cooling resulting in new bands at 2075, 1975,

and 1954 cm™; resembling the local Cs symmetry of fac-Re(CO)s in a pseudo-octahedral
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environment, similar to the bands for the 3MLCT excited state observed in the TRIR spectra of
Re-H. Accordingly, the bands at 2075, 1975, and 1954 cm™ are attributed to a Re—phen *MLCT
excited state. The transient bands at lower wavenumber, 2002, 1872, and 1849 cm™, are
assigned to a [H-NI]"—phen n—n* 4ILCT excited state. The 4ILCT transient bands exhibit similar
stretching wavenumber as the IR spectrum of 3[Re=H]*" (vc=o = 1989, 1869, and 1846 cm™)
previously observed in the IR SEC experiment coinciding with the phen-localised R2 reduction

wave.
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Figure 3.21. TRIR spectrum of [Re—H]" in the THF electrolyte following optical excitation at 420
nm. The rainbow sweep covers the vc=o region over full experimental timescale (0.2 — 9500 ps).
The blue/red sweep covers the vc-o region on a different timescale (0.2 — 80 ps).

The TRIR spectra of [Re—H]" collected in DCM electrolyte (Figure S3.16) displayed similar vc=o
transient bands; with the bands at higher wavenumber assigned to the *MLCT excited state,
while those at lower wavenumber are assigned to the 4ILCT excited state. All vc=o transient bands
persisted beyond the runtime of this experiment (>9.5 ns). Notably, in the DCM electrolyte no
new vc-o bands are observed. However, two vc-o GSBs are observed at 1636 and 1620 cm™ in
the THF electrolyte that formed within the laser pulse, with one vc-o transient band at 1609 cm™
! that has a similar AmO.D. as the vc=o transient bands. Recent TRIR studies have shown that
excited states impacting the strength of C=X bonds (where X = C, N, or O) frequently result in a
significant enhancement in intensity of these vibrational responses®%; a similar process may

account for the observed enhancement of the czo0 transient bands in this work. The transient

band at 1609 cm™ decayed to the baseline with a T of 14 ps. This feature may be evidence for
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the initial population of a NI™-based 2LC excited state, formed within the laser pulse, which
undergoes rapid electron exchange with the phen moiety to populate the ILCT [H-NI]™—phen
n—m* excited state. Electron-exchange based Dexter-like doublet-triplet energy transfer (DTET)
has previously been reported for radical-chromophore systems where excitation of a stable -
radical can be used to populate a covalently linked acceptor.>>*® [Re—=H]~, consisting of the H—
NI*~ and Re—phen moieties, closely resembles such a radical-chromophore system. However, no
observed spectral changes in the *ILCT vc=o transient bands coincide with the decay of the 1609
cm™ transient band and this does not account for the absence of vc-o features in DCM. While an
interesting observation, we do not believe this has an effect on photocatalysis and so is not

discussed further.
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Figure 3.22. TRIR spectrum of [Re—EB] " in the THF electrolyte following optical excitation at 420
nm.

Excitation of [Re—EB]~ leads to GSBs and new transient bands in the TRIR spectrum (Figure 3.10);
however, poor solubility of [Re—EB]~ in the THF electrolyte resulted in small AmO.D. values for
all transient features. Similarly to the TRIR SEC experiment for [Re—H]~, the vc=o transient bands
corresponding to the population of two species are observed following excitation of [Re—EB]~. A
vibrationally hot 3MLCT-like excited state is formed within the laser pulse with vc=o transient
bands at 2053 and 1954 cm™; which subsequently underwent vibrational cooling to a *MLCT
excited state with vc=o at 2060, 1969, and 1954 cm™. The lower frequency vcs=o transient band
assigned to the *ILCT excited state were observed at 1996 cm™ (the other ILCT vibrational modes

were not captured within the spectroscopic window) and have similar wavenumber to the bands
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in the IR spectrum of 3[Re—EB]?*" associated with the phen-based R2 reduction wave in the IR SEC
studies (Table 3.2). Similar vc=o spectral features are also observed in the DCM electrolyte (Figure
$3.17). The improved separation of the R1 and R2 reduction waves for Re—EB compared to those
of Re—H facilitated complete reduction to the [Re—EB]~ species. This confirms that population of
a MLCT excited state does not arise from excitation of unreduced Re-R, thereby verifying that
concurrent population of the *MLCT and “ILCT excited states is possible upon 420 nm irradiation
of both [Re—R]- complexes. Similarly to [Re—H]~, only the TRIR spectra collected in THF
electrolyte displayed vc-o GSBs at 1641 and 1623 cm™, and vc-o transient bands at 1633 and
1610 cm™. All vc-o bands decayed to the baseline with a T of 4 ps, which is faster than the lifetime
obtained for the vc-o transient band of [Re—H]™ at 1609 cm™ (t = 14 ps). No vibrations associated

with the C=C bond were observed for [Re—EB]" in either electrolyte.

Table 3.7. Excited state lifetimes from TRIR studies of Re—R and TRIR SEC studies of [Re-R]"
following excitation at 420 nm in the DCM electrolyte.

MLCT vc=o probe ~2060 cm™ ILCT ve=o probe ~2000 cm™
Complex
71 [ps] T2 [ps] 1’ [ps]
3Re-H 2.7 > 9500 -
“[Re-H]~ 33.0 > 9500 > 9500
3Re-EB 49 2500 -
“[Re-EB]" 26.7 3000 > 9500

11 is attributed to vibrational cooling of the hot-*MLCT/*MLCT excited states. T, is attributed to
the decay of the 3SMLCT/*MLCT excited states. t1’ is attributed to the decay of the *ILCT excited
state and so is only reported for the [Re—R]~ complexes.

The lifetimes obtained for the “MLCT and *ILCT vc=o species for both [Re-R]™ complexes were
obtained in DCM (Figure 3.11 and Table 3.4). Two lifetimes are obtained for the *“MLCT vibrational
mode (vc=o = 2060 cm™) of both [Re—R]™ complexes. The t; of 26.7 and 33.0 ps (for [Re-H]™ and
[Re—EB]-, respectively) arises from vibrational cooling of the vibrationally hot *MLCT excited state
in both complexes. The 1, arises from the decay of *MLCT excited state in both [Re—R]~
complexes. For [Re—H]", the 1, is greater than the runtime of this experiment (>9500 ps) and

appears similar to the decay of the analogous 3MLCT transient band in the TRIR spectrum of Re—

108



H (Figure 3.8A). For [Re—EB]", a 7, of 3000 ps is obtained for the decay of the *“MLCT transient
band; this lifetime is very similar to the t; of 2500 ps for the analogous *MLCT transient band in
the TRIR spectrum of Re—EB (Table 3.4). The #ILCT vibrational mode (vc=o * 2000 cm™) for both

[Re—R] complexes persisted beyond the 9500 ps timeframe of these experiments.
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Figure 3.23. The TRIR spectra at 0.2, 1000, and 9500 ps following 420 nm excitation and the FTIR
spectra in the DCM electrolyte of (left) [Re-H]} and (right) [Re—EB]".

Accordingly, the excited state dynamics of the [Re—R]™ complexes can be summarised as follows.
Upon photoexcitation, electron density is redistributed towards the phen moiety via two distinct
excited-state pathways. Re'—Re'" photooxidation results in the *MLCT excited state, analogous
to the 3MLCT excited state of Re—R, giving rise to the low-spin d® [Re"(R—NI—phen~)(C0O)sCl]
species. The “MLCT excited-state species resembles 3[Re—R]*” observed in the SEC studies (Table
3.2), with the added electrons localised on the NI and phen moieties. A major difference is the
formation of a Re' metal centre following excitation that can undergo reductive quenching in the
presence of a sacrificial electron-donor under photocatalytic conditions.’® Concurrently,
excitation of the NI-based electron of [Re—R]" yields a %LC excited state localised on [R—NI]". This

photoexcited electron can exchange with an electron on the phen moiety via DTET>>>%, ultimately
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resulting in the population of the [R—NI]™—phen *ILCT excited state. The resulting [Re'(R—NI-
phen~)(CO)sCl]™ excited-state species is analogous to the radical anionic [Re(a-diimine™)(CO)sCl]~

complexes that have previously been reported as the precursors to the active catalyst.5®

Interestingly, the [H-NI]"—phen *ILCT excited state resembles the intramolecular electron
transfer step from [H=NI]" to phen, as proposed in the reduction pathway for !5-MA from the
35—-MA (as shown in Scheme 3.1). While the formation of a 5-MA species from the *ILCT excited
state is unlikely, population of a similar ILCT excited state in 3[Re—R)* supports formation of 15—
MA from the 35-MA under photocatalytic conditions. For [Re—EB], the shorter “MLCT lifetime
of 3 ns allows for the redistribution of electron density towards the phen moiety to be dominated
by the #ILCT excited state at longer time intervals. Therefore, formation of '5-MA from the 35—

MA under photocatalytic conditions may be more accessible for Re—EB than for Re—H.
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Figure 3.24. The TRIR spectra of 3[Re—H]?" in the THF electrolyte following 420 nm excitation. The
rainbow sweep covers the ve=o region, the blue/red sweep covers the vc-o region.

The TRIR spectra collected at R2 of Re-H (Figure 3.12) displayed vc=o and vc-o GSBs that
correspond to 3[Re—H]?* as observed in the IR SEC experiment (Figure 3.5). The vc-o region closely
resembles that observed during the the TRIR SEC experiments of [Re—H]"; and as such is assigned
to a short-lived LC excited state localised on the R—NI~ moiety (t = 14 ps). Additionally, vc=o
transient bands at 1993 and 1838 cm™ reveal the population of a short-lived [H-NI]—[Re—phen~
] partial ligand-to-metal charge transfer (LMCT) excited state (t = 22 ps). The assighment of [H—
NI]™-based LC and [H—-NI]™—[Re—phen~] LMCT excited states are supported by TDDFT calculations

of the 3[Re—H]* complex, showing that the a-HOSO-1 orbital involved in the transition excited
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at 420 nm is localised on the [H-NI]"moiety while the a-LUSO+11 and a-LUSO+12 are distributed
on the H-NI moiety and the Re(CO); moiety, involving increased density on the axial Re-CO bond

(Figures S3.36 and S3.37 and Table S3.5).

The LMCT excited state of 3[Re—H]*" resembles the [H-NI]"—phen *ILCT excited state observed
in the TRIR spectrum of [Re-H]" (Figure 3.8). However, the partial LMCT excited state of 3[Re—
H]* is short-lived (t = 22 ps) due to the presence of the phen™ moiety, which impedes electron
redistribution towards the Re metal centre. Although a GSB is observed at 1957 cm™, which
indicates limited formation of a 5-coordinate species, it is unclear if it is formed photochemically
or due to a slight overreduction during the TL-CV scan. Consequently, it is not possible to
determine if the GSB at 1957 cm™ can be assigned to the 1'5—-MA or 25-DA; especially since they
have very similar IR spectra based on their calculated IR modes being within 10 cm™ of each

other (Table S3.10).

3.4.5 [Re—R] as a Radical-Chromophore System

The excited-state dynamics of the [Re—R]™ complexes were studied by TRIR SEC and supported
by quantum chemical calculations as described in the previous section. Importantly, the results
demonstrate that it is possible to simultaneously excite both the chromophore,
[Re(phen)(CO)sCl], and the radical, R—NI*", in [Re—-R]™ at 420 nm. This leads to the concurrent
population of two excited states as observed in the TRIR SEC studies. The proposed excited-state

dynamics of [Re—R]™ are illustrated in Scheme 3.2 and are described below.

Excitation of [Re(phen)(CO)sCl] initially results in population of the *MLCT excited state locally on
the chromophore, which corresponds to the 2MLCT excited state of the whole [Re—R]™ complex.
Subsequent population of the local 3MLCT excited state proceeds via REISC in the presence of
the appended R-NI"".*** The 2MLCT excited state of [Re—-R]~ complex, persists as the trip-
doublet configuration upon REISC. The *MLCT excited state of [Re—R]" has a similar profile to that
of the 3MLCT excited state observed upon excitation of Re-R (Figures 3.8 — 3.10), supporting the
hypothesis that a local 3MLCT excited state is present on the [Re(phen)(CO)sCl] chromophore in

both [Re—R]™ complexes.

Separately and simultaneously, excitation of R—NI*~ populates the doublet ligand centred (3LC)
excited state locally, which coincidentally is also the 2LC excited state for the ‘whole’ [Re—R]~
complex. The unstable configuration of the 2LC excited state decays by way of two possible

pathways; it either undergoes ground-state recovery from the 2LC excited state, or DTET with the
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phen moiety of the [Re(phen)(CO)sCl] chromophore.*>>> In the TRIR spectra of [Re—-R]" the red-
shifted vc=o transient bands are attributed to an R—NI*"—phen 4ILCT excited state; this indicates
that there is limited ground-state recovery from the 2LC excited state. The %ILCT excited state has
the same trip-doublet configuration as the 2MLCT excited state, with a Do ground state on the

radical and a T, excited state on the chromophore most likely localised on the phen moiety.

2
2T D, ——T prrr eElsc ——— D ZMLCT

| JLCT D, ‘2MLCT )

1 Dy T 1

4LecT . Qp  4MILCT
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R-NI- (D) (S,) Re-phen

Scheme 3.6. The excited state dynamics of the [Re—R] radical-chromophore upon excitation of
the radical (blue) and chromophore (red) moieties, as determined from TRIR SEC studies. Spin-
state diagrams of each excited state are included; Blue = R—NI~ electrons, Red = Re—phen
electrons, Grey = electrons originating from Re—phen or R—NI*~ for the *“MLCT and *ILCT excited
states, respectively. The relative energies of the HOMO and HOSO, and the LUMO and LUSO, do
not reflect the relative energies in the [Re—R]} complexes.

Accordingly, 420 nm excitation of [Re—R]"~ proceeds via two excited state pathways leading to
population of near-identical trip-doublet excited states, but their character is distinguished by
the origin of the excited-state electron; for the 2MLCT excited state this electron originates from

the [Re(phen)(CO)sCl] chromophore and for the 2ILCT excited state this electron originates from
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the R—NI*" radical. Hereafter, the excited-state pathways converge, and the following excited
state processes apply to both 2MLCT and ?ILCT excited states. The *“MLCT and “ILCT excited states
are subsequently populated by ESP, involving a spin-flip of the radical-based valence electron.*”*
Vibrational cooling of the hot *MLCT excited-state lifetimes of [Re-R]" (t = 30 ps) may be longer
than for the hot 3MLCT excited-state lifetime of Re-R (t = 2-5 ps) due to a contribution from
interconversion or equilibration between the trip-doublet and trip-quartet states in [Re—R]™. An

interconversion or equilibration process between D, and Q, excited states over a 80 ps time

range has been reported in oxoverdazyl-perylene radical-chromophores.>®

The relatively long excited lifetimes attributed to the *MLCT and *ILCT excited states (see Table
4) mostly likely arise from the trip-quartet excited states, which are only depopulated by spin-
forbidden transitions (Qu—Do or Q;—D1). While ground-state recovery can occur by a Q;—Dg
transition, the main pathway likely proceeds from the trip-doublet 2MLCT and %ILCT excited states
via the spin-allowed D;—Dy transition. Accordingly, the TRIR SEC studies and the supporting
guantum chemical calculations presented within this chapter were able to identify the character
of the excited states and reasonable assignments of the spin multiplicities are proposed in

accordance with the literature of radical-chromophore systems.

3.4.6 Photocatalytic Studies

Photocatalytic studies focused on detecting the conversion of CO, to CO, with key results
presented in Table 3.5. UV-Vis absorbance-difference spectra of the Re—-R complexes under
photocatalytic conditions (0.1 mM Re—R in a DMF/TEOA (5:1 v/v) solution, with A;- = 450 nm)
were collected over a 24 h period (Figure S3.48). Note that in the IR SEC and TRIR SEC studies,

DMF was not used due to potential interference in the vc-o region in those experiments.

In the absorbance-difference spectra of Re—H (Figure S3.48A), a negative feature at Apmqe = 353
nm, attributed to the depletion of the Nl-based n—n* and n—n* transitions, reached a
maximum after 5 min. Simultaneously, the formation of the [Re—H]~ species with a increasing
absorption at Amax = 432 nm assigned to the NI radical anion in the [Re—H]~ complex (Table 3.2).
After 10 mins this band underwent a blue shifted to 423 nm and decreased in absorbance.
Concurrently, a new band grew in with a Amax at 579 nm and is assigned to 3[Re—H]%*", based on
the similarity of the spectral profile with that discussed previously in the UV-Vis SEC experiment

(Table 3.2).
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In the absorbance-difference spectra of Re—EB (Figure S3.48B), a depletion at 380 nm (NI n—m*
transition) is evident within 10 s of the onset of irradiation. Simultaneously, new bands formed
at 440 and 485 nm, closely matching the UV-Vis spectrum of [Re—EB]" in the SEC experiments
(Table 3.2). After 1 minute, these features decayed with a new band at 573 nm, assigned to the
formation of 3[Re—EB]?* based on the similar spectral profile observed in the UV-Vis SEC studies

(Table 3.2).

The continual growth (over 2 hours) of the bands assigned to the 3[Re—R]*" complexes in the
photocatalysis experiments indicates that the Cl™ dissociation step to yield the ¥35—-MaA, is likely
the rate limiting step in the pathway leading to the formation of the active catalyst. Previously,
CI- dissociation from [Re'(a-diimine®)(CO)sCl]- complexes has been reported to be slower than
other processes in the photocatalytic cycles for CO, reduction.’>8%%2 Miiller et al. also showed
that it is not possible to exactly distinguish between the spectra of other reduction adducts
related to the [Re'(a-diimine®)(CO)sCl]™ complex, including the DMF-solvated adduct and the
TEOA/CO,-bound adducts.” The calculated IR and UV-Vis spectra of the 5-coordinate species of
Re-EB support this observation (Figures S3.44 and S3.45), with subtle differences in the spectral
profiles of the '5—-MA and 25-DA of Re—EB. Additionally, marginal decomposition occurs for both
of the 3[Re-R]* complexes after 24 h of irradiation (Figure S3.48B).

Table 3.8. TONs and TOFs of CO obtained at indicated time intervals under indicated
photocatalytic conditions.®

Irradiation Re-H Re—EB
Time TON TOF TON TOF
(h) (TON/h) (TON/h)
1 4.2 4.2 6.1 6.1
2 4.9 2.5 6.6 3.3
24 6.6 0.3 8.8 0.4

%Photocatalytic conditions: 0.1 mM Re—R in a DMF/TEOA (5:1, v/v) solution, Ai.r = 450 nm.

After 1 h of irradiation of Re=H and Re—EB, CO is detected in the headspace of the reaction vessel

with a turnover frequency (TOF) of 4.2 and 6.1, respectively. However, CO evolution decreased
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to a TOF of 2.5 and 3.3 after 2 h. After 24 h irradiation CO evolution had further decreased (TOF
= 0.3 and 0.4). The turnover number (TON) for CO at the end of the photocatalytic experiments
are 6.6 and 8.8 for Re—H and Re-EB respectively; these TON are lower than those reported for
[Re(phen)(CO)sCl] under similar photocatalytic conditions (10 mL of a solution containing 1 M
TEOA and 1 mM of the catalyst in DMF. TON = 12 after 2 h).1!

The poor photocatalytic activity of Re—R reflects the weak catalytic effect at the R3 reduction
wave under a CO, atmosphere as discussed in the electrochemical studies earlier (Figure S3.8).
However, the TON obtained in this study are slightly higher than those for the related [Re(PNI-
phen)(CO)sCl] complex (PNI = 4-piperidinyl-1,8-naphthalimide) with a TON = 3 after 4 h under
identical photocatalytic conditions.?® Furthermore, the marginally higher TONs determined for
Re-EB than Re—H may be explained by the formation of the 35—-MA occurring close to R2 for Re—
EB (only 50 mV more negative potential), while a 150 mV more negative potential is required for
Re-H (Figures S3.11 and S3.12). This suggests that 35-MA is more accessible under
photocatalytic conditions for Re—EB and the reason for the marginal increase in photocatalytic

activity.

3.4.7 Proposed pathway to the active catalyst

From the combined studies; CV, SEC, TRIR, TRIR SEC, and DFT/TDDFT the pathway shown in
Scheme 3.3 is proposed for the generation of the active catalyst. Excitation of Re=R at 450 nm
leads to population of a 3MLCT excited state corresponding to the phen-localised radical anion
[Re"(R-NI-phen~)] (3MLCT Re-R). As described in the TRIR studies, the 3LC excited state with a
NI-localised radical anion [Re"(R—NI"—phen)] (3LC Re—R) is populated subsequently to the 3MLCT
excited state (Figure 3.8). A triplet-triplet equilibrium exists for Re—H, but only the 3LC excited
state of Re—EB is populated at long time intervals (>3 ns). Recovery of the ground-state Re—R
complex occurs on the microsecond time scale based on the TRIR experiments of the Re-R

complexes and previous time-resolved studies of related complexes. 212%24.27:36

Under photocatalytic conditions, the 3MLCT Re-R complexes undergo reductive quenching by
the sacrificial electron-donor, TEOA, to form the singly reduced complex localised on the phen
moiety which subsequently undergoes intramolecular electron transfer onto the LUMO localised
on the R—NI moiety. The resulting [Re—R]™ complex is observed in the SEC experiments (Figures
3.5 and 3.6) and the UV-Vis absorption-difference spectra recorded for the photocatalytic
solutions confirmed the rapid formation of the [Re-R]™ species (Figure $3.48). Subsequent

irradiation of [Re=R]™ results in the concurrent population of two distinct quadruplet excited
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states; specifically, the *MLCT and *ILCT excited states observed in the TRIR SEC experiments
(Figures 3.8-3.10). Similar to the 3MLCT Re-R excited state species, “MLCT [Re-R]™ undergoes
reductive quenching in the presence of TEOA to form the doubly reduced species 3[Re-R]*
observed in the SEC experiments (Figures 3.5 and 3.6). The gradual formation of the 3[Re—R]*
species is observed throughout the photocatalytic experiment, as shown in the UV-Vis

absorption-difference spectra collected under photocatalytic conditions (Figure S3.48).

Following conversion of biradical 3[Re—R]?* to 3[Re—R]?*;, the added unpaired electrons on the R—
NI and phen moieties differ by being spin-unpaired and spin-paired, respectively. Subsequent CI~
dissociation from 3[Re—-R]* forms the 35-MA, with the added electrons remaining on the R—NI
and phen moieties. Subsequently, the 35—-MA intermediate undergoes intramolecular electron
transfer, where the electron on the R—NI moiety can transfer on to the phen~unit, to yield 15—
MA. The 15-MA has a neutral R—NI moiety and the doubly reduced {Re®—phen~} metallacycle;
therefore, this is the active photocatalyst under these conditions. While CO; can coordinate to
both the 35—-MA and 5—-MA, IR SEC proved that CO, binds to 35-MA (Figure 3.7), only 15-MA
reduces CO; as it has the prerequisite doubly reduced {Re’—phen~} metallacycle.’® This is only
obtained photochemically upon forming the 5-MA. Accordingly, Scheme 3.3 illustrates CO;
binding and with subsequent catalysis proceeding from 5—-MA, although it should be noted that
CO; binding to 35-MA is also possible.

Based on the changes in the absorbance-difference spectra during photocatalysis (Figure $3.48),
the CI” dissociation is tentatively assigned to the bottleneck in the catalytic pathway leading to
formation of the active catalyst; as noted by the continual increase in concentration of 3[Re—R]*
throughout the photocatalytic studies. Under photocatalytic conditions, ¥/35-MA may also form
a solvated species with DMF, which is a moderately coordinating solvent.*% Morimoto et al.
have shown that TEOA can displace the DMF adduct and CO; binding can then proceed from the
TEOA adduct.® However, the inclusion of additional steps to activation pathway under
photocatalytic conditions, where conversion to the active catalyst is already poor, likely

exacerbates the poor catalytic activity of the Re—R complexes further.
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Scheme 3.7. The proposed pathway leading to the active catalyst under photocatalytic conditions
based on this work. The coloured boxes indicate the experiment where that species is identified
in this work (orange = TRIR, purple = SEC, green = TRIR SEC). Highlighted components indicate
where charge is localised within the structure of each Re—R species (cyan = R—NI-based, orange
= phen-based, red = Re' metal centre, green = Re?).

3.5 Conclusions

A detailed photophysical study is presented that probes the intermediates leading to CO;
reduction using two rhenium photocatalysts Re—H and Re—EB. The SEC studies, in combination
with theoretical calculations, identified a three-step reduction pathway to form the active

catalyst for both Re—-R complexes. This is unlike many [Re(a-diimine)(CO)s:X] complexes where
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catalysis has been reported to occur via a two-step reduction pathway, forming [Re(a-diimine)~
(CO)s]™ as the active catalyst. The [Re—R]™ species which formed at R1 has a radical anion on the
R—NI moiety, representing the reduction of the electron reservoir. At R2, 3[Re-R]* is formed
consisting of a dianion with one electron on each of the R—NI and phen moieties. The 35-MA,
3[Re'(R—NI—-phen)?(CO)s], is formed from 3[Re—R]* upon CI~ dissociation between R2 and R3.
The 5—-MA, [Re’(R—NI-phen) (CO)s]", can be formed from 35-MA by intramolecular electron
transfer from a reduced-NI to the Re—phen metallacycle. However, only 35—-MA is observed in
the SEC studies due to stabilisation by solvation in the presence of coordinating solvents like THF
or DMF. For Re—EB, the extended m-system associated with the EB—NI moiety further stabilises
the 35—MA allowing for it to be formed closer to R2 than Re=H. At R3, reduction of 3[Re-R]?>" and
subsequent CI~ dissociation results in the formation of the 25-DA 2[Re®(R—NI-phen)?7(C0O)s]* as
the active catalyst. The 25-DA can also be formed by reducing ¥35-MA before R3. The two
possible active catalysts, '5-MA and ?5-DA, can be formed from 35-MA — making it a key
precursor in the reduction pathway of Re—R. Indeed, the different stabilities of the 35—-MA of Re—
R may account for the marginally enhanced photocatalytic activity of Re—EB (TON = 9 after 24 h)
over Re—H (TON = 7 after 24h).

Pioneering TRIR SEC studies of Re=H and Re—EB were successfully conducted to gain insights into
the pathways leading to the formation of the active catalyst for photocatalytic CO, reduction.
The key contribution of TRIR SEC in elucidating this pathway is the documented photooxidation
of Re'—Re'" in the *“MLCT excited state of the singly reduced [Re—R]™ complex, which permits the
second intramolecular electron transfer from TEOA to form 3[Re—R]?*". Additionally, excitation of
the radical leads to the population of the relatively long-lived NI"—phen 4ILCT excited state;
demonstrating that intramolecular electron transfer from the reduced-NI electron reservoir to
the Re—phen metallacycle can be facilitated photochemically. Implicitly, photoexcitation of 35—
MA may also induce intramolecular electron transfer from the reduced-NI electron reservoir to
the Re—phen metallacycle to produce the '5—-MA active catalyst under photocatalytic conditions.
These key insights highlight the importance of studying the optically populated excited states of
redox products and modelling the intermediates formed under photocatalytic conditions.
Furthermore, it showcases the benefits of using TRIR SEC experiments to understand and tailor

photocatalytic systems.

The accumulation of 3[Re—R]?" during the photocatalytic studies is a strong indicator that the CI-
dissociation step is a key bottleneck in the activation pathway of Re—R. The 3[Re—R]?*" complex is
relatively inert compared to the ¥35—-MA, with Cl~ dissociation occurring at R3 or only proceeding

thermally between R2 and R3; this is likely a significant barrier to the formation of the active
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catalyst. Furthermore, any 5-coordinate species that are produced can rapidly interact with many
components present during photocatalysis; with only the CO,-bound adduct needed for the
desired photocatalytic reaction. To conclude, the successful incorporation of an electron
reservoir onto a [Re(a-diimine)(CO)sX] photocatalyst requires that intramolecular electron
transfer from the electron reservoir to the catalytic centre is sufficient to produce a 5-coordinate
active catalyst under photocatalytic conditions. How electron reservoirs are incorporated into
the photocatalysts, and what electron reservoirs are used, should be considered. Alternatively,
alterations to the catalytic centre could be a successful strategy; halide dissociation could be
achieved more easily by using a metal such as Mn' or by using cationic [Re(a-diimine)(CO)s]*

photocatalysts, where the halide dissociation step is entirely circumvented.
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4.1 Abstract

The synthesis and photophysical properties of two [Mn(R—NI—-phen)(CO)sBr] complexes (Mn—R),
where NI = 1,8-naphthalimide and phen = 1,10-phenanthroline, are reported. The R-NI electron
reservoirs were substituted at their 4-positions, with R = H (Mn-H) or ethynyl benzene (Mn—EB).
[Mn(phen)(CO)s;Br] (Mn—phen) was prepared as a model complex to aid in the mechanistic
studies of the Mn—R complexes. Electrochemical and spectroelectrochemical (SEC) studies were
conducted to elucidate the reduction pathway leading to the CO, reducing active catalyst and
were supported by quantum chemical calculations. Catalytic CO; reduction yielding CO and
bicarbonate products is achieved at negative potentials (-3 V vs Fc*/Fc), with SEC studies
revealing that the Mn—-R complexes form the five-coordinate dianion (5-DA) as the active
catalyst. However, with the addition of a weak Brgnsted acid, H,0, catalytic CO, reduction was
achieved at less negative potentials to yield CO as the reaction product (ca. —2.3 V vs Fc*/Fc).
Furthermore, homogenous electrocatalysis in the presence of CO, and H,O showed higher
selectivity for CO production with Mn-H and Mn-EB as the catalyst (nre = 75% and 73%,
respectively) compared to the Mn—phen model (nee = 65%). IR SEC studies of Mn—EB with CO,
and H,0 showed evidence for the formation of the [Mn(EB—NI—-phen)(CO)3(CO.H)] complex (Mn-
CO;H). Intramolecular electron transfer, from the reduced R—NI electron reservoir to the Mn—
phen metallacycle, is key to forming the five-coordinate monoanion (5-MA) at less negative
overpotentials. Only in the presence of CO, and H;0, does CO; binding occur readily at less
negative overpotentials to yield Mn—-CO;H; a key intermediate in the catalytic CO, reduction

cycle.

4.2 Introduction

Electrocatalysis and photocatalysis are some approaches that can utilise renewable energy
sources to convert captured atmospheric CO, into other forms to address the ongoing
anthropogenic climate crisis. The development of CO, reducing electrocatalysts and
photocatalysts derives from the seminal work by Hawecker et al. on [Re(bpy)(CO)sCl] (where bpy
= 2,2’-bipyridine), later known as the Lehn catalyst.! Subsequently, studies of CO, reducing
electro- and photocatalysts have focused on transition-metal a—diimine tricarbonyl complexes,
with rhenium complexes being extensively studied due to their stability under the conditions

employed for electrocatalysis and photocatalysis.

Manganese is an Earth-abundant alternative to rhenium; it is the first-row transition-metal

analogue of rhenium and it has a vastly greater abundance in the Earth’s crust (9.5x102 mg
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Mn/kg) than that of rhenium (7.0x10™* mg Re/kg).®> While manganese and rhenium o—diimine
tricarbonyls are structurally similar, much of the chemistry relevant for CO, reduction catalysis
differs between the two metals. Chiefly, manganese a—diimine tricarbonyl complexes are known
to have poor photostability in comparison to their rhenium counterparts and they have short-
lived excited states; which is common for many first-row transition-metal complexes.* As such,
rhenium a—diimine tricarbonyl complexes remain the preeminent CO; reduction photocatalysts,
while manganese o—diimine tricarbonyl complexes are typically explored as CO, reducing

electrocatalysts.

Early electrocatalytic studies showed no activity towards CO; reduction with manganese a—
diimine tricarbonyl complexes under the same conditions as their rhenium counterparts.®
Bourrez et al. determined that a weak Brgnsted acid is needed for manganese complexes to elicit
any CO; reducing activity, subsequently also demonstrated by Smieja et al.®” This has been
attributed to the need for a proton source to stabilise bound CO; in a metallocarboxylic acid
complex.® The differences between the manganese and rhenium o—diimine tricarbonyl
complexes extend to their electrochemistry, causing electrocatalysis to proceed via different

activation pathways as outlined in Scheme 4.1.

The initial reduction of the parent rhenium complex (Parent—-Re) forms the 6-coordinate
monoanion (6—MA) with a subsequent reduction inducing halide dissociation to form the 5-—
coordinate monoanion (5-MA) as the active catalyst for CO, reduction.® For manganese, the
initial reduction causes rapid halide dissociation, thereby generating the [Mn]° intermediate
within the electrochemical double-layer. As this causes potential inversion, i.e. reduction of
[Mn]° is anodic of the parent Mn-Br complex, this first reduction wave is a concerted two-
electron (ECE) process resulting in the formation of the “child” 5-MA. Subsequently, rapid
formation of a manganese-manganese dimer (Dimer) ensues via a bimolecular parent-child
comproportionation chemical reaction; between the “parent” manganese complex (Parent—Mn)
and the “child” 5-MA.52 Thus, unless sterically hindered'?, Dimer formation can compete with
CO; and H* binding to the 5—MA active catalyst at an applied potential of this first reduction of
manganese a-diimine tricarbonyl complexes. Subsequent reduction of the Dimer causes
homolytic cleavage of the Mn—Mn bond which regenerates the 5-MA as the active catalyst
available for CO; reduction.®%* While this does introduce a slight overpotential for quantitative
generation of the five-coordinate two-electron reduced 5—MA, relative to the initial concerted
two-electron activation, the dimer reduction typically does not increase the overpotential for
electrocatalytic CO, reduction to CO as this is often dictated by reduction of the Mn'-CO,H

catalytic intermediate along the so-called ‘reduction-first” pathway.
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Scheme 4.8. Simplified reduction pathways for [Re(bpy)(CO)sCl] (Top) and [Mn(bpy)(CO)sBr]
(Bottom). The 6—coordinate monoanion (6—-MA) in red and the manganese—-manganese dimer
(Dimer) in blue are highlighted as the key intermediates leading to the 5—coordinate monoanion
(5—-MA) in green as the active catalyst in both pathways.

Despite the additional steps in the activation pathway of manganese a-diimine tricarbonyl
complexes, a lower potential is required to form the active catalyst for manganese complexes
than rhenium complexes; making manganese an attractive catalyst to use at larger scales.”®®
Structural adjustments to the a-diimine ligand have been incorporated to Mn electrocatalysts to
avoid Dimer formation. Sampson et al. used the bulky 6,6’-dimesityl-2,2’-bipyridine ligand to
sterically inhibit formation of the Dimer.> However, these attempts at avoiding formation of the
Dimer resulted in more negative potentials being required to initiate catalytic CO, reduction,
formation of the Mn(1)-CO,H intermediate (formed upon CO; binding in the presence of a proton

source) occurs more negatively.>3
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Previously, naphthalimide has been linked to [Re(phen)(CO)sCl] (where phen= 1,10-
phenanthroline) by substitution onto the aromatic core of phen and studied as CO, reducing
photocatalysts; with the NI moieties having dual functionality as a photosensitiser and electron
reservoir in these assemblies. However, this did not improve the ability of the Nl-bearing

].*® Franco et al.

complexes to photocatalytically reduce CO, compared to [Re(phen)(CO);Cl
compared [Re(PNI-phen)(CO)sCl] and [ReCl(bpy-Ph-PNI)(CO)sCl] (where PNI = 4-piperidinyl-1,8-
naphthalimide) as photocatalysts and electrocatalysts; revealing they efficiently reduce CO, to
CO electrocatalytically (TONco = 44 and 64, respectively) compared to photocatalytic CO;
reduction (TONco = 3 and 9, respectively).’® Furthermore, their electrocatalytic activity was
achieved at less negative overpotentials (—1.96 V vs Fc*/Fc) than [Re(bpy)(CO)sCl] (—2.26 V vs

Fc*/Fc). However, this paper did not focus on the mechanism by which electrocatalysis proceeds,

which is key to understanding the behaviour of the electron reservoir in these electrocatalysts.

o
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Model Complex: Target Complexes:
Chemical Formula Abb. Chemical Formula Abb.  R-group structure
[Mn(phen)(CO);Br] Mn-phen | [Mn(H-NI-phen)(CO);Br] Mn-H H

[Mn(EB-NI-phen)(CO);Br] Mn-EB :—@

Chart 4.3. Chemical structures of the model (Mn—phen) and target complexes (Mn—H and Mn-
EB).

As such, a series of manganese-naphthalimide complexes [Mn(R—NI-phen)(CO)sBr] (Mn—R) were
prepared as CO,-reducing electrocatalysts incorporating different Nl-based electron reservoirs.
[Mn(H-NI-phen)(CO)sBr] [Mn—H] and [Mn(EB—NI-phen)(CO);Br] [Mn-EB] (where R—-NI = 1,8-
naphthalimide and 4-ethynylbenzene-1,8-naphthalimide, respectively) were studied using
electrochemical and spectroelectrochemical (SEC) techniques to study the effect of

implementing these electron reservoirs into manganese-based electrocatalysts.
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[Mn(phen)(CO)s;Br] (Mn—phen herein) was selected as the model complex in these studies as the
target Mn—-R complexes contain the Mn—phen metallacycle within their structure as illustrated
in Chart 4.1. Based on the results of electrochemical and SEC studies, with supporting DFT
calculations, the reduction pathways leading to the active catalysts of Mn-R are proposed. For
the design of future electrocatalysts for CO,, this study aims to provide mechanistic insights into
how intramolecular electron reservoirs can participate in the formation of the active catalyst at

lower overpotentials.

4.3 Results and Discussion
4.3.1 Syntheses and Spectral Characterisation

The NI ligands were synthesised according to literature procedures and are described in Chapter
2.192° The Mn-R complexes were synthesised according to an adaptation of the literature
procedure for [Mn(phen)(CO)sBr] using THF as the reaction solvent (Figures S4.1-54.3).2! FTIR
and UV-Vis absorption spectroscopies are presented in Figure 4.1, with key spectroscopic data

recorded in Table 4.1.
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Figure 4.1. (A) IR spectra of 20 uM Mn—-R in THF with an inset of the vc=c region. (B) UV-Vis
absorption spectra of Mn—R series in THF with an inset displaying the MLCT and XLCT transitions.

Three strong metal carbonyl stretching vibrations (vc=0) are observed in the IR spectra of Mn—-R
(Figure 4.1A); with vc=o at 2024, 1937, and 1915 cm™ corresponding to the vibrational modes
associated with fac—[Mn(a—diimine)(CO)sBr] complexes.?>?2 The spectra for Mn—H and Mn—EB

also contained organic carbonyl vibrational bands (vc-o) arising from the imide functionality on
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the R—NI moiety. In Mn—H, the vc-o0 bands are observed at 1717 and 1683 cm™, while for Mn-
EB they are observed at 1715 and 1684 cm™. Additionally, an ethynyl stretching vibration (vc=c)

is observed for Mn—EB at 2206 cm™.

The UV-Vis absorption spectra for the Mn—-R complexes, presented in Figure 4.1B, differ
substantially to that of the Mn—phen model system due to the R—NI moieties. This is attributed
to the weakly coupled bichromophoric system with both the R—NI moiety and the Mn—phen
metallacycle acting as chromophores.?®?* Accordingly, the UV-Vis spectra for the Mn—H and Mn—
EB complexes appear as a composition of both the Nl and Mn—phen chromophores. As such, the
transitions associated with the Mn—phen chromophore, which are common to all of the Mn-R
UV-Vis absorption spectra, are described first. The UV-Vis absorption spectrum of Mn—phen
displayed characteristic phen m—m* transitions at 268 nm.? Additionally, two weak absorption
features were observed at 369 and 420 nm corresponding to the Mn—phen dn—n* (MLCT)

transition and the Br—phen n—mt* (XLCT) transition, respectively.?225-%7

Table 4.9. Key spectral data of Mn—R from FTIR and UV-Vis absorption studies in THF.

A (nm) Vc=o Vc=0 Vc=c
Sample
[e (MTem™)] (em™) (em™) (em™)
268, 369, 420
Mn-phen 2024, 1937, 1915 - -

[11530, 1050, 980]

268, 332, 348, 417
Mn-H 2024, 1937, 1915 1717, 1683 -
[28860, 16450, 14080, 1530]

269, 376, 390
Mn-EB 2024, 1936, 1915 1715, 1684 2206
[42810, 32990, 29750]

In UV-Vis spectrum for Mn—H, contains a number of sharper bands than that of Mn—phen with
a maximum at 332 nm attributed to a Nl-based n—m* transition, and a shoulder at 348 nm
assigned to Nl-based m—nt* transition.?® The NI-based transitions overlap with the MLCT
transition at 368 nm. However, the XLCT transition was observed at 417 nm, appearing as a weak
shoulder on the NI m—nt* transition. In the Mn—EB spectrum the NI n—mt™* and n—n* transitions
have a maximum at 375 nm and 390 nm, respectively, resulting in significant overlap with the
MLCT and XLCT transitions, effectively obscuring those transitions. The bathochromic and

hyperchromic shifts of the Nl-based transitions has been previously attributed to the increased
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ni-conjugation on the EB—NI moiety?, and an increase in the charge-transfer character of the NI-

based transitions with increasingly electron-donating substituents on the NI core.1930-32

4.3.2 Cyclic Voltammetry

Cyclic voltammetry experiments were performed on Mn—R in 0.1 M TBAPFs/THF electrolyte
solutions under a N; atmosphere (Figure 4.2) to establish their behaviour under electrolysis.
Reversibility studies of Mn—R are presented in Figure S4.4. Additional cyclic voltammograms
collected under a CO; atmosphere, in the absence and presence of H,0, are presented in Figure
S4.5. The redox potentials of observed redox features from all electrochemical studies of the
Mn-R series are presented in Table 4.2. The redox potentials (Ey) for reversible waves were
determined at the half-wave potential (E1) and for irreversible waves by noting the cathodic

peak potential (E,) of reduction waves or the anodic peak potential (E,,;) of oxidation waves.

Table 4.10. Reduction potentials of the Min—R series in 0.1 M TBAPF¢/THF electrolyte solutions
under Nz and CO; atmospheres.°

01 R1 R2 R3 R4
Sample Atmosphere

[v] (vl [V] [V] (V]
N -0.61°¢ -1.88¢ -2.09¢ - -
Mn-phen CO, —-0.60¢ -1.92¢ -2.16¢ -3.07¢ -
CO, + H,0 —-0.66°¢ -1.93¢ -2.17¢ - -
N -0.57¢ -1.71¢ -1.94° —-2.34¢ -

Mn-H CO, —0.54¢ -1.68¢ -1.77° -2.20¢ —-3.05°¢
CO; + H,0 —0.58¢ —-1.70¢ -1.84¢ —2.25¢ -
\} -0.61¢ -1.74" -1.92¢ -2.39° -

Mn-EB CO; —0.55°¢ -1.64° -1.94¢ -2.32¢ —-3.05°¢
CO; + H,;0 —0.64°¢ -1.67¢ -1.94¢ -2.30° —d

All potentials are reported versus a Fc'/Fc internal standard. *The Ei/; values are given for
reversible redox processes. ‘The E,c values and E, , values are given for irreversible reduction for
oxidation processes, respectively. “No E, value is reported for these reductions in under the
experimental conditions used.

The cyclic voltammograms of Mn—phen appeared similar under both N; and CO, atmospheres

(Figures 4.5); displaying three reduction features as reported in the literature.?? The first
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reduction wave (R1) at —1.88 V arises from reduction of the metal centre inducing Br
dissociation followed by rapid formation of [Mn(phen)(CO)s],, referred to as the Dimer herein.
An accompanying oxidative wave (0O1) at ca. —0.60 V arises from oxidation of the Dimer. A second
reduction wave (R2) at —2.09 V is observed upon the reduction of the Dimer, leading to homolytic
cleavage of the Mn—Mn bond to form [Mn(CO)s(phen)] as the 5-MA active catalyst. Under CO,,
a third reduction wave (R3) is observed at —3.07 V is attributed to the addition of a second
electron to the Mn—phen metallacycle, whereupon rapid CO; binding and subsequent catalysis
proceeds. In the presence of, 5% H,0 in THF electrolyte, under a CO; atmosphere, the catalytic
wave is observed at the R2 reduction wave. This is consistent with the literature reports of a

catalytic response at less negative potentials when in the presence of a weak Brgnsted acid.®”33
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Figure 4.2. The cyclic voltammograms of Mn—R in THF electrolyte under a N, atmosphere.

Mn-H and Mn-EB displayed additional redox features in their cyclic voltammograms, further to
those of Mn—phen model, which are attributed to the presence of the R—NI moiety. For Mn-H,
the R1 reduction wave (E,. = —1.88 V) appeared as a shoulder on the reversible R2 reduction
wave at—1.98 V. A reversible reduction at ca. =2 V versus the Fc*/Fc redox couple is characteristic
of the first reduction based on the H—NI moiety.3* Thus, Dimer formation precedes reduction of
the H—NI moiety in Mn—H. For Mn-EB, the R1 reduction wave at —1.74 V appeared reversible,

similarly to the reversible Nl-based reduction in Mn—-H. The irreversible R2 reduction wave is
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cathodically shifted relative to the first reduction (€, = —1.92 V); consequently, the reduction of
the EB—NI moiety precedes the formation of the Dimer in Mn—EB. Therefore, the NI-reduced

dimer [Dimer]* is obtained at the R2 reduction wave of both complexes.

For Mn-H and Mn-EB, the third reduction wave (R3) is observed at —2.34 and -2.39 V,
respectively. These potentials are cathodically shifted compared to the R2 reduction wave in
Mn-phen (E, . = —2.09 V), corresponding with homolytic cleavage of the Dimer. The separation
of the reduction waves corresponding to the formation of the Dimer and the 5-DA was 470 mV,
significantly greater than the separation for Mn—phen (AEsc = 240 mV). Therefore, this reduction
is assigned to the formation of [Mn(CO)3(R—NI-phen)]%, the 5-coordinate dianion (5—-DA); with
one reduction localised on the Mn—phen metallacycle and another based on the R—NI moiety.
Thus, by incorporating a R—NI moiety into the structure, a significantly more negative potential
is required to generate the 5—coordinate active catalyst of the NI-substituted Mn—R complexes.
Additionally, the O1 oxidation wave, previously attributed to oxidation of the Dimer was not
observed for the NI-rhenium complexes. A new oxidation wave however, labelled O1’ in Figure
4.2, is observed at more negative potentials (Eps = —0.96 and —0.91 V for Mn—H and Mn-EB,
respectively). This likely arises from oxidation of the 5-DA species, possibly including an
interaction with the reduced R—NI moiety an account of the pseudo-reversibility of the R—NI

redox band, upon cycling the CV scan to R3 and subsequently affecting oxidation of the Dimer.

Catalytic responses were observed at ca. —3 V under a CO; atmosphere, corresponding to the
fourth reduction wave (R4) for both Mn—H and Mn—EB. In the presence of CO, and H,0, the R3
reduction waves of Mn—-H and Mn-EB at ca. —2.3 V undergo a cathodic current enhancement.
These catalytic responses are similar to those seen for Mn—phen at the R2 reduction wave in the
presence of CO, and H,0, respectively. These results highlight the importance of having a proton

source to enable CO; binding at less negative potentials than in the absence of a Brgnsted acid.

4.3.3 Spectroelectrochemistry under a N, atmosphere

IR and UV-Vis SEC experiments of the Mn-R series were performed under a N, atmosphere to
help identify the species formed at the reduction potentials displayed in Table 4.2. IR and UV-Vis
absorption spectra are presented in Figures 4.4-4.6, with the DFT calculated IR spectra
presented in Figure S4.7. Summarised in Table 4.3 are the key spectral features observed during
the SEC experiments under a N, atmosphere for Mn—-R. The calculated structures of the reduced
species identified by the SEC experiments are presented in Figures S8-S11. The spectral

evolution of the Mn—phen model complex under a N, atmosphere is described in full, followed
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by a stepwise account of the spectral evolution of the target Mn—R complexes under the same

conditions.

The parent species of Mn—phen in the electrolyte solution (Figure 4.4) displayed identical
spectral profiles to those observed in the electrolyte-free IR and UV-Vis spectroscopic studies
discussed earlier (Figure 4.1). In the IR spectrum of the R1 species of Mn—phen (Figure 4.4A),
new vcso vibrations were observed at 1979, 1938, 1885, and 1864 cm™. The DFT-calculated IR
spectrum of the Dimer (Figure S4.7A) closely matched the experimental spectra (Table 4.3). DFT
calculations supports that the syn-Dimer is observed experimentally and that the anti-
conformation is not (Figure S4.9). In the UV-Vis absorption spectrum, two new transitions are
detected at 657 and 787 nm for the R1 species (Figure 4B). From the literature, the

[Mn(phen)(CO)s]. dimer has a similar spectral profile, with electronic transitions at 740 and 840

nm in THF.3®
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Figure 4.3. The experimental spectra from SEC studies of Mn—-phen and its reduced species in 0.1
M TBAPF¢/THF electrolyte. (A) IR spectra. (B) UV-Vis absorption spectra.

In the IR SEC experiments following reduction of Mn—phen at the R2 reduction wave, two new
Ve=o Vibrations are observed at 1919 and 1822 cm™. The IR spectral features of the R2 species
closely aligned with the calculated spectra (Table 4.3) and the literature IR spectrum of the
[Mn(bpy)(CO)3]~.2>1° In the corresponding UV-Vis absorption spectrum of the same species, the
disappearance of the Dimer transitions at 657 and 787 nm coincided with the formation of a
new transition at 500 nm. These differences in the UV-Vis absorption spectra were previously
reported following SEC studies for [Mn(bpy)(CO)sX] (where X = Cl, Br, 1) and were attributed to

the [Mn(bpy)(CO)s]".3> Therefore, the spectral features seen at the R2 reduction wave are
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attributed to the [Mn(phen)(CO)s]™ species, herein referred to as the 5-coordinate monoanion
(5—MA). In our SEC studies a reduction pathway for Mn—phen is proposed that is typical of
[Mn(a-diimine)(CO)sBr] complexes, with distinct vc=o vibrational modes and electronic
transitions associated with the Dimer and 5-MA complexes in both the IR and UV-Vis spectra,

respectively.

For the Mn—=R complexes the main focus of this chapter, many of the spectral features that were
observed are similar to that described for the model complex. However, as outlined earlier in
the electrochemistry section, the inclusion of the R—NI moieties result in additional reduction
processes and spectral features specific to the R—NI moieties. The parent Mn—-R complexes in the
electrolyte solution displayed identical spectral profiles to those observed in the electrolyte-free
IR and UV-Vis absorption spectra discussed earlier (Figure 4.1). As such, the following discussion

focuses on the reduced species of Mn—H and Mn-EB.

The IR spectrum for the species formed at the R1 reduction wave of Mn-H (Figure 4.5A)
displayed vc=o bands at 1980, 1940, 1888 and 1867 cm™, similar in appearance to those seen for
the R1 species of Mn—phen (Table 4.3) and are in close agreement with the calculated IR
spectrum of the Dimer (Figure S4.7B). Additionally, electronic transitions in the UV-Vis
absorption spectrum (Figure 4.5B) associated with the formation of the Dimer are observed at
659 and 812 nm. The near-IR transition at 812 nm is red-shifted by 25 nm compared to the lowest
energy transition for Mn—phen. Accordingly, the R1 reduction wave of Mn-H is assigned to the

formation of the Dimer as previously observed for Mn—phen.

For Mn-EB, the IR and UV-Vis spectra for the R1 species could only be recorded at the onset of
the R1 reduction wave due to the close reduction potentials between the R1 and the R2
reduction waves. As a result, complete conversion to the species formed at R1 was not possible;
however, new spectral features associated the species formed at R1 are evident. In the IR
spectrum of the R1 species (Figure 4.6A), new vc-o bands are formed at 1634 and 1622 cm™ with
new vc=c vibrations at 2155 and 2139 cm™. These spectral features are indicative of a reduction
localised on the EB—NI moiety, and formation of the EB—NI radical anion (EB—NI*"). In the UV-Vis
spectrum of the R1 species (Figure 4.6B), new transitions were observed at 440 and 491 nm and
were attributed to the EB—NI*". Importantly, these spectral features are observed without any of
the spectral changes associated with the formation of the Dimer. Therefore, the [Mn—-EB]~

species, formed at the R1 reduction wave of Mn—EB, is designated to EB—NI localised reduction.
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Figure 4.4. The spectra from the SEC studies of Mn—-H and its reduced species in 0.1 M

TBAPFs/THF electrolyte. (A) IR spectra. (B) UV-Vis absorption spectra.

At the R2 reduction wave of Mn-H, two new vc-o vibrations were observed in the IR spectrum
at 1634 and 1622 cm™ and are attributed to a reduction localised on the H-NI moiety. The vc=o
vibrations associated with the Dimer remained unchanged, though weak vc=o vibrations for a 5-
coordinate species are seen likely due to an overpotential applied to observe the formation of
the vco bands of the H-NI*". In the UV-Vis absorption spectrum, the growth of a new transition
at 418 nm is similar in appearance to literature reports of the H—NI*"3* Additional spectral
changes to the transitions associated to the Dimer are observed; the transition at 659 nm
increases in absorbance and the maximum shifts to 655 nm, and the near-IR transition
undergoes a further redshift and narrowing with a peak at 828 nm. Therefore, the species
formed at the R2 reduction wave of Mn—H is assigned to the Ni-reduced dimer, labelled [Dimer]*

herein.

At the R2 reduction wave of Mn-EB, the IR and UV-Vis spectral features associated with the [Mn—
EB]™ complex reach their maximum absorbance. Additionally, the parent vc=o vibrations is
observed to decay in the IR spectrum in Figure 4.6A. This is coupled with the growth of new vc=o
vibrations at 1977, 1936, 1886, and 1860 cm™ that closely match the Dimer seen for Mn—phen.
The calculated IR spectrum of the Dimer of Mn—EB (Figure S4.7C) closely matches the
experimental IR spectrum recorded at the R2 reduction wave (Table 4.3). Additionally, new near-
IR transitions are observed at 800 and 898 nm in the UV-Vis absorption spectrum which have a
similar absorbance profile to that of the Dimer of the Mn—phen complex (Figure 4.4). Thus, the

appearance of spectral features attributed to a Mn-Mn dimer, together with the retention of the
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[Mn—EB]" spectral features attributed to a NI-based reduction, indicates that the [Mn—-EB]*" is

observed at the R2 reduction wave.
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Figure 4.5. The spectra recorded in the SEC studies of Mn—EB and its reduced species in 0.1 M
TBAPFs/THF electrolyte. (A) IR spectra. (B) UV-Vis absorption spectra.

Based on the IR and UV-Vis spectra recorded at the R2 reduction wave of both Mn—R complexes,
the [Dimer]?* species is formed for both complexes even though they form different species at
the R1 reduction wave. Accordingly, Mn—=H and Mn—EB undergo similar spectral changes at the
R3 reduction wave (Table 4.3). Particularly, the appearance of two new vc=o vibrations at 1920
and 1824 cm™ in the IR spectra coincides with the decay of the [Dimer]? vc=o vibrations. The
Vc-o bands between 1650 — 1600 cm™, associated with the reduced R—NI moiety, are retained.
Furthermore, the UV-Vis absorption spectra displayed new transitions at 497 and 552 nm for
Mn-H and Mn-EB, respectively. These new IR and UV-Vis spectral features, which form
concurrently with the decay of the [Dimer]? spectral features, closely resemble the 5—-MA of the
Mn-phen model (Figure 4.4). As such, the [Mn(R—NI-phen)?7(C0)s])?>" species (5-DA herein) is
formed at R3, with the added electrons on the R—NI moiety and another on the Mn—phen
metallacycle. The 5-MA could also be formed by electron transfer from the reduced R—NI moiety
to the Mn—phen metallacycle, similarly to electron transfer proposed in the reduction pathway
of the Re-R complexes discussed in the previous chapter (Scheme 3.1). This leads to the
formation of the 5-MA with the two added electrons localised on the Mn—phen metallacycle
similarly to active catalyst reported for the Mn—phen model. However, it is challenging to discern
the 5-DA from the 5—MA spectrally as indicated in the previous chapter for the 25-DA from the
15-MA.
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Table 4.11. Key spectral features from IR and UV-Vis SEC experiments of Mn—R in THF electrolyte.

Calc.
Vc=o Calc. vezo Vc=0 Calc. ve-o Vesc
Complex Amax (nM) Vesc
(em™) (em™) (em™) (em™) (em™)
(cm™)
Mn—-phen 269, 382, 420 2024, 1937, 1917 2024, 1956, 1946 - - - -
Dimer 265, 400, 447, 657, 787 1979, 1938, 1885, 1864 1973, 1927, 1902, 1883 - - — -
5-MA 328, 384, 500 1919, 1822 1915, 1853 - - - -
Mn-H 269, 334, 425 2025, 1937, 1918 2015, 1947, 1937 1716, 1684 1726, 1695 - -
Dimer 267, 334, 404, 449, 659, 812 1980, 1940, 1888, 1867 1965, 1923, 1891, 1875 1715, 1682 1720, 1687 - -
[Dimer)* 269, 418, 490, 655, 828 1980, 1939, 1888, 1866 1965, 1923, 1891, 1875° 1635, 1622 -2 - -
5-DA 320, 372, 497 1921, 1824 1909, 1847 1633, 1623 -2 - -
Mn-EB 270, 376 2025, 1937, 1919 2015, 1947, 1937 1715, 1682 1725, 1693 2207 2197
[Mn—-EB]” 265, 440, 491 2025, 1937, 1919 -2 1637, 1625 =2 2162, 2140 =2
[Dimer)* 268, 440, 491, 546, 800, 898 1977, 1936, 1886, 1860 1965, 1924, 1892, 1875° 1638, 1624 =2 2155, 2139 2197
5-DA 329, 365, 552, 836 1920, 1824 1959, 1878 1626 =2 - =2

The calculated ve=o, V-0, and ve=c values were adjusted by a 0.94 correction factor. °The DFT calculations do not simulate the NiI-based reductions, thus, no
calculated ve-o, and vc=c values are reported for this species. °The calculated vc-o bands for the [Mn(R-NI-phen)(CO)s], are reported instead of [Mn—R]*".
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4.3.4 Infrared Spectroelectrochemistry under a CO; atmosphere

IR SEC studies were recorded for the Mn-R series to identify the species formed under a CO;
atmosphere. The same reduced species were observed in the IR spectra under N, (Figures 4.4A—
4.6A) and CO, atmospheres (Figure S4.6). Accordingly, a brief account of electrocatalysis

observed during this experiment is provided below.

The formation of the same reduced species under both atmospheres indicates that CO; binding
does not readily occur upon the formation of the 5-coordinate species. CO, binding only occurs
at R3 for Mn—phen and at R4 for Mn—R, coinciding with a further reduction of the Mn—phen
metallacycle. At the R3, the Mn—phen reduces CO; to form CO gas, which rapidly evolves from
solution, and the carbonate species are detected between 1700-1600 cm™.3336 These carbonate
species may also form at the R4 reduction wave of Mn—-R; however, the carbonate spectral
features appear in the same region as that of the Nl-based vc-0 bands, making assignments in
this region more challenging. Thus, the Mn—phen model complex is used to interpret the
features associated with the formation of the carbonate species, although it is likely that the

same catalytic processes take place for all Mn—-R complexes.

Two organic carbonyl vibrations at 1682 and 1636 cm™ are observed in the IR spectra of Mn—
phen (Figure S4.6A), tentatively assigned to the formation of bicarbonate species.?*3"38 These
bands were initially observed with the Dimer and slowly increase in absorbance upon the
formation of the 5—MA. At the R3 reduction wave, the bicarbonate vc-o bands are notably higher
in absorbance than the vc=o bands (1919 and 1826 cm™) for the 5~-MA, which had a lower
absorbance compared to the spectrum of the 5-MA at the R2 reduction wave. This is indicative
of a slow catalytic response, and likely decomposition of the catalyst at very negative potentials

(ca. -3V vs Fc*/Fc).

4.3.5 Proposed Reduction Pathway to the Active Catalyst

Herein, the reduction pathways of the Mn-R complexes leading to the active catalyst are
outlined according to the experimental work and the supporting DFT calculations presented in

this work.

The R1 reductions of the two Mn-R complexes are different (Scheme 4.2). For Mn-H, SEC studies
revealed that the initial reduction leads to formation of the Dimer as is observed for Mn—phen.
This is followed by the reversible R2 reduction wave resulting in a Nl-based reduction of the

dimeric species, forming the so-called Nl-reduced dimer [Dimer]*. For Mn-EB, the initial
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reduction results in a reduction localised on the EB—NI moiety, with the subsequent reduction at
the R2 reduction wave resulting in the formation of [Mn—-EB]?>". While the R1—R2 reduction
sequence differs between the two Mn—-R complexes, both produce the [Dimer]?* at the R2

reduction wave.
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Scheme 4.9. Reduction pathway for the formation of the active catalyst of Mn—R under CO;. The
intermediate species identified in IR SEC experiments in the presence of CO; are highlighted.

At the R3 reduction wave of both Mn—R complexes, homolytic cleavage of [Dimer]* produces

the 5-DA. Homolytic cleavage of the [Dimer]* occurs at a more negative potential than cleavage
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of the Dimer of Mn—phen; attributed to the presence of the R—NI moieties. However, the more
negative potential required for homolytic cleavage prolongs the existence of the more stable
dimeric species, which may be beneficial to the longevity of these complexes. The presence of
the R—NI moiety does not alter the potential required for CO; binding compared to Mn—phen,
occurring at ca. =3 V vs Fc*/Fc. This overpotential was required for all Mn—-R complexes to
electrocatalytically reduce CO, under these conditions. A bimolecular mechanism which
consumes two equivalents of CO; to yield CO and bicarbonate species could explain the

appearance of the IR spectra collected in this experiment (Figure S4.6.3548

4.3.6 Infrared Spectroelectrochemistry under a CO, atmosphere with H,0

IR SEC experiments for the Mn—R series were conducted under a CO, atmosphere in a 5%
H,O/THF electrolyte solution to assess the effect of adding a Brgnsted acid on electrocatalytic
CO; reduction. The IR spectra collected from these experiments are presented in Figures 4.7—
4.9, with the key IR spectral features recorded in Table 4.4. The behaviour of the Mn-R
complexes differed in the SEC experiments in the presence of a Brgnsted acid; as such, a more

detailed account of the observations is provided below.
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Figure 4.6. IR spectra of Mn—phen (4 mM) for the SEC experiment conducted in 5% H>O/THF
electrolyte under CO:.

For the Mn—phen model complex, conversion to the Dimer is observed at the R1 reduction wave

as described previously. Unlike the previous SEC experiments, slow evolution of a gas, likely CO
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gas, was observed upon the formation of the Dimer. Additionally, no further spectral changes
were observed at more negative potentials, though the evolution of CO gas is more rapid at the
R2 reduction wave and at more negative potentials. The different rates of CO gas evolution
between the R1 and R2 reduction waves is a known phenomenon for Mn(a-diimine) tricarbonyl
complexes, distinguished by the progression from the protonation-first pathway at R1 to the

reduction-first pathway at R2.1!

The presence of CO, and H* in solution enables the formation of the 18e™ metallocarboxylic acid
complex, [Mn(a-diimine)(CO)s(CO;H)], with a hydroxycarbonyl ligand inserted into the vacant

t.1? While the Dimer is primarily formed at R1,

sixth coordination site of the 5—-MA active catalys
a small amount of the “child” 5-MA active catalyst can bind with CO; to form
[Mn(phen)(C0O)s3(CO,H)] as the metallocarboxylic acid (Mn—CO;H) species (Figure S4.12B) and
enters the protonation-first pathway. Similarly, upon cleavage of the Dimer, the 5-MA rapidly
enters the reduction-first pathway. The 5-MA and Mn—CO;H complexes are not observed for

Mn-phen in this study, as any Mn—CO;H formed rapidly enters the catalytic CO, reduction

pathways.

Reduction at the R1 reduction wave of Mn-H leads to the formation of the Dimer vc=o bands, as
observed in the SEC studies earlier in this work, together with slow CO evolution. Monitoring the
Vc-o bands associated with the NI-based reduction is challenging in the 5% H,O/THF electrolyte
due to a significant solvent absorption between 1700 — 1600 cm™ arising from the vo-4 bending
mode of H,0.%° However, the vc-o band at 1715 cm™ can be monitored during the course of the
SEC experiment. Indeed, at the R2 reduction wave this vc-o band is red shifted by 3 cm™ and a
new band at 1623 cm™ is observed, however this band overlaps with the aforementioned
solvent band. Concurrently, a ca. 5 cm™ red shift was observed for the vc=o bands of the Dimer.
These may indicate that [Dimer]? is formed, which would match the earlier SEC studies of Mn—

H at R2 without a proton source.

Rapid CO evolution occurs at the R2 reduction wave and no further spectral changes are
observed, similarly to the evolution to the reduction-first pathway determined for Mn—phen.
This suggests that a 5-coordinate species is formed from the [Dimer]* at the R2 reduction wave;
involving the transfer of an electron from the H-NI moiety to the Mn—phen metallacycle to
induce homolytic cleavage and producing the 5~MA active catalyst. Due to the presence of CO;
and H* in solution, CO, binding can readily occur to produce the [Mn(H—NI-phen)(CO)s3(CO2H)]
complex, analogous to the Mn—CO.H complex proposed for Mn—phen. Thus, the product of the

electron transfer process, the 5-MA, is in a sense stabilised. The Mn—CO,H formed at the R2
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reduction wave rapidly enters the catalytic CO, reduction pathway and so is not observed in this
study. This may explain the apparent decay of the [Dimer]* vc=o bands compared to those of the
Dimer, which was not observed in the SEC experiments under N, or CO; atmospheres.
Significantly, Mn—H and Mn—phen both enter the more efficient reduction-first pathway at R2,
but R2 is ca. 300 mV lower for Mn—H than Mn—phen (Table 4.2).
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Figure 4.7. IR spectra of Mn—-H (4 mM) for the SEC experiment conducted in 5% H,O/THF
electrolyte under CO,.

The experiments conducted for Mn—EB in the 5% H,O/THF electrolyte highlight significant
differences in its reduction pathway in the presence of H* compared to the earlier SEC studies.
At the R1 reduction wave, no spectral features were observed for the formation of [Mn—EB]~ as
expected, associated with the formation of the EB-NI*". Instead, vc=0 bands matching the Dimer
are observed at 1978, 1938, 1889, and 1866 cm™, together with two new v¢=o bands at 1997 and

1895 cm™. These spectral changes coincide with slow CO evolution at this potential.

The new vc=o bands at 1997 and 1895 cm™ were only observed for Mn—EB in the presence of
CO; and H*. A THF-solvated species can be ruled out as the DFT-calculated IR spectrum of the
solvated species [Mn°(EB—NI—phen)(CO)s(THF)] does not match with the vc=o bands at 1997 and
1895 cm™ (Figure S4.12A), and such a complex was not observed in the previously discussed SEC
studies. Similar vc=o bands have been reported for manganese diphosphine tricarbonyl
complexes with an ester ligand instead of Br ([Mn(PP)(CO)s;(CO,R)]BFs where PP =

diphenylphosphino ethane or diphenylphosphino propane, and R = Me or Et).%°
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Figure 4.8. IR spectra of Mn—EB (4 mM) for the SEC experiment in 5% H,0/ THF electrolyte under
CO,, with an inset showing the vc=c bands. The vc=0 bands attributed to the Mn—CO;H complex,
indicated by the green boxes, are present in the spectra of the Dimer and [Dimer]*.

Manganese and rhenium metallocarboxylic acid complexes have been reported; the
[Mn(mesbpy)(CO)3(CO2H)] complex (mesbpy = 6,6’-dimesityl-2,2’-bipyridine) with vc=o bands at
2006 and 1907 cm™ in CHsCN with 80 mM MeOH resembles the profile of the observed bands
at 1997 and 1895 cm™ in this work.>*! Furthermore, the DFT-calculated IR spectrum of the Mn—
CO;H complex (Figure S4.12A) displays vc=o bands at 1994, 1916, and 1908 cm™, which are a
good match for the observed bands at 1997 and 1895 cm™ with an additional band underlying
the Dimer vc=o band at 1889 cm™. Furthermore, the formation of a metallocarboxylic acid
complex agrees with the proposed reduction pathways of Mn—phen and Mn-H under these

experimental conditions.

In the absence of a proton source, the EB—NI moiety is reduced at the R1 reduction wave; this
reduction step is expected to occur in the presence of a proton source. Therefore, the initial
reduction of the EB—NI moiety in the [Mn—EB]~ species likely undergoes rapid electron transfer
on to the Mn—phen metallacycle inducing Br~ dissociation and producing the 5-MA. This
mechanism is the same as that proposed for the homolytic cleavage of the Dimer of Mn—H at
the R2 reduction wave under the same conditions. While the 5-MA can undergo dimerisation to
yield the Dimer, this typically occurs at R2 for Mn—EB which is ca. 250 mV more negative (Table
4.2). Thus, dimerisation is likely slower at R1. In combination with the slow protonation-first
pathway at R1, this allows for the 18e” Mn—CO;H complex [Mn(EB—NI—-phen)(CO)s(CO;H)] to

accumulate in solution at the R1 reduction wave.
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A Re—Re dimer, and the corresponding heterobimetallic Re—Mn dimer, have been reported to
undergo intramolecular electron transfer in their reduction pathways for electrocatalytic CO;
reduction.?®*? In the Re—Mn dimer, the singly reduced Re metal centre undergoes intramolecular
electron transfer to the Mn—-CO,H component allowing for CO; reduction at a lower
overpotential than for either of the individual components.*> With the Re analogues of the Mn—
EB complexes in this work, detailed time-resolved spectroscopic studies have shown that
excitation of the R—NI*~ moiety results in charge transfer to the Re—phen metallacycle. Thus, an
intramolecular electron transfer mechanism from the reduced R—NI moiety to the Mn—phen

metallacycle is possible.

At the R2 reduction wave of Mn—EB, new vc=c bands are observed at 2157 and 2141 cm™ provide
evidence for a NI-based reduction. Additionally, a new vc-o band at 1618 cm™ is observed, with
a concurrent red shift of the 1715 cm™ veo band to 1707 cm™, likely arising from the formation
of EB-NI*". The Dimer vc=o bands undergo a ca. 5 cm™ red shift, similarly to that observed upon
the proposed formation of [Dimer]?~ in the experiment with Mn—H. Therefore, the new spectral
features observed at the R2 reduction wave of Mn—EB are attributed to [Dimer]?". The [Dimer]*
vc=o bands decayed slightly compared to those of the Dimer, while a slight rise in the absorbance
of the Mn—CO;H vc=0 bands being observed. A similar decay of the [Dimer]* vc=o bands was
observed for Mn—H in Figure 4.8, although the concurrent rise of Mn—CO;H vc=0 bands is not
observed. The accumulation of Mn—CO;H in solution at the R2 reduction wave of Mn-EB
supports the proposed electron transfer mechanism in the [Dimer]? species; with electron
transfer from the reduced R—NI moiety to the Mn—phen metallacycle resulting in the formation
of Mn—CO:H in the presence of CO, and H*. Rapid CO evolution occurs at this potential and no
further spectral changes are observed at more negative potentials, representing progression to

the reduction-first catalytic pathway.

This study indicates that electron transfer from the reduced R—NI moiety to the Mn—phen
metallacycle plays a key role in the reduction pathway of the Mn—R complexes in the presence
of CO; and H*. The Mn-EB complex is particularly insightful in this regard; due to the reduction
of the R—NI moiety preceding the formation of the Dimer, it was possible to accumulate the Mn—
CO;H complex in solution via electron transfer mechanism at the R1 reduction wave. Both Mn-
R complexes likely form the Mn—CO;H complex upon cleavage of the [Dimer]* at the R2
reduction wave, via the same electron transfer mechanism. Thus, the Mn—R complexes produce
the 5—MA as the active catalyst at the R2 reduction wave in the presence of CO, and H*, instead
of at the R3 reduction wave under N, and CO,. Furthermore, the R2 reduction waves of Mn-R

are less negative (-1.84 and —1.94 V, for Mn—H and Mn-EB, respectively) than that of Mn—phen
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(=2.17 V), indicating electrocatalytic CO, reduction can be achieved at lower overpotentials for
Mn-R than Mn—phen. The electrocatalytic performance of Mn-R in the presence of CO; and H*,

is assessed in the following section.
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Table 4.12. Key IR spectral features from SEC experiments under CO, with H,O.

Veso Calc. ve=o® Ve=o” Calc. veo® Vesc
Complex
(cm™) (cm™) (cm™) (cm™) (cm™)
Mn—phen 2024, 1936, 1916 2024, 1949, 1941 - - -
Dimer 1978, 1937, 1884, 1864 1950, 1899, 1874, 1858 - - -
Mn-H 2025, 1937, 1918 2024, 1949, 1941 1715 - -
Dimer 1980, 1940, 1886, 1867 1950, 1899, 1874, 1858 1715 - -
[Dimer]* 1977, 1935, 1883, 1861 - 1712,1623 - -
Mn-EB 2025, 1937, 1917 2024, 1949, 1941 1715 - 2208
Dimer 1979, 1939, 1888, 1865 1950, 1899, 1874, 1858 1715 - 2208
Mn-CO;H 1997, 1895 1994, 1916, 1908 1715 1647¢ 2208
[Dimer]* 1977, 1937, 1889, 1863 - 1707, 1618 - 2157, 2135

9The R-NI vc-o bands between 1700 — 1600 cm™ are obscured by a band arising from the 5% H,0 in THF electrolyte mixture. °The calculated vc=o and ve-o
values are for the Mn—-phen metallacycle and its reduced species in CHsCN; thus, no vc-o or ve=c bands based on the R—NI moiety are calculated. ‘The calculated
Ve-o value arises from the hydroxycarbonyl ligand (CO:H) bound to the Mn—phen metallacycle.
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4.3.7 Electrocatalysis

Controlled Potential Electrolysis (CPE) experiments were conducted on Mn-R to assess their
ability to electrocatalytically reduce CO,. The results of the CPE experiments are summarised in

Table 4.5.

The CPE experiments were performed for 1 h at a potential of -2.30 V (vs Fc*/Fc), at which the
5-MA active catalyst of Mn—phen is formed. A blank CPE experiment, with CO, saturated 5%
H,0 in THF electrolyte at -2.30 V vs Fc*/Fc, produced no detectable amount of H, and a minimal
amount of CO (2.46 umol). All samples produced detectable amounts of CO and H,; specifically,
the TONco ranged from 4—6 across all samples and a TONy, of 2 was obtained for all samples
(Table 4.5). This supports that the samples in this study electrocatalyse CO; reduction in the

presence of a Brgnsted acid.

The faradaic efficiency (nre) of Mn—phen at -2.30 V (vs Fc*/Fc) is 65%:32% (CO:H;); showing a
greater selectivity for CO over H,. This is in agreement with previous electrocatalytic experiments
with Mn—phen, producing nee of 57% and 33% (CO:H,) under optimised conditions (at -1.90 V vs
Ag*/Ag, with 15% H,0 in a 0.1 M TBAPFe/CH3CN electrolyte over 7 h).?2 For Mn—-H and Mn—EB,
the [Dimer)?* species are formed at this potential as outlined in the SEC section. Mn-H and Mn-
EB had a reduced selectivity for H, (nre = 27% and 21%, respectively) compared to that of Mn—
phen, while retaining a high selectivity for CO. These results indicate that a 5-coordinate species

is produced from the [Dimer]? species in the presence of a Brgnsted acid.

Table 4.13. Controlled potential electrolysis results during 1 h experiments with 0.8 mM samples
of catalyst in a 5% H,O/THF electrolyte solution with 600 rpm stirring.

Potential Charge Passed Nre
Catalyst TONco TONH;
[V vs Fc*/Fc] (Q (CO:H,)
Mn-phen -2.30 0.6557 4 2 65%:32%
Mn-H -2.30 0.6277 5 2 75%:25%
Mn-EB -2.30 0.8337 6 2 73%:24%

All experiments were carried out in triplicate and the averages are reported.
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4.3.8 Proposed Catalyst Activation Pathway under CO, with H,0

The catalyst activation pathways for the Mn—R complexes are presented in Scheme 4.3 according
to the experimental work, and the supporting DFT calculations, outlined in this chapter.
Additionally, the literature mechanisms for electrocatalytic CO, reduction by [Mn(a-
diimine)(CO)sX] complexes (where X = a halide, pseudo-halide, or solvent molecule) in the

presence of a Brgnsted acid were considered when proposing the reduction pathways of Mn—

R 7,10,13-15,47-50

In the presence of CO, and H*, the catalytic response of the Mn—R complexes occurs at less
negative potentials than in the absence of H* (Figure S4.5). In the case of Mn—H, the Dimer is
formed at the initial reduction step (Scheme 4.3). For Mn-EB, as the first reduction is based on
the EB—NI moiety as observed in the SEC experiments (Figure 4.6), it is likely that electron
transfer from the reduced EB—NI onto the Mn—phen metallacycle inducing Br~ dissociation;
producing the 5-MA active catalyst already at R1. Typically, the 5-MA would rapidly react with
parent Mn—EB in a parent-child comproportionation chemical reaction to produce the Dimer.
However, formation of the Dimer is typically observed for Mn—EB at the R2 reduction wave; thus,
the 5—MA is produced at a less negative potential in the presence of H*. Therefore, dimerisation
is slower at the R1 reduction wave which allows for the concurrent formation of the stable
complex Mn—CO:H in the presence of a Brgnsted acid. Slow CO evolution is observed at the R1
reduction wave of both Mn—R complexes, indicating that electrocatalysis may proceed via the

kinetically slow protonation-first pathway (not shown in Scheme 4.3).

At the R2 reduction wave of both Mn—R complexes, the [Dimer]* is produced but undergoes
electron transfer from the reduced R—NI moiety onto the Mn—phen metallacycle. Electron
transfer to induce homolytic cleavage of [Dimer]* can occur at less negative potentials than R3
under CO,, producing the 5-MA. Furthermore, the stable Mn—CO.H complex is only formed from
the 5-MA in the presence of a Brgnsted acid. This is supported by the slow accumulation of the
Mn-CO:H complex is seen in the IR spectrum of Mn-EB at the R2 reduction wave (Figure 4.9),
with the concurrent decay of the vc-o bands associated with the [Mn—-R]*. The Mn—CO,H
complex proceeds down the reduction-first pathway at the R2 reduction wave as illustrated in

Scheme 4.3.

Electrocatalytic CO, reduction ensues after the formation of the Mn—CO;H complex at the R2
reduction wave of both Mn—-R complexes. While direct evidence for the species involved in this
part of the catalytic cycle are not observed in this work, a pathway is proposed based on the

reduction-first pathway widely reported in the literature as follows. Further reduction of Mn—
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CO:zH produces the 19e™ [Mn(R—NI—phen)(CO)s(CO;H)]~ complex ([Mn—CO;H]" in Scheme 4.3).
This may occur via direct reduction of the Mn—phen metallacycle or a further reduction of the
R—NI moiety and repeats the previously described electron transfer step onto the Mn—phen
metallacycle. Either way, the hydroxycarbonyl ligand on the [Mn-CO;H]- complex rapidly
decomposes to CO and OH~, the latter of which reacts with H* to release H,0, leaving the
tetracarbonyl complex [Mn(R—NI-phen)(CO)4] (Mn—CO in Scheme 4.3).% CO release from Mn-—
CO is spontaneous at this potential allowing for the regeneration of the 5-MA following

reduction, which can participate in further catalytic cycles.®
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Scheme 4.10. Proposed reduction pathway of Mn—-R in the presence of CO, and H*. The
intermediate species identified in IR SEC experiments in the presence of CO, and H* are
highlighted. The Mn—CO;H complex is only observed for Mn—EB in the aforementioned IR SEC
experiments. The CO; reduction cycle (red) illustrates the reduction-first catalytic pathway.
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4.4 Conclusion

The Mn-H and Mn—-EB complexes, with R—-NI moieties appended onto the Mn—-phen model
complex, were synthesised and successfully employed in electrochemical and
spectroelectrochemical studies. SEC studies were key to discerning the pathway leading to the
CO,-reducing active catalyst of Mn—H and Mn—-EB. Under CO,, the 5-DA is obtained as the active
catalyst with CO, reduction at negative potentials ca. -3 V vs Fc*/Fc. In the presence of CO, and
a proton source, the 5-MA is the active catalyst and follows a different catalytic pathway

involving the formation of a metallocarboxylic acid complex Mn—-CO;H.

Compared to Mn—phen, the R—NI moieties of Mn—H and Mn—EB play a key role in the reduction
pathway in the presence of CO; and H*. The IR SEC study of Mn—EB confirms that the reductions
localised on the R=NI moieties can undergo intramolecular electron transfer to the Mn—phen
metallacycle, inducing phen-based reductions at lower potentials. For Mn—EB, this results in the
formation of the Mn—CO,H complex at R1. Notably, this enables formation of the 5~-MA active
catalyst from the dimeric species at less negative potentials than is typically required to induce
homolytic cleavage. Thereby forming the active catalyst at a lower potential than in the absence

of an electron reservoir as is the case with Mn—phen.

Homogenous electrocatalytic studies at —2.30 V vs Fc*/Fc demonstrated that the Mn-R
electrocatalysts have greater selectivity for CO production (N = 75% and 74% for Mn-H and
Mn-EB, respectively) than Mn—phen (1 = 65%). Furthermore, CO, reduction was achieved with
Mn-R at a lower potential, at which Mn—phen was unable to electrocatalytically reduce CO,,
while retaining high selectivity for CO production. Thus, the R—NI moieties were successfully
implemented as electron reservoirs in these manganese complexes, allowing for electrocatalytic
CO; reduction at less negative potentials than conventional [Mn(a-diimine)(CO)sX] complexes.
These insights can be used in the future design of CO,-reducing electrocatalysts that incorporate

R—NI moieties as electron reservoirs.
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Chapter 5

The Synthesis and Characterisation of Malononitrile-Appended

Naphthalimide-Phenanthroline Transition-Metal Complexes

161



5.1 Abstract

The syntheses of 4-malononitirle-1,8-naphthalimide-1,10-phenanthroline (MN-NI-phen) and a
number of transition-metal complexes (M-MN) are outlined. The [Re(MN—NI-phen)(CO)sCl]
(Re—MIN) complex continues the Re—R series studied in Chapter 2 and 3 in this work. Additionally,
two Ru' complexes are also prepared, [Ru(MN—NI—-phen)(bpy)2](PFs) (Ru—=MN) and [Ru(MN-NI-
phen)(btfmb),](PF¢).] (CFsRu—MN), where the peripheral ligands are bpy = 2,2’-bipyridine and
btfmb = 4,4’-bistrifluoromethyl-2,2’-bipyridine respectively. Structural characterisation of MN-
Ni—-phen and M-MN, by 'H NMR spectroscopy and high-resolution mass spectrometry, is
presented. Additionally, preliminary IR and UV-Vis spectroscopic studies in CHsCN further
support their successful synthesis. These materials are envisaged to be employed in future

spectroscopic, photophysical, and catalytic CO; reduction studies.

5.2 Introduction

In the previous chapters, the Re' and Mn' complexes of the R—-NI-phen ligands (where R = H,
ethynyl benzene, ethynyl thiophene, and ethynyl trimethylsilane) have been studied. The
ethynyl-bearing R-groups display electron donating characteristics as demonstrated in Chapter
2, where detailed photophysical studies revealed the excited state dynamics of the Re-R
complexes. Particularly, upon incorporating electron donating ethynyl moieties onto the NI core,
the Re—EB and Re—ES complexes displayed increasingly ligand-like photophysics.! In Chapters 3
and 4, the R—NI moieties behaved as an electron reservoir when integrated in photocatalysts and
electrocatalysts for CO; reduction studies. The addition of the R—NI electron reservoirs proved
to play a key role in forming the active catalyst; involving charge transfer or electron transfer as
key mechanisms to forming the active catalyst under photocatalytic and electrocatalytic

conditions, respectively.

In contrast, the effect of introducing an electron withdrawing R-group to a NI moiety has received
little attention in the literature. The [Re(NO,—NI—-phen)(CO)sCl] complex has been studied as a
photocatalyst by Spear et al., but little is understood about its photophysical properties and
limited studies into the reduction pathway are provided.>* Considering the utility of the C=C
bond in the electron donating R-group of the Re—R complexes in the previous TRIR studies in this
thesis, an electron withdrawing R-group containing a C=X bond (X = C, N, O) could be used for
future TRIR studies to determine the photophysical properties. The C=N bond is itself electron
withdrawing, therefore directly appending a nitrile-containing group to a NI moiety would be a

simple way introduce an electron withdrawing IR tag.
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Malononitrile has been successfully incorporated to the 4-position of Nl-based fluorophores.*®
The resulting malononitrile-naphthalimide (MN-NI) compounds have absorption and emission
profiles that extend into the visible region (Aas = 500-550 nm, Aem = 600-650 nm).> For
photocatalysis, the extended visible region absorption profile of MN-NI overlaps to a greater
extent with the solar irradiance spectrum than any of the other R—NI moieties in this thesis,
which only absorb light below 450 nm. Another advantage of the MN-NI compounds is their
broad solubility range in non-polar, polar aprotic and polar protic solvents, which is attributed to

keto-enol tautomerism in these compounds as outlined below in Scheme 5.1.
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Scheme 5.11. Keto-enol tautomerism in MN—NI compounds (R = alkyl or aryl group). The methine
proton associated with the keto-form is highlighted in blue. The hydroxy proton associated with
the enol-form is highlighted in red. Tautomerisation can occur with either carbonyl group in the
imide.

Typically, R—NI moieties exist in the keto-form, with the imide functional group containing two
organic carbonyl (C=0) bonds. Internal charge transfer (ICT) is known to occur in Nls with
electron-donating substituents at the 4-position, allowing for resonance structures where
conjugation is extended to the C=0 bonds. In MN-NI compounds, the methine proton is electron
deficient due to its position within the dicyano substituent, making it susceptible to proton
transfer. Indeed, ground-state intramolecular proton transfer (GSIPT) has been reported for MN—
NI-R compounds (where morpholinyl, phenyl, n-butyl, and cyclopentyl R-groups are linked to
the NI moiety via the N-atom of the imide).** This results in the formation of the enol-tautomer
(Scheme 5.1), where one of the imide C=0 bonds is transformed into a hydroxy (O—H) bond.
GSIPT is sensitive to the solvent polarity, with the keto-form preferred in non-polar solvents and
enol-form becoming increasingly favoured as the solvent polarity increases; accounting for the
extended solubility profile of MN—NI compounds. Excited-state intramolecular proton transfer
(ESIPT) can also occur in compounds with GSIPT, resulting in fluorescence from the normal state
(the keto-form for MN-NI) and from the tautomer state (the enol-form for MN-NI).” In these

compounds the tautomer state has a higher energy ground state than the normal state,
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therefore emission from the excited state tautomer is of lower energy and appears in the red

region.

The extended solubility profile and visible-region absorption features can be beneficial for
photocatalysis. To create an intramolecular photocatalyst with a transition-metal catalytic
centre, malononitrile can be substituted onto the R—-NI-phen ligand. The presence of a labile
proton in close proximity to the metal centre, as in the enol-tautomer, could be beneficial to CO,
reduction catalysis. Specifically, protons in the second coordination sphere have been
demonstrated to stabilise CO; in the vacant coordination site in Mn-based catalysts; lowering the
thermodynamic barrier to CO, binding.®° Additionally, computational studies have shown that
malononitrile carbanion [CH(CN),]™ can bind up to two CO; molecules and has been proposed
for CO, capture with [CH(CN),]™ -based ionic liquids.?® The extended m-conjugation of the enol-
form of MN-NI is formed from the [CH(CN),]~ upon IPT; thereby, enabling CO; binding to that
moiety without the need for an ionic liquid. Subsequent intermolecular interactions may enable
a catalytic centre to bind with a captured CO; molecule, a process potentially reinforced by the

enol proton in the second coordination sphere of the catalytic centre.

Accordingly, the syntheses of a series of transition-metal complexes (M—MN, where M = Re', and
Ru") with the 4-malononitrile-1,8-naphthalimide-phenanthroline (MN-NI-phen) ligand are
reported with characterisation. Preliminary spectroscopic studies of MN-NI-phen and the M-
MN complexes is provided for purpose of spectral characterisation. The Re' complex [Re(MN—
Nl—phen)(CO)sCl] (Re—MN) is a continuation of the Re—R series studied earlier in this thesis. Two
Ru' complexes, with peripheral 2,2-bipyridine (bpy) or 4,4 -bistrifluoromethyl-2,2’-bipyridine
(btfmb) ligands, were also modulate the electron withdrawing effect of the MN-NI-phen ligand.
Specifically, [Ru(MN—NI-phen)(bpy).](PFs). (Ru—MN) should model the pull effect of MN-NI-
phen alone, while [Ru(MN-NI—phen)(btfmb),](PFs). (CFsRu—MN) should have a pull effect from
the MN-NI-phen and btfmb ligands. Further spectroscopic and photophysical studies will be
outlined in the Future Works section of Chapter 6 to ascertain the influence of the electron-

withdrawing malononitrile group on the M—MN complexes.

5.3 Results and Discussion
5.3.1 Syntheses

Synthesis of MN-NI-phen was performed according to the synthesis illustrated in Scheme 5.2.

Initially, a condensation reaction of 4-bromo,-1,8-naphthalic anhydride with 1,10-phenanthrolin-
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5-amine yielded 4-bromo-1,8-naphthalimide-1,10-phenanthroline (Br-NI-phen)."
Subsequently, Br-NI-phen was reacted with malononitrile in an aromatic nucleophilic
substitution reaction, using a modified literature procedure with DMF as the reaction solvent, to
yield the target MN—=NI-phen compound.® The *H NMR spectrum of MN—-NI-phen is presented
in Figure S5.1. Note the 'H NMR spectra of MN-NI-phen and the M—MN complexes do not
display a signal for the proton highlighted in the keto or enol forms indicated in Scheme 5.1,
accordingly it is not possible to comment on the tautomer present during the NMR experiments.

High-resolution mass spectrometry (HR-MS) detected the [M+Na]* and [M—H] ions (Figure S5.7).
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Scheme 5.12. The synthetic pathway for MN-NI-phen with reaction conditions and yields.

The M—MN complexes, (with M = Re' or Ru") were prepared following literature procedures as
outlined in Scheme 5.3. For Re-MN, [Re(CO)sCl] was reacted with MN—NI-phen in EtOH.1*"23 The
'H NMR spectrum of Re—-MN is presented in Figure S5.2 and the [M—H]™ ion was detected by HR-
MS (Figure S5.8). For Ru—MN and CFsRu—MN, the [Ru(bpy).Cl,] and [Ru(btfmb),Cl;] precursors
were prepared by literature procedures, and characterised by their *H NMR spectra (Figures S5.3
and S5.5).14> Subsequent reaction of MN-NI-phen with the [Ru(bpy).Cl,] and [Ru(btfmb),Cl,]
precursors was performed according to the literature procedure for tris-heteroleptic Ru'"
complexes, using ethylene glycol in a microwave reactor at 180 °C for 15 min.® Extensive workup
is required to extract the product as the PF¢ salt. The 'H NMR spectra of Ru—=MN and CFsRu-MN

are presented in Figures S5.4 and S5.6. High-resolution mass spectrometry for both Ru"

165



complexes revealed the presence of a PFs salt, while the [M+Na]?>* and [M—CN]?** ions were

detected for the respective Ru" complexes (Figures S5.9 and S5.10).
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Scheme 5.13. The M—MN complexes obtained by coordination reactions of Re' and Ru" complexes
with MN-NI-phen. The % yields are included.

5.3.2 FTIR Spectroscopy

IR spectroscopy was employed to confirm the presence of specific vibrational modes in the
complexes; namely the C=0, C=0, and C=N bonds as presented in Figure 5.1. DMSO is the only
solvent where MN-NI-phen and M—MN were sufficiently concentrated for the vc=y vibrational
modes to be detected by the liquid-film IR technique. The key vibrational modes detected by IR

spectroscopy are presented in Table 5.1

In Chapter 2, the organic carbonyl stretching vibrations (vc-o) for R—-NI-phen are observed at ca.
1710 and 1675 cm™.! However, the strongest absorbing vc-o bands in the IR spectrum of MN—
NI-phen are observed at 1686 and 1649 cm™. Additionally, a strong and sharp feature at 1569
cm™ is recorded, which is absent in the IR spectra of the previously studied R—NI-phen
compounds. Therefore, this is attributed to the likely formation of the enol tautomer in the polar
DMSO solvent. In the region of the vcy vibrational modes (2100 — 2250 cm™ in Figure 5.1), two
sharp vc=y bands are observed at 2176 and 2137 cm™, which are similarly attributed to the enol-

form. A broad and weak v band is detected at 2150 cm™, likely arising from trace amounts of
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the keto tautomer and is linked to the weak vc-o0 bands also detected at 1715 and 1672 cm™.
Therefore, both tautomers are observed in the IR spectrum of MN=NI-phen in DMSO, with the

enol-form being the main tautomer formed in this polar solvent.

In the IR spectrum of Re—MN, the vc.o bands are observed at 1713 and 1673 cm™, which
indicates that the keto-form is the main tautomer present in DMSO. Similarly, a broad and weak
ve=n band is detected at 2153 cm™, with two additional ve=y bands at 2225 and 2176 cm™. The
band at 2176 cm™is attributed to the enol-form of the MN-NI-phen, but any feature at 2225
cm™ is too weak to detect if present at all in the IR spectrum of MN—=NI-phen. Therefore, the
Ven bands at 2225 and 2153 cm™ are attributed to the keto-form in the IR spectrum of Re-MN,
while the ve—y band at 2176 cm™ indicates that some of the enol tautomer is present in solution.
Further to these features, the metal carbonyl vibrational modes (vc=o) observed at 2020, 1915,
and 1894 cm™, which are associated with fac-[Re(a-diimine)(CO)sCl] complexes, provides strong
evidence that MN-NI-phen is coordinated to a Re(CO)sCl moiety. As such, the presence of the
Re(CO)sCl moiety influences keto-enol tautomerism in the coordinated MN-NI-phen ligand;
appearing to restrict the formation of the enol-form even in moderately polar solvents such as

DMSO.

The IR spectrum of Ru—MN displays two intense vc-o bands at 1667 and 1647 cm™, with these
features in a similar region to the enol-form of the MN—NI-phen ligand (1686 and 1649 cm™). A
weak ve-o band is observed at 1716 cm™ which can be attributed to the keto-form. However, in
the region of the vc=n vibrational modes the only features observed are the broad features at
2233 and 2149 cm™ previously attributed to the keto-form. While additional features are
observed at 2065, 1990, and 1969 cm™, these are not observed in any of other IR spectra in
Figure 5.1 and so cannot be attributed to the enol-form. Accordingly, it is challenging to verify if
the C=0 and C=N bonds of the MN-NI-phen ligand are present in the IR spectrum of Ru-MN.
This is more easily answered in the IR spectrum of CFsRu—MN; with vc-o bands at 1713 and 1673
cm™, and the vy bands at 2233 and 2149 cm™. These features indicate that only the keto-form
of the MN-NI-phen ligand is present. This is similar to the behaviour of displayed by Re~MN,
where the metal centre appears to restrict the formation of the enol tautomer even in

moderately polar DMSO.

In summary, the IR features arising from the C=0 and C=N bonds are observed in the IR spectra
of MN-NI-phen and M-MN (Figure 5.1). For Re—MN, appearance of the fac-configuration of the

Ve=o bands verify the fac-configuration of this complex and supports successful coordination of

MN-NI-phen with a Re(CO)sCl moiety. DFT calculations of MN-NI-phen and M-MN would
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support the assignments made here. In the case of Ru—MN, DFT calculations would allow for a

better understanding of the observed IR spectral features.
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Figure 5.1. FTIR spectra of MN-NI-phen and M—MN in DMSO.

5.3.3 UV-Vis Absorption Spectroscopy

Upon complexation of MN-NI-phen, a weakly coupled bichromophoric system forms;
distinguished by the absorption profile of the bichromophore appearing as a combination of the
absorption profiles of the individual chromophores.!” Therefore, the UV-Vis absorption spectra
of MN-NI-phen and M-MN, presented in Figure 5.2, are used to identify key electronic

transitions, summarised in Table 5.1, to support the formation of the M=MN bichromophores.

In the UV-Vis absorption spectrum of MN-NI-phen the near-UV region is distinguished by a
phen-based n—n* transition (A.s = 262 nm) and vibrationally structured NI-based transitions in
the region of 340 nm. The Nl-based transitions are attributed to a mixture of n—n* and n—n*
transitions, with the n—n* transition attributed to the maximum in this region at 342 nm,
similarly to other NI-containing compounds.'®!° The extended m-conjugated system of the enol-

form results in an additional transition observed at 535 nm.>
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Figure 5.2. UV-Vis absorption spectra of MN-NI-phen and M-MN in CHsCN.

In the UV-Vis absorption spectrum of Re—MN; the phen-based m—mn* and vibrationally
structured NI-based transitions were unchanged, though their extinction coefficients (€) were
increased, and a tail on the vibrationally structured NI-based transitions coincides with a mixture
of MLCT and XLCT transitions. This so-called “metal-ligand-to-ligand charge transfer” (MLLCT)
transition is referred to as the MLCT transition herein for simplicity.?>*? These electronic
transitions closely match the appearance of [Re(H-NI—-phen)(CO)sCl] studied in Chapter 2. An
additional transition is apparent at 487 nm and is attributed to the enol-form, similarly to MN-

Nl-phen.

In the UV-Vis absorption spectra of the Ru=MN and CFsRu-MN, absorption bands are apparent
below 300 nm which match the [Ru(phen)(bpy).]?* and [Ru(phen)(btfmb),])?* complexes in the
literature.162372° Specifically, the phen-based —mt* transition (Aas = 266 and 262 nm for Ru-MN
and CFsRu—MN, respectively) is associated with the MN-NI-phen ligand. For Ru—MN, the bpy-
based m—m* transition is apparent at 286 nm. However, the inclusion of the electron-
withdrawing CF; groups lowers the energy level of the n* orbitals of the bpy-based orbitals in
CFsRu—-MN,?%; resulting in a red-shift of the btfmb m—mt* transition (Aaps = 296 nm) by 10 nm
compared to that of the bpy m—m* transition (Aabs = 286 nm). Additional features are observed

at longer wavelengths; (Ru")dn—(bpy)rt* MLCT transitions are observed in the UV-Vis absorption

169



23,24

spectrum of Ru—MN at 427 and 450 nm, as typically observed for Ru" polypyridyl complexes.
The (Ru")dn—(btfmb)rt* MLCT transitions are observed at 435 nm and 460 nm for CFsRu-MN;
again, the electron-withdrawing CFs groups on the peripheral btfmb ligands results in lower
energy electronic transitions compared to Ru=MN. The presence of a transition arising from the
enol-form is not apparent in the UV-Vis absorption spectra of Ru=MN or CF;Ru-MN; if present,

it would underly the relatively intense MLCT transitions in both Ru" complexes.

Table 5.14. Key spectral data from FTIR and UV-Vis absorption and emission spectroscopy.®

Aabs (nm) Aemb V=N Vc=0 Vc=0
Compound
[e (Mtcem™)) (nm) (em™) (em™) (cm™)
262 [22680], 342 2176, 2150, 1686,
MN-NI-phen 391, 530 -
[12152], 535 [583] 2137 1649
265 [29209], 342 2225,2176, 2020,1915, 1713,
Re-MN 385, 634
[17852], 487 [2848] 2153¢ 1894 1673
266 [39850], 286
[51690], 339 [16386], 1667,
Ru-MN 378,616 2233¢,2149°¢ -
427 [11060], 450 1647
[12340]
262 [50091], 296
[51314], 343 [27142], 1713,
CF;Ru-MN 440,654 2233¢,2149° -
435 [11557], 460 1673
[11290]

°ln CHsCN for UV-Vis absorption and emission studies; in DMSO for FTIR spectroscopy. °All
emission spectra were collected upon 340 nm excitation. ‘These features are weak and broad.

The assignment of the electronic transitions of M—MN supports the successful coordination of
the MN-NI-phen ligand to the respective Re' and Ru" precursors. For Re—MN, the phen and NI-
based m—n* transitions closely resemble those of [Re(H—NI—phen)(CO);Cl] studied in Chapter 2.
The additional transition at 487 nm also supports the occurrence of keto-enol tautomerism in

Re—MN, which is specific to the presence of the malononitrile substituent on the NI moiety. For
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Ru—MN and CFsRu—MN, the appearance of the MLCT transitions is in agreement with literature
values for tris-heteroleptic Ru" complexes!®?*-%; supporting the coordination of MN-NI-phen to
a Ru" metal centre. The red-shift of the MLCT transitions in CFsRu—~MN compared to Ru-MN
shows that the btfmb ligands have a greater ability to pull electron density from the Ru" metal
centre than the bpy ligands. Thus, the pull of the btfmb ligands can oppose the pull of the

malononitrile substituent in the MN-NI-phen ligand.

5.3.4 UV-Vis Emission Spectroscopy

The emission spectra of MN—-NI-phen and the M-MN complexes are presented in Figure 5.3,
with the emission maxima (Aem) presented in Table 5.1. All samples were excited at 340 nm,
corresponding to excitation of the NI-based n—mt* transition. This spectral feature is common to
all samples and provides an insight into the excited state dynamics of these samples subsequent

to the excitation of the MN-NI chromophore.

The emission spectrum of MN-NI-phen displays two emissive features at 391 and 530 nm. This
spectral profile appears similar to previous studies of Br=NI-phen, with emission features at 387
and 537 nm in CHsCN.* The similarity of these emission spectra likely arises from the electron
withdrawing character of the bromo and malononitrile substituents on the NI moiety of both
compounds. These emissive features were attributed to dual emission, which has been
previously reported for Nis.'?628 The “short wavelength” band, with a maximum at 391 nm,
arises from the fluorescent 'LC excited state. The 'LC excited state has a Franck-Condon-like
structure, where the NI and phen moieties have a near-orthogonal configuration similar to the
ground state configuration. The “long wavelength” band at 530 nm is attributed to a so-called
planar intramolecular charge transfer (PICT) excited state.?® The PICT excited state is formed from
the Franck-Condon excited state where the NI and phen moieties become co-planar via excited-

state conjugation enhancement (ESCE).?"28
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Figure 5.3. UV-Vis emission spectra of MN—NI-phen and M-MN upon excitation at 340 nm in
CHsCN.

Two distinct emission bands are apparent in the emission profile of Re—MN. The !LC excited state
fluorescence of MN-NI-phen is observed at 385 nm, while the lower wavelength emission band
associated with the PICT excited state is not detected. However, the most intense emission
feature arises from the 3MLCT excited state, with phosphorescence apparent at 634 nm. The
emission profile of Re=MN most closely resembles that of Re=H in Chapter 2 and the related
series studied by Yarnell et al., where an equilibrium between the 3LC and 3MLCT excited states
is present in that complex.*!? Accordingly, the introduction of an electron withdrawing group
onto the NI core, as in MN=NI-phen, does not appear to significantly affect the energy of the
3LC excited state and thus, a triplet-triplet equilibrium between the 3LC and 3MLCT excited states

is likely retained in Re—MN.

In the emission profiles of Ru=MN and CFsRu—MN, weak 'LC emissive features were detected at
378 and 440 nm, respectively. However, as is the case for Re—MN, the 3MLCT emission bands
dominate the emission spectra of both complexes (Aem = 616 and 654 nm, respectively). The
maxima of 3MLCT emission bands of structurally related Ru" polypyridyl complexes occurs in this
region, with Aem of 601 nm for [Ru(phen)(bpy).]** and 660 nm for [Ru(phen)(btfmb),]?** (as the

PFs salt in MeOH and CHsCN, respectively).1®?3 The similarities in the emission profiles of Ru—
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MN and CFsRu—MN with that of Re—MN suggests that a triplet-triplet equilibrium between the
3LC and 3MLCT excited states may also present in the Ru" complexes. However, the 3LC excited is
not observable by this spectroscopic study and so further studies are needed to establish the

presence of a triplet-triplet equilibrium in all M=MN complexes.

5.4 Conclusion

The syntheses of the MN-NI-phen compound and the M=MN complexes are outlined with
structural characterisation by *H NMR, HR-MS, and IR spectroscopy. In the UV-Vis spectroscopic
studies in CHsCN, the presence of electronic transitions attributed to the metal chromophores
and the MIN=NI chromophore further supports the successful synthesis of the bichromophoric
M-MN complexes. Preliminary emission studies indicate that a triplet-triplet equilibrium
between the 3LC and 3MLCT excited states may be present in the M—MN complexes analogous
to the studies reported in Chapter 2. These materials are suitable for further spectroscopic and
photophysical studies; specifically, to discern the electron withdrawing effect of the
malononitrile substituent on their excited state dynamics of M—MN and to probe their suitability

for CO; reduction catalysis as outlined in the following chapter.
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Chapter 6

Conclusions and Future Work

176



6.1 Overview

This thesis focussed on investigating transition-metal complexes of R—-NI-phen ligands as
catalysts towards photochemically and electrochemically driven CO, reduction. In the following
concluding remarks, the experimental findings from the studies undertaken in this thesis are
summarised. Additionally, further experiments are suggested, where appropriate, that could be
completed to better understand how to implement NI moieties in catalysts for photochemically

and electrochemically driven CO, reduction.

In terms of the catalytic performances of the catalysts studied in this thesis, the highest TON of
9 is reported for Re—EB in Chapter 3. While this represents a greater number of CO molecules
than are present in the tricarbonyl-containing complexes studied in this body of work, in the best
case 3 times more CO is produced than are present in the catalytic material, these are poor
catalysts. Ideally, these catalytic materials would have a TON in the millions to be used at scale;
as such, it is unlikely that this family of catalysts will be used beyond a research setting.
Nonetheless, the catalysts studied in this thesis were useful systems to study, particularly to gain
insights into the limitations in various catalyst activation pathways. A key step to improving the
performance of any catalyst is to overcome bottlenecks in such activation pathways and so their
identification is critical. This thesis demonstrates useful spectroscopic, photophysical, and
electrochemical studies for identifying the bottlenecks in these naphthalimide-containing
catalysts. Such studies can be conducted on many other catalysts to gain a better understanding
of how those systems behave during catalysis, and how they can be adjusted or redesigned so

that their catalytic performance is improved.

6.2. Concluding Remarks for Chapter 2

Chapter 2 aimed to establish the effect of the ethynyl-functionalised NI moieties on the
photophysics of the Re' tricarbonyl chloride complexes. An in-depth photophysical study was
undertaken, including the use of time-resolved techniques from the ultrafast picosecond
timescale to the microsecond time regime. This study revealed that a triplet-triplet equilibrium
between the 3LC and 3MLCT excited states, present in the Re—H complex, was not present in the
ethynyl-functionalised Re—-R complexes. This was attributed to the electron-donating character
of the ethynyl substituents and manifested as increasingly ligand-like photophysics in the
ethynyl-functionalised Re-R complexes. This effect is strongest in the Re-EB and Re-ES

complexes, which showed no triplet-triplet equilibrium and therefore had long-lived 3LC excited

177



states similar to those of the corresponding R—NI-phen ligands. Population of the 3LC excited
state in these complexes leads to a resonance-type structure due to the electron-rich aromatic
rings being conjugated to the electron-deficient NI core via an ethynyl bridge. In the TRIR
spectroscopic studies, the resonance structures are associated with a large red shift of the 3LC
Vesc transients (at 1997 and 1976 cm™, respectively) compared to the vcsc ground state bleaches
(at 2207 and 2196 cm™, respectively); indicating the formation of a partially oxidised ethynyl

bridge in the 3LC excited state of these complexes.?

6.3. Concluding Remarks for Chapter 3

In Chapter 3, the Re—H and Re—EB complexes were further studied for their ability to
photocatalytically reduce CO,. Photocatalysis with these complexes revealed that they are poor
photocatalysts, with TONco of 7 and 9, respectively (0.1 mM Re-R in a DMF/TEOA (6:1 v/v)
solution, Air = 450 nm, after 24h). The poor photocatalytic performance of the Re—R complexes
is attributed to the presence of the R—NI electron reservoir in their structure. Indeed, the
[Re(phen)(CO)sBr] photocatalyst, which differs from Re-R by the absence of the R—NI electron
reservoir and Br as the coordinated halide, has a TONco of 12 under similar photocatalytic

conditions (10 mL of a solution containing 1 M TEOA and 1 mM of the catalyst in DMF after 2 h).2

To better understand the effect of the R—NI electron reservoirs on photocatalysis, detailed
electrochemical, SEC, and time-resolved studies were undertaken to help establish the pathway
leading to the active photocatalyst. The reduction sequence of the Re—R complexes is as follows:
reduction of the R—NI moiety first, followed by a phen-based reduction, and finally reduction of
the Re—phen metallacycle which induces CI~ dissociation yielding the 5-coordinate active
catalyst. Thus, the typical two reduction-step activation pathway for [Re(a-diimine)(CO)sCl]
catalysts evolve into a three-reduction step activation pathway upon the introduction of the R—
NI electron reservoirs. The photocatalytic studies indicated that the [Re—R]* complexes
accumulated during photocatalysis, indicating intramolecular electron transfer from the R—NI

electron reservoirs only causes slow halide dissociation under those conditions.

Pioneering TRIR SEC experiments were also performed on the Re-R complexes. When the [Re—
R]” complexes are considered as radical-chromophore systems, generated electrochemically in
situ, rationale for the concurrent population of two excited states could be applied based on the
literature. A “MLCT excited state is populated analogous to the 3MLCT excited state populated by

excitation of Re—R parent complexes. Additionally, a #ILCT excited state is populated arising from
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charge transfer from R—NI"—phen; highlighting that the R—NI electron reservoir can transfer an
electron to the Re—phen metallacycle upon excitation. However, charge transfer from R—NI~
—phen~in [Re-H]?* is short-lived. When considered with the observed accumulation of [Re—=H]*
during photocatalysis, these results indicate that back transfer to the R—NI~ moiety is favoured

over halide dissociation in the [Re—R]*" complexes.

Future work from Chapter 3 could involve further studies to better understand the activation
pathway of the Re-R photocatalysts. TRIR SEC studies of the [Re—R]* complexes would be
beneficial in this regard; yielding more direct information about the bottleneck in the pathway
leading to the active catalyst. Additionally, further optimisation of the photocatalytic conditions
could be performed by testing other reaction conditions including the use of other solvents,
sacrificial agents, and light sources. Another approach is to modify the Cl ligand to one that forms
a weaker bond with the Re' metal centre, such as a Br, a pseudo-halide, or a solvent ligand,
allowing for the 5-coordinate species to be formed more readily. These changes to the
photocatalytic system may enable halide dissociation to occur more readily upon charge transfer

from the electron reservoir.

6.4. Concluding Remarks for Chapter 4

Chapter 4 focused on studying the Mn' tricarbonyl bromide counterparts of the Re—R complexes,
studied in Chapter 3, as electrocatalysts for CO, reduction. Again, the R—NI moieties act as
electron reservoirs in the Mn-R complexes. Therefore, detailed electrochemical and SEC studies
were undertaken to determine the pathway leading to the active electrocatalyst. The reduction
sequence of the Mn—-R complexes differ from the one established for the Re—R complexes. In
fact, Mn—-H and Mn-EB also displayed different reduction sequences from each other. For Mn-
H, the first reduction causes halide dissociation with a subsequent parent-child
comproportionation reaction forming the Dimer, the H-NI moiety is reduced next while
remaining as a dimeric species. For Mn—EB, the EB—NI moiety is reduced first reduce, with the
Nl-reduced dimer formed at the second reduction wave. For both Mn—R complexes, the final
reduction step involves the cleavage of the NI-reduced dimer to yield a 5-coordinate species as

the active catalyst.

The Mn-R complexes were able to reduce CO; at a less negative overpotential under a CO;
atmosphere with 5% H,0O added as a Bronsted acid compared to under a CO, atmosphere alone.

IR SEC studies under these conditions allows for intramolecular electron transfer from the R—NI
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moiety to the Mn—phen metallacycle at the second reduction wave, inducing homolytic cleavage
of the NI-reduced dimer to yield the 5-coordinate monoanion 5-MA active catalyst. Additionally,
the study of Mn-EB confirmed formation of the metallocarboxylic acid complex [Mn—COzH] and
the Dimer at the first reduction. The [Mn—-CO;H] complex is a key intermediate species in the
catalytic cycle of many CO, reducing [Mn(a-diimine)(CO)sBr] electrocatalysts.? Its formation at
the first reduction of Mn—EB is only possible by intramolecular electron transfer from the
reduced EB—NI moiety to the Mn—phen metallacycle, with rapid CO; binding occurring in the

presence of the Bronsted acid yielding the stable [Mn—CO,H] complex.

Future work from Chapter 4 would involve assessing the suitability of the Mn—R complexes
photo-based CO, reduction catalysis. This could be achieved by conducting photocatalysis
similarly to that performed with the Re—R complexes in Chapter 3. Alternatively, photo-assisted
electrocatalysis could be attempted involving electrochemically producing the dimeric species
and subsequently irradiating it with low energy light to induce homolytic cleavage. Recently,
Taylor et al. used photo-assisted electrocatalysis on [Mn(bpy)(CO)sBr] to generate the 5-MA by
photoinduced homolytic cleavage of the Mn—Mn dimer at the potential of the first reduction
with 405 nm light.* Koizumi et al. were able to induce homolytic cleavage of the [Mna(bpy)2(CO)e]
dimer using lower energy light (A > 620 nm), and showed that higher energy light (A > 480 nm)
resulted in photodegradation of the manganese species via decarbonylation.® Either approach
to photo-based CO; reduction catalysis would require photophysical studies, similarly to those

conducted in Chapter 2, to determine the behaviour of the Mn—R complexes upon irradiation.

6.5. Concluding Remarks for Chapter 5

In Chapter 5, malononitrile was appended on to a NI-phen compound to form MN-NI-phen.
Subsequently, a Re' tricarbonyl chloride complex was prepared (Re—MN), continuing the series
studied in Chapter 2, in addition to two Ru" polypyridyl complexes (Ru—MN and CFsRu—MN).
MN-NI-phen and the M-MN complexes are structurally and spectrally characterised;

confirming the successful preparation of these materials for further studies.

There are many possibilities for future studies of the samples prepared in Chapter 5. The most
relevant to this thesis would be a detailed photophysical studies similar to those performed in
Chapter 2. Malononitrile introduces an electron-withdrawing group to the NI moiety, in contrast
to the electron-donating substituents used in the previous chapters. For the Ru" polypyridyl

complexes, the electron withdrawing nature of the MN—NI moiety is modulated by the presence
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of different peripheral ligands, with the btfmb ligands of CFsRu—=MN being more electron
withdrawing than the bpy ligands Ru=MN. Therefore, the photophysics associated with the MN—
NI moiety may differ between Ru=MN and CFsRu-MN, as the pull of MN-NI moiety is more
effectively opposed by the pull of the btfmb peripheral ligands. Accordingly, time-resolved
studies would be appropriate to study the photophysical properties of MN-NI-phen and M-
MN. TCSPC and TA spectroscopy would reveal the lifetimes of the populated emissive and non-
emissive excited states, respectively. Additionally, the presence of C=N bonds as IR tags in the

malononitrile substituent makes these samples ideal candidates for TRIR studies.

The keto-enol tautomerism introduced upon to addition of the malononitrile substituent also
provides an opportunity to conduct studies in both polar and non-polar solvents. The
aforementioned photophysical studies may provide insights into the occurrence of ESIPT in these
materials under a broad range of solvent polarities. Additionally, the presence of an acidic proton
in either tautomer (the methine proton in the keto-form and the hydroxyl proton in the enol-
form) allows for pH-dependent studies to be conducted. Choi et al. showed a pH dependence
for keto-enol tautomerism in their MN—NI fluorophore which could be used to detect artificial
gastric acids.® Finally, Fu et al. proposed that the malononitrile carbanion could be used for CO,

capture, based on their detailed modelling of CO, binding with malononitrile.”

Therefore, malononitrile could provide many functions in the M=MN complexes; it can modulate
the photophysical properties of the MN—NI electron reservoir, its improved solubility in polar
solvents and likely pH-sensitivity provide more options for optimisation of catalytic conditions,
and it can act as a CO, capture component which may support binding with the active catalyst
via an intermolecular mechanism. However, the interplay of all of these functions becomes
complicated quickly and the improvement of one function may diminish another. Thus, the M-
MN complexes may be assessed as the catalytic components in photochemically and
electrochemically driven CO, reduction, but understanding their behaviour during catalysis

requires extensive studies as outlined above.
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$2.1 Experimental
Materials

1,8—naphthalic anhydride was purchased from TCl. 1,10—phenanthrolin-5—amine, 4—bromo—
1,8-naphthalic anhydride, trimethylsilyl acetylene, [Pd(PPhs).], TEA, and [Re(CO)sCl] were
purchased from Fluorochem. Cul was purchased from BLD Pharm. All other reagents and
solvents were purchased from Sigma—Aldrich. Synthesis of the R=-NI-phen compounds and the
target Re—-R complexes were achieved by adopting the literature syntheses of H—NI-phen and
Re-H as outlined below in General Synthesis A and B, respectively.'™ The novel R-NI-phen
compounds and Re-R complexes were characterized by FTIR spectroscopy, *H NMR

spectroscopy, and high—resolution mass spectrometry.

General Synthesis A — R—NI-phen (R = H, Br, EB, ES, ET)

The synthesis was based on published procedures of related compounds.** 4—R—1,8—naphthalic
anhydride (1.00 equiv.) and 1,10-phenanthrolin-5—amine (1.1 equiv.) were dissolved in a
minimum of glacial acetic acid. The reaction solution was heated to reflux and left for 16 h. After
this time, the reaction solution was allowed to cool to RT before the addition of aq. Na,COs;
solution (50 mL), resulting in the formation of a precipitate that was collected by vacuum

filtration and washed with 2x 10 mL EtOH and 1x 10 mL Et,O before air—drying.

General Synthesis B — [Re(R—NI-phen)(CO)sCl] (Re-R, R = H, Br, EB, ES, ET)

Published procedures of related complexes were followed to synthesize the complexes.'?
[Re(CO)sCl] (1 eq.) and R—NI-phen (1 eq.) were dissolved in a minimum of EtOH. The reaction
solution was heated to reflux and left for 2—4 h. After this time, the reaction solution was allowed
to cool to RT which resulted in the formation of a precipitate. This precipitate was collected by

vacuum filtration and washed with 3x 10 mL Et,0 before air—drying.

Synthesis of naphthalimide—5—-phenanthroline (H-NI-phen)

Using General Synthesis A, 1,8-naphthalic anhydride (0.1982 g, 1.00 mmol) and 1,10-
phenanthrolin-5—amine (0.1962 g, 1.01 mmol) were used. The resulting white solid was

collected by vacuum filtration followed by recrystallisation from EtOH and again collected by
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vacuum filtration to obtain the purified product. Yield: 0.1680 g (45%), *H NMR (CDCl3, 600 MHz):
59.28 (s, 1H), 9.23 (s, 1H), 8.71(s, 2H), 8.37 (s, 2H), 8.29 (s, 1H), 8.05 (s, 1H), 7.88 (d, J = 9.45 Hz,
3H), 7.70 (s, 1H), 7.58 (s, 3H). Elem. Anal. calcd (found) for C24H13N30,: C, 76.79 (76.31); H, 3.49
(3.61); N, 11.19 (10.37).

Synthesis of [Re(H—-NI-phen)(CO)sCl] (Re—H)

Using General Synthesis B, [Re(CO)sCl] (0.0902 g, 0.25 mmol) and H-=NI-phen (0.0951 g, 0.25
mmol) were used. The resulting yellow precipitate was collected by vacuum filtration and
washed with a minimum amount of EtOH followed by 10 mL Et,0 before finally air—drying the
product. The product was further purified by recrystallisation from EtOH yielding a fine yellow
powder. Yield: 0.1009 g (59%). *H NMR (600MHz CDCls) & 9.46 (dd, J = 5.23, 1.01 Hz, 1H), 9.43
(dd, J = 5.12, 1.11 Hz, 1H), 8.74 (dd, J = 7.18, 0.77 Hz, 1H), 8.71 (d, J = 6.84Hz, 1H), 8.56 (dd, J =
8.19, 1.11 Hz, 1H), 8.41 (dd, J = 8.27, 4.29 Hz, 2H), 8.31 (dd, J = 8.41, 1.07 Hz, 1H), 8.13 (s, 1H),
7.90 (m, 3H), 7.79 (dd, J = 8.50, 4.92 Hz, 1H). MS [ESI-QTOF (DCM) m/z] 682.0166 [M+H]*, calcd
(C27H13CIN3OsRe) 681.01. Elem. Anal. calcd (found) for C27H13CIN3OsRe: C, 47.62 (48.38); H, 1.92
(2.08); N, 6.17 (6.17).

Synthesis of 4—ethynylbenzene naphthalic anhydride (EB—NA)

Based on the literature synthesis®, 4—bromo—1,8—naphthalic anhydride (1.0032 g, 3.62 mmol),
phenylacetylene (600 uL, 5.46 mmol), Pd(PPhs)s (0.0653 g, 0.57 mmol), Cul (0.0660 g, 0.35
mmol), and triethylamine (500 pL, 0.36 mmol) were first dissolved in toluene (10 mL), the
mixture was heated at 110 °C under N, atmosphere for 22 h. After cooling, the reaction solution
was filtered, the yellow solid was further washed with water and then recrystallised from toluene
to obtain the pure product. Yield: 0.5540 g (55%), *H NMR (CDCls, 600 MHz): 6 8.85 (dd, J = 8.32,
1.15 Hz, 1H), 8.68 (dd, J = 7.30, 1.15 Hz, 1H), 8.59 (d, / = 7.56 Hz, 1H), 8.01 (d, J = 7.56 Hz, 1H),
7.92 (dd, J=8.46, 7.30 Hz, 1H), 7.69 (m, 2H), 7.46 (m, 3H). Elem. Anal. calcd (found) for CaoH100s:
C, 80.53 (77.04); H, 3.38 (3.60).

Synthesis of 4—ethynylbenzene naphthalimide—5—-phenanthroline (EB—NI-phen)

Using Synthesis A, EB-NA (0.2994 g, 1.00 mmol) and 1,10—phenanthrolin-5—amine (0.2164 g,

1.11 mmol) were used. The resulting yellow solid was collected by vacuum filtration and further
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purified by recrystallisation from EtOH. Yield: 0.3189 g (67%), *H NMR (CDCls;, 600 MHz): § 9.29
(s, 1H), 9.24 (s, 1H), 8.90 (d, J = 8.15 Hz, 1H), 8.73 (d, J = 7.13 Hz, 1H), 8.65 (d, J = 7.72 Hz, 1H),
8.29 (d, J = 6.94 Hz, 1H), 8.05 (m, 2H), 7.94 (dd, J = 8.14, 7.85 Hz, 1H), 7.91 (m, 1H), 7.72 (dd, J =
6.88, 3.33 Hz, 1H), 7.69 (m, 1H), 7.59 (s, 1H), 7.47 (m, 3H). MS [ESI-QTOF (DCM) m/z] 476.1481
[M+H]*, calcd (C32H1sN3O3) 475.51. Elem. Anal. calcd (found) for Cs;H1sN30,: C, 80.83 (75.18); H,
3.60(3.79); N, 8.84 (7.81).

Synthesis of [Re(EB—NI—phen)(CO)sCl] (Re—EB)

Using Synthesis B, [Re(CO)sCl] (0.0506 g, 0.14 mmol) and EB—NI-phen (0.0669 g, 0.14 mmol)
were used. The resulting yellow precipitate was collected by vacuum filtration followed by
recrystallisation from MeOH to obtain the final product. Yield: 0.0723 g (66%). *H NMR (CDCls,
600 MHz): & 9.46 (d, J = 5.45 Hz, 1H), 9.43 (d, J = 5.02 Hz, 1H), 8.94 (dd, J = 9.20, 8.34 Hz, 1H),
8.75 (dd, J = 7.91, 7.75 Hz, 1H), 8.66 (dd, J = 7.39, 5.30 Hz, 1H), 8.54 (dd, J = 8.07, 4.38 Hz, 1H),
8.32 (dd, J = 8.36, 0.97 Hz, 1H), 8.13 (s, 1H), 8.07 (dd, J = 11.06, 7.53 Hz, 1H), 7.96 (dd, J = 16.88,
8.37 Hz, 1H), 7.89 (dd, J = 8.09, 5.02 Hz, 1H), 7.80 (dd, J = 8.44, 4.91 Hz, 1H), 7.73 (m, 2H), 7.49
(m, 3H). MS [ESI-QTOF (DCM) m/z] 782.0134 [M+H]", calcd (CssH1sCIN3OsRe) 781.19. Elem. Anal.
calcd (found) for CssH1sCIN3OsRe: C, 53.81 (54.17); H, 2.19 (2.40); N, 5.38 (5.50).

Synthesis of 4—ethynylthiophene naphthalic anhydride (ES-NA)

Adapted from the literature synthesis of 2—(phenylethynyl) thiophene®; 4-Bromo-1,8-
naphthalic anhydride (0.1385 g, 0.50 mmol), Pd(PPhs)4 (0.006 g, 0.005 mmol), and Cul (0.004 g,
0.02 mmol) were vacuum dried in a Schlenk reaction flask for 15 min. Under N, atmosphere,
dihydrolevoglucosenone (cyrene, 1 mL) was added to the reaction flask to dissolve the solid
reagents, followed by 2—ethynyl thiophene (50 pL, 0.53 mmol) and triethylamine (80 pL, mmol
5.19 mmol). The reaction mixture was heated to 30 °C under N, atmosphere for 3 h. 10 mL EtOAc
was added to the reaction solution forming a beige precipitate. The precipitate washed by
organic extraction with 2 x 10 mL H,0 washings, with the precipitate now located in the aqueous
layer. The precipitate was collected by vacuum filtration, washed with 2 x 10 mL Et,0 and air
dried. Yield: 0.0843 g, (55%). *H NMR (CDCls, 600 MHz): § 8.79 (dd, J = 8.27, 1.02 Hz, 1H), 8.69
(dd, J = 7.48, 1.26 Hz, 1H), 8.59 (d, J = 7.87 Hz, 1H), 7.99 (d, J = 7.56 Hz, 1H), 7.92 (dd, J = 8.35,
7.24 Hz, 1H), 7.51 (dd, J = 3.76, 1.08 Hz, 1H), 7.28 (dd, J =5.00, 1.13 Hz, 1 H), 7.13 (dd, J = 5.33,
3.64 Hz, 1H). MS [ESI-QTOF (DCM) m/z] 305.0267 [M+H]*, calcd (C1sHsO3S) 304.02.
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Synthesis of 4—ethynylthiophene naphthalimide—5—phenanthroline (ES—NI-phen)

ES—NA (0.0500 g, 0.16 mmol) and 1,10—phenanthrolin—-5—amine (0.0351 g, 0.18 mmol) was used
according to Synthesis A. The resulting yellow solid was collected by vacuum filtration followed
by recrystallisation from toluene and again collected by vacuum filtration to obtain the purified
product. Yield: 0.0505 g (64%), *H NMR (CDCls, 600 MHz): § 9.27 (dd, J = 4.61, 1.64 Hz, 1H), 9.23
(dd, J = 4.30, 1.64 Hz, 1H), 8.83 (dd, J = 8.61, 1.13 Hz, 1H), 8.73 (dd, J = 7.38, 1.02 Hz, 1H), 8.63
(d, J = 7.58 Hz, 1H), 8.28 (dd, J = 8.10, 1.54 Hz, 1H), 8.05 (dd, J = 8.40, 1.64 Hz, 1H), 8.02 (d, J =
7.48 Hz, 1H), 7.94 (dd, J = 8.91, 7.48 Hz, 1H), 7.89 (s, 1H), 7.68 (dd, J = 8.09, 4.30 Hz, 1H), 7.58
(dd, J = 8.30, 4.20 Hz, 1H), 7.52 (dd, J = 3.59, 0.92 Hz, 1H), 7.48 (dd, J/ = 5.33, 1.13 Hz, 1H), 7.13
(dd, J = 5.33, 3.59 Hz, 1H). MS [ESI-QTOF (DCM) m/z] 482.0958 [M+H]*, calcd (C30H15N30,S)
481.09. Elem. Anal. calcd (found) for C3oH1sNs0,S: C, 74.83 (64.99); H, 3.14 (3.02); N, 8.73 (7.71);
S, 6.66 (6.02).

Synthesis of [Re(ES—NI—phen)(CO)sCl] (Re—ES)

Using Synthesis B, [Re(CO)sCl] (0.0379 g, 0.11 mmol) and ES—NI-phen (0.0505 g, 0.11 mmol)
were refluxed in EtOH. Upon cooling the resulting yellow precipitate was collected by vacuum
filtration and further drying with Et,0O. The crude material was recrystallised from toluene before
further vacuum filtration and drying with Et,0 to obtain the final product. Yield: 0.0561 g (68%).
'H NMR (CDCl3, 600 MHz): 6 9.47 (dd, J=5.12, 0.95 Hz, 1H), 9.44 (dd, J = 4.96, 1.21 Hz, 1H), 8.87
(dd,J=7.21, 1.01 Hz, 1H), 8.75 (dd, J = 13.07, 1.35 Hz, 1H), 8.66 (dd, J = 11.83, 7.66 Hz, 1H), 8.56
(d, J=7.97 Hz, 1H), 8.32 (dd, J = 8.56, 1.24 Hz, 1H), 8.12 (s, 1H), 8.04 (dd, J = 7.75, 3.13 Hz, 1H),
7.97 (dd, J = 7.92, 3.13 Hz, 1H), 7.90 (dd, J = 8.41, 5.44 Hz, 1H), 7.81 (dd, J = 8.91, 4.95 Hz, 1H),
7.53 (dd, J=4.90, 2.24 Hz, 1H), 7.50 (m, 1H), 7.15 (dd, J = 7.56, 3.78 Hz, 1H). MS [ESI-QTOF (DCM)
m/z] 786.9966 [M], calcd (Cs3HisCIN3OsSRe) 787.00. Elem. Anal. caled (found) for
C33H1sCIN3OsSRe: C, 50.35 (48.08); H, 1.92 (1.96); N, 5.34 (5.15); S, 4.07 (4.04).

Synthesis of 4—bromo naphthalimide—5—phenanthroline

Using Synthesis A, 4-bromo-1,8—naphthalic anhydride (0.5544 g, 2.00 mmol) and 1,10-
phenanthrolin—-5—-amine (0.4296g, 2.20 mmol) were used. The resulting brown solid was
collected by vacuum filtration and dried with Et,0 to obtain the final crude product which was
used without further purification. Yield: 0.8805 g (97%). *H NMR (d—DMSO, 600 MHz): § 9.27 (s,
1H), 9.22 (s, 1H), 8.68 (dd, J = 8.22, 7.75 Hz, 2H), 8.44 (d, J = 7.56 Hz, 1H), 8.27 (d, J = 6.57 Hz,
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1H), 8.09 (d, J = 7.56 Hz, 1H), 7.99 (d, J = 8.55 Hz, 1H), 7.90 (dd, J = 8.88, 7.89 Hz, 1H), 7.85 (s,
1H), 7.68 (s, 1H) 7.56 (s, 1H).

Synthesis of [Re(Br—NI-phen)(CO)sCl]

Using Synthesis B, [Re(CO)sCl] (0.1087 g, 0.30 mmol) and Br—NI—-phen (0.1348 g, 0.30 mmol) were
refluxed in EtOH. Upon cooling the resulting yellow precipitate was collected by vacuum
filtration, with minimal EtOH and Et,O washings and air—drying. Yield: 0.1565 g (69%). 'H NMR
(CDCl3, 600 MHz): 6 9.41 (dd, J =4.97, 1.28 Hz, 1H), 9.37 (dd, J = 5.14, 1.12 Hz, 1H), 8.71 (m, 2H),
8.47 (m, 2H), 8.21 (d, J = 8.67 Hz, 1H), 8.12 (dd, J = 8.51, 5.94 Hz, 1H), 8.05 (s, 1H), 7.92 (m, 1H),
7.84 (dd, J = 7.70, 5.14 Hz, 1H), 7.73 (dd, J = 8.67, 4.97 Hz, 1H). Elem. Anal. calcd (found) for
C27H12BrCINsOsRe: C, 42.67 (43.47); H, 1.59 (1.77); N, 5.53 (5.84).

Synthesis of [Re(ET-NI-phen)(CO)sCl] (Re—ET)

Based on literature synthesis for 4—ethynyl trimethylsilane—1,8—naphthalic anhydride.” [Re(Br—
Nl—phen)(CO)sCl] (0.2186 g, 0.29 mmol), Pd(PPhs)4 (0.0901 g, 0.08 mmol), and Cul (0.0246 g,
0.13 mmol) were vacuum dried in a Schlenk reaction flask for 15 min. Under N, atmosphere,
DMF (2 mL) was added to the reaction flask to dissolve the solid reagents, followed by 2—ethynyl
trimethylsilane (1520 pL, 11.14 mmol) and triethylamine (760 uL, 5.41 mmol). The reaction
mixture was heated to 60 °C under N, atmosphere for 24 h. Following cooling of the reaction
solution, the solvents were removed in vacuo to yield a dried crude mass. The crude was
recrystallised from EtOAc before being collected by vacuum filtration, washed with Et,0 (2x 10
mL) and air—dried. Yield: 0.0943 g (55%). *H NMR (CDCls;, 600 MHz): 6 =9.47 (d, J = 4.96 Hz, 1H),
9.43 (d, J = 4.96 Hz, 1H), 8.83 (dd, J = 8.51, 4.39 Hz, 1H), 8.74 (dd, J = 18.67, 7.14 Hz, 1H), 8.63
(dd, J = 23.07, 7.69 Hz, 1H), 8.57 (d, J = 8.24 Hz, 1H), 8.31 (d, / = 8.79 Hz, 1H), 8.12 (s, 1H), 8.01
(dd, J = 8.25, 7.50 Hz, 1H), 7.95 (dd, J = 12.38, 7.12 Hz, 1H), 7.90 (dd, J = 8.44, 5.25 Hz, 1H), 7.80
(dd, J = 8.25, 4.88 Hz, 1H), 0.41 (s, 9H). MS [ESI-QTOF (DCM) m/z] 800.0506 [M+Na]*, calcd
(C32H21CIN3OsReSi) 777.28. Elem. Anal. calcd (found) for C3;H»:CINsOsReSi: C, 49.45 (47.74); H,
2.72(3.57); N, 5.41 (5.11).



FTIR and UV-Vis Absorption and Emission Studies

All IR spectra were recorded on a PerkinElmer Spectrum65 FTIR Spectrometer. Samples were
prepared in spectroscopic grade DCM and loaded into a liquid—film IR cell with CaF, windows.
ATR-IR spectra were recorded on a Thermoscientific Nicolet Summit FT-IR with the Everest ATR
accessory. All UV-Vis absorption and emission spectra were recorded on a Horiba Duetta
Fluorescence and Absorbance Spectrometer. Samples were analyzed in a quartz cuvette with a
1 cm path length and prepared in spectroscopy grade DCM. 2—MeTHF was used as the solvent
glass for 77 K emission studies, with samples prepared to an optical density of ~1 at the

maximum absorbance at room temperature.

Time Correlated Single Photon Counting

Emission lifetimes were measured using an Edinburgh Instruments FLS1000 photoluminescence
spectrometer, using a 375 nm picosecond pulsed diode laser. Samples were prepared in
spectroscopy grade DCM to an absorbance of 0.2 at 375 nm in a fluorescence quartz cuvette
with 1 cm path length. The optical density of the samples was compared before and after the

measurement to ensure that no photodegradation had occurred.

Emission Quantum Yields

Absolute emissive quantum yields were determined using an Edinburgh Instruments FLS1000
photoluminescence spectrometer equipped with an integrating sphere coupled with a XeArc
lamp. All samples were prepared in a fluorescence quartz cuvette with a 1 cm path length, made
to an absorbance of 0.2 at 375 nm in spectroscopic grade DCM. The samples were purged with

N, for ~20 min prior to the experiment.

Time-Resolved IR studies

Time-resolved Infrared (TRIR) spectroscopy experiments were conducted using the ULTRA
apparatus at the Central Laser Facility (CLF), which is described in detail elsewhere.® Samples
were excited at 365, 400, and 420 nm using spectroscopic grade DCM in a Harrick cell. The
measurements were performed with rastering to minimize photodamage and re—excitation

effects. Different samples were used for the ps-TRIR and ns-TRIR experiments. All spectra were
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processed using the in—house ULTRAview software provided by the CLF. Samples were calibrated
from pixels into wavenumbers using the in—house ULTRAcal software provided by the CLF. The
ethynyl, metal carbonyl, and organic carbonyl regions (2300 — 1600 cm™) were calibrated by
fitting the absorption bands of polystyrene. All experiments were carried out at 298 K and
samples were checked before and after the experiment for photodegradation by UV-Vis
spectroscopy in a PerkinElmer Lambda 950 spectrophotometer and FTIR in a Nicolet Avatar
spectrometer. Kinetic fitting of all TRIR spectra was conducted with global fit analysis using the

Glotaran 1.5.1 software.’

Transient Absorption (TA) Spectroscopy

Nanosecond transient absorption spectra were measured using an Edinburgh Instruments LP980
coupled with a Quantel Qsmart 450, tuned to the third harmonic (355 nm). Samples were
prepared to an absorbance of 0.4 at 355 nm in spectroscopic grade DCM. Three freeze—pump—
thaw cycles were used to degas the solution before placing under a nitrogen environment prior
to the experiment. The optical density of the samples was compared before and after to ensure

no photodegradation occurred. The average lifetimes were calculated using Equation S1.1.%°

n
i=1%iTj

Tavg = T
i=1 %

Equation S2.13. Equation for determining an amplitude-weighted average lifetime.°

DFT/TDDFT Calculations

DFT calculations were performed in Gaussian 16, Revision C01 (G16)!!, together with the three—
parameterized Becke, Lee, Yang, and Park (B3LYP) functional.!**® For the Re atom, a quasi—
relativistic effective—core pseudopotential and a corresponding optimized basis set'* was used,
and for non—metal atoms, the 6—31+G(d) basis set.'® Solvent effects (DCM) were described by
the conductor-like polarisable continuum model (CPCM).* The DFT calculations of Re—EB
revealed four possible structures (a—d) with similar energies (Figure S2.62 and Table S2.9). The
calculated electronic and vibrational spectra of the possible structures appeared identical; with

the a and c versions of Re—EB being optical isomers, b and d behaved likewise. Two possible



structures were calculated for Re—ES (a and b) with the lower—energy a—structure being used in

further calculations (Figure S2.63 and Table S2.10).

$2.2 'H NMR Spectra
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Figure $2.1. 600 MHz'H NMR spectrum of H-NI-phen in CDCls
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Figure $2.2. 600 MHz'H NMR spectrum of Re—H in CDCl;
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Figure 52.3. 600 MHz'H NMR spectrum of EB-NA in CDCls
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Figure $2.4. 600 MHz *H NMR spectrum of EB-NI-phen in CDCl3
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Figure $2.5. 600 MHz 'H NMR spectrum of Re—EB in CDCl3
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Figure $2.6. 600 MHz'H NMR spectrum of ES-NA in CDCls
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Figure 52.8. 600 MHz'H NMR spectrum of Re—ES in CDCl3
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Figure $2.9. 600 MHz'H NMR spectrum of Br—NI-phen in CDCl3
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Figure $2.10. 600 MHz*H NMR spectrum of Re—Br in CDCl3
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Figure $2.11. 600 MHz *H NMR spectrum of Re—ET in CDCl5

$2.3 Mass Spectrometry
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Figure S2.12. ESI-QTOF mass spectrum of Re—H [M+H]* (M = 681.02 g/mol)
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Figure $2.14. ESI-QTOF mass spectrum of Re—EB [M+H]* (M = 781.19 g/mol)
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Figure $2.15. ESI-QTOF mass spectrum of ES-NA [M+H]* (M = 304.32 g/mol)
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Figure S2.16. ESI-QTOF mass spectrum of ES—NI-phen [M+H]* (M = 481.53 g/mol)
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Figure $2.17. ESI-QTOF mass spectrum of Re—ES [M] (M = 787.22 g/mol)
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Figure $2.18. ESI-QTOF mass spectrum of Re—ET [M+Na]* (M = 772.28 g/mol)
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S$2.4 IR Spectra
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Figure §2.19. FTIR spectra between 1750 and 1575 cm™ of the R—-NI-phen compounds in DCM.
Inset: FTIR spectra between 2225 and 2175 cm™ of EB-NI-phen and ES—-NI-phen in DCM.
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Figure §2.20. ATR—IR spectra between 2250 and 1500 cm™ of Re—ET. The ethynyl vibration at
2162 cm™ js indicated.
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$2.5 UV-Vis Absorption and Emission Spectra
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Figure S2.21. UV-Vis absorption spectra of R—NI-phen in DCM solutions.
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Figure $2.22. (Left) (Right) Normalized emission spectra following excitation at 385 nm in DCM
of R—NI-phen. (Right) The normalized 77 K emission spectra in 2—MeTHF of R—NI-phen. Inset —
The non—normalized 77 K emission spectra of the same R—NI-phen compounds.
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$2.6 TRIR Spectra and Kinetic Traces
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Figure 52.23. ps—TRIR spectrum of the vco region of H-NI-phen in DCM following 365 nm
excitation.
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Figure $2.24. ps—TRIR spectra displaying the ethynyl and organic carbonyl regions in DCM
following 420 nm excitation of EB—=NI-phen (Left) and ES—NI-phen (Right).
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Figure $2.25. Kinetic traces of the vie—o0 1710 cm™ GSB and vc-o0 1644 cm™ transient band of H-
Ni-phen following excitation at 365 nm.
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Figure 52.26. Kinetic traces of the ve-o0 1706 cm™ GSB and ve=c 2103 cm™ transient band of EB-
NI-phen following excitation at 420 nm.
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Figure $§2.27. Kinetic traces of the vc-0 1710 cm™ GSB and vc=c 2108 cm™ transient band of ES—
Ni-phen following excitation at 420 nm.
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Figure 52.28. Kinetic traces of the ve=0 1920 cm™ GSB and ve=0 1957 cm™ transient band of Re—
H following excitation at 400 nm.
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Figure 52.29. Kinetic traces of the ve=0 2028 cm™ GSB and vc=0 2058 cm™ transient band of Re—
ET following excitation at 420 nm.

0.004
A 1961 cm™
v 1921 cm™
002 -
0.00 — Kinetic Fits

0.000

a
o —0.002
<

-0.004 -

—-0.006 - 7, =2.1ps

1, = 2200 ps
—-0.008 T T T T T T T T T T 1
0 2000 4000 6000 8000 10000

Time (ps)

Figure $2.30. Kinetic traces of the vc=0 1921 cm™ GSB and vc=0 1961 cm™ transient band of Re—
EB following excitation at 420 nm.
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Figure 52.31. Kinetic traces of the ve=0 2028 cm™ GSB and vc=0 2063 cm™ transient band of Re—
ES following excitation at 420 nm.
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Figure S2.32. Kinetic trace at 445 nm of EB—NI-phen in DCM following 375 nm excitation.
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Figure S2.33. Kinetic trace at 485 nm of ES—NI-phen in DCM following 375 nm excitation.
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Figure 52.34. Kinetic trace at 630 nm of Re—H in DCM following 375 nm excitation.
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Figure 52.36. Kinetic trace at 485 nm of Re—ES in DCM following 375 nm excitation.
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Figure S2.37. Kinetic trace at 630 nm following 355 nm excitation of Re—EB in DCM.
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$2.8 TA Spectra and Kinetic Traces
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Figure S2.38. Kinetic traces from us-TA and us-TRIR experiments of aerated samples of (A) R—NI-
phen, (B) R—NI-phen, and (C) R—Ni—phen.
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Figure S2.39. (Left) TA spectrum of H-NI-phen in DCM following excitation at 355 nm. (Right)
Kinetic trace displaying biexponentially fit lifetimes and average lifetime at 480 nm.
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Figure 52.40. (Left) TA spectrum of EB—NI-phen in DCM following excitation at 355 nm. (Right)
Kinetic trace displaying biexponentially fit lifetimes and average lifetime at 575 nm.
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Figure $2.41. (Left) TA spectrum of ES—NI—phen in DCM following excitation at 355 nm. (Right)
Kinetic trace displaying biexponentially fit lifetimes and average lifetime at 645 nm.
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Figure 52.42. Kinetic traces from us—TA experiments in DCM following excitation at 355 nm of (A)

Re—H, (B) Re—ET, (C) Re—EB, and (D) Re—ES.
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S$2.9 DFT and TDDFT Calculations
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Figure $2.43. DFT—calculated IR spectra. [Top-left] Re—H (black) and 3Re—H (red). [Top-right] Re—
EB (black) and *Re—EB (red). [Bottom-left] Re—ET (black) and 2Re—ET (red). [Bottom-right] Re—ES

(black) and *Re—ES (red).
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Figure 52.44. TDDFT—calculated UV-Vis spectra. [Top-left] Re—H (black) and 3Re—H (red). [Top-
right] Re—EB (black) and *Re—EB (red). [Bottom-left] Re—ET (black) and 3Re—ET (red). [Bottom-
right] Re—ES (black) and 3Re—ES (red).
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Figure S2.45. Calculated UV-Vis spectrum of Re—H.
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Table S2.15. Major electronic excitations in Re—=H determined by TDDFT calculations.

Wavelength (nm)  Osc. str () Major contributions (%)
411.6 0.0917 HOMO-1 —» LUMO+1 (68)
390.8 0.0410 HOMO — LUMO+2 (67)
353.4 0.3792 HOMO-3 —» LUMO (70)

HOMO-5 — LUMO (67)
318.6 0.0769 HOMO-3 —» LUMO+5 (22)
HOMO-8 — LUMO+1 (30)
HOMO-7 — LUMO+1 (25)
284.7 0.0956 HOMO-6 — LUMO+1 (37)
HOMO—4 — LUMO+2 (25)

HOMO — LUMO+7 (25)
284.1 0.0644 HOMO-1 —» LUMO+4 (58)
HOMO-9 —» LUMO+1 (20)
277.4 0.0704 HOMO-8 —» LUMO+1 (42)
HOMO-7 —» LUMO+1 (50)
275.4 0.1151 HOMO-6 —» LUMO+2 (56)
HOMO-8 —» LUMO+1 (34)
HOMO-7 - LUMO+I1 (21)
269.3 0.3950 HOMO-7 - LUMO+2 (22)
HOMO-6 — LUMO+1 (29)
HOMO—+4 — LUMO+2 (30)
HOMO-9 — LUMO+2 (27)

HOMO-2 — LUMO+6 (42
260.3 0.1181 HOMO-1 - LUMO+8 E21§
HOMO-1 —» LUMO+11 (25)
HOMO-9 — LUMO+1 (25)
2577 0-1175 HOMO-9 —» LUMO+2 (59)
2345 0.2167 HOMO-3 —» LUMO+5 (42)

HOMO —> LUMO+11 (34)

HOMO-11 — LUMO+2 (29)
234.4 0.3221 HOMO-3 — LUMO+5 (34)
HOMO — LUMO+11 (33)

HOMO-11 — LUMO+1 (24)
234.1 0.1576 HOMO-11 — LUMO+2 (54)
HOMO-3 — LUMO+S5 (24)

HOMO-4 — LUMO+4 (37)
HOMO-1 — LUMO+13 (23)
HOMO-1 — LUMO+15 (24)
HOMO-1 — LUMO+17 (22)

227.7 0.1538

227.1 0.1747 HOMO—4 —» LUMO+4 (47)

HOMO-15 — LUMO+1 (33)

220. 1
08 0.1389 HOMO-6 — LUMO+4 (49)
HOMO-14 — LUMO+1 (22)
2122 02286 HOMO-5 — LUMO+5 (24)

HOMO-3 — LUMO+S8 (23)
HOMO-3 — LUMO+9 (41)
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Wavelength (nm)  Osc. str () Major contributions (%)

HOMO-11 — LUMO+3 (26)
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Figure $2.46. Molecular orbitals involved in electronic transitions of Re—H (see Table S2.1).
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Figure S2.47. Calculated UV-Vis spectra of Re—EB.

Table S2.16. Major electronic excitations in Re—EB determined by TDDFT calculations.

40000

— parent

Osc. strength

O_M“I’h .|IJ

200 300 400

500 600 700 800

Wavelength / nm

Major contributions (%)

HOMO — LUMO (70)

HOMO-2 — LUMO+1 (68)

HOMO-1 — LUMO+2 (68)

HOMO-5 — LUMO (58)
HOMO-4 — LUMO (33)

HOMO-7 — LUMO (65)
HOMO —> LUMO+5 (22)

HOMO — LUMO+3 (68)

HOMO-10 — LUMO+1 (30)
HOMO-9 — LUMO+1 (23)
HOMO-8 — LUMO+1 (39)
HOMO-4 — LUMO+2 (27)
HOMO-1 — LUMO+S8 (23)

HOMO-2 — LUMO+4 (60)

HOMO-10 — LUMO+1 (37)
HOMO-9 — LUMO+1 (44)
HOMO-7 — LUMO+1 (30)

HOMO-8 — LUMO+2 (54)

HOMO-10 — LUMO+1 (34)
HOMO-9 — LUMO+1 (20)
HOMO-9 — LUMO+2 (23)
HOMO-8 — LUMO+1 (29)
HOMO-5 — LUMO+2 (26)

Wavelength (nm)  Osc. str (f)
445.6 0.9975
411.5 0.0580
390.9 0.0329
335.0 0.0334
327.6 0.0709
309.4 0.3519
284.8 0.0962
284.2 0.0633
277.4 0.0602
275.3 0.1061
269.3 0.4035
265.8 0.0381

HOMO-12 — LUMO+1 (33)
HOMO-11 — LUMO+1 (28)
HOMO-9 — LUMO+2 (45)



Wavelength (nm)

Osc. str (f)

Major contributions (%)

264.7

0.1042

HOMO-14 — LUMO (42)
HOMO-13 — LUMO (31)
HOMO — LUMO+5 (25)
HOMO — LUMO+7 (30)

260.5

0.1084

HOMO-3 — LUMO+3 (32)
HOMO-3 — LUMO+6 (37)
HOMO-2 — 174 (22)

2584

0.2819

HOMO-14 — LUMO (32)
HOMO-13 — LUMO (32)
HOMO — LUMO5 (41)

257.8

0.1120

HOMO-12 — LUMO+2 (44)
HOMO-11 — LUMO+2 (38)

250.9

0.0687

HOMO-14 — LUMO (23)
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Figure $2.48. Molecular orbitals involved in transitions of Re—EB (see Table S2.2).
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Figure S2.49. Calculated UV-Vis spectra of Re—ES.

Table S2.17. Major electronic excitations in Re—ES determined by TDDFT calculations.

Wavelength (nm) Osc. str (f)  Major contributions (%)

4725 0.9796 HOMO — LUMO (70)
411.6 0.0711 HOMO-2 —> LUMO+1 (68)
390.9 0.0352 HOMO-1 — LUMO+?2 (68)
380.8 0.0233 HOMO-2 —> LUMO+2 (69)
346.5 0.0751 HOMO-4 —> LUMO (65)
340.9 0.0387 HOMO-5 — LUMO (63)
HOMO-7 — LUMO (60)
328.9 0.1042 HOMO — LUMO+3 (24)

HOMO — LUMO+5 (21)

HOMO-7 —» LUMO (25)
325.6 0.2314 HOMO-6 —» LUMO (21)
HOMO —> LUMO+3 (58)

HOMO-10 — LUMO+1 (28)
HOMO-9 — LUMO+1 (23)
HOMO-8 — LUMO+1 (34)

284.5 0.0923 HOMO-5 — LUMO+2 (24)
HOMO-2 — LUMO+4 (25)
HOMO-1 — LUMO+8 (23)
284.0 0.0626 HOMO-2 — LUMO+4 (55)
HOMO-11 — LUMO+1 (22)
277.3 0.0734 HOMO-10 — LUMO+1 (39)
HOMO-9 — LUMO+1 (46)
275.1 0.0605 HOMO-8 — LUMO+2 (39)

HOMO — LUMO+4 (51)
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Wavelength (nm) Osc. str (f)  Major contributions (%)

HOMO-10 — LUMO+1 (34)
HOMO-9 — LUMO+1 (20)

269.3 0.4109 HOMO-9 — LUMO+2 (23)
HOMO-8 — LUMO+1 (29)
HOMO-5 — LUMO+2 (29)

HOMO-13 — LUMO (48)
265.3 0.1713 HOMO —> LUMO+5 (32)
HOMO — LUMO+7 (28)

HOMO-14 — LUMO (27)
HOMO-4 — LUMO+3 (44)

2004 01407 HOMO-3 — LUMO+6 (21)
HOMO — LUMO+7 (20)
258.0 0.1244 HOMO-11 — LUMO+1 (23)

HOMO-11 - LUMO+2 (56)

241.7 0.0738 HOMO-6 - LUMO+3 (65)

HOMO-5 — LUMO-+4 (45)

228.1 0.2658 HOMO-4 — LUMO+4 (34)
HOMO-2 — LUMO+15 (31)
227.4 0.0523 HOMO-2 — LUMO+19 (36)
HOMO-2 — LUMO+22 (20)
225.8 0.2844 HOMO-4 —» LUMO+5 (61)
2207 0.1460 HOMO-18 — LUMO+1 (30)

HOMO-8 — LUMO+4 (50)
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Figure $2.50. Molecular orbitals involved in transition of Re—ES (see Table $2.3).
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Figure S2.51. Calculated UV-Vis spectra of Re—ET.

Table S2.18. Major electronic excitations in Re—ET determined by TDDFT calculations.

Wavelength (nm) Osc. str (f)  Major contributions (%)
412.1 0.1495 HOMO-1 —» LUMO+1 (68)
397.1 0.6595 HOMO-2 —» LUMO (69)
381.2 0.0221 HOMO-1 —» LUMO+2 (70)
HOMO-5 — LUMO (66)
326.2 0.0707 HOMO-2 - LUMO+5 (22)
HOMO-10 - LUMO+1 (28)
HOMO-9 —» LUMO+1 (26)
284.7 0.0994 HOMO-6 —» LUMO+1 (36)
HOMO-4 —» LUMO+2 (24)
HOMO — LUMO+7 (25)
284.2 0.0665 HOMO-1 - LUMO+4 (58)
HOMO-12 — LUMO (22)
2817 0.0805 HOMO-2 —» LUMO+3 (61)
HOMO-10 - LUMO+1 (43)
2717. .0782
773 0.078 HOMO-9 - LUMO+1 (45)
275.3 0.1065 HOMO-6 —» LUMO+2 (54)
HOMO-10 — LUMO+1 (32)
HOMO-9 —» LUMO+1 (24)
269.2 41
69 04178 HOMO-6 - LUMO+1 (30)
HOMO-4 - LUMO+2 (30)
HOMO-11 - LUMO2 (22)
260.3 0.1320 HOMO-3 — LUMO+6 (43)
HOMO-1 —» LUMO+11 (22)
HOMO-11 - LUMO++1 (30)
257.2 0.0914 HOMO-11 - LUMO2 (55)
2471 0.4879 HOMO-12 — LUMO (32)

HOMO-2 — LUMO+5 (55)
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Wavelength (nm) Osc. str (f)  Major contributions (%)
HOMO-4 —» LUMO+4 (48)

228.2 0.3978 HOMO-2 — LUMO+7 (33)
HOMO-4 — LUMO+4 (23)
228.1 0.1305 HOMO-2 — LUMO+7 (62)
HOMO-8 — LUMO+3 (53)
223.4 0.1983 HOMO-6 — LUMO+3 (28)
207 01182 HOMO-19 — LUMO+1 (28)

HOMO-6 — LUMO+4 (48)
HOMO-23 — LUMO (30)

210.1 0.1272 HOMO-8 — LUMO+5 (43)

HOMO-5 — LUMO+5 (31)

e TG TR TRk TR

HOMO-23 HOMO-19 HOMO-12 HOMO-11 HOMO-10
HOMO-9 HOMO-8 HOMO-6 HOMO-5 HOMO-4

o ME TR =

HOMO-3 HOMO-2 HOMO-1 HOMO

i
X

LUMO
Tl

LUMO+1 LUMO+2 LUMO+3 LUMO+4 LUMO+5
LUMO+6 LUMO+7 LUMO+11

Figure S2.52. Molecular orbitals involved in transition of Re—ET (see Table S2.4).
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Figure $2.53. Calculated UV-Vis spectrum of 3Re—H.

Table $2.19. Major electronic excitations in >Re—H determined by TDDFT calculations.

Wavelength (nm)  Osc. str (f) Major contributions (%)
0—HOSO — a~LUSO+2 (61)
512.5 0.1709 0—HOSO — a-LUSO+4 (40)

B-HOSO-9 — B-LUSO (62)

a~HOSO-2 — a-LUSO (68)

411.6 0.1038
B-HOSO-1 — B-LUSO+1 (68)

a-HOSO-1 — a-LUSO+1 (68)

391.0 0.0578
B-HOSO —> B-LUSO+3 (67)

a-HOSO-2 — a-LUSO+1 (52)
a-HOSO — 0-LUSO+7 (50)
B-HOSO-13 — B-LUSO (37)

B-HOSO-1 — B-LUSO+3 (48)

381.0 0.2010

0-HOSO-2 — a-LUSO+1 (47)
a-HOSO —> 0-LUSO+7 (54)
B-HOSO-13 — B-LUSO (40)

B-HOSO-1 — B-LUSO+3 (48)

380.4 0.1645

a—HOSO-6 — a—LUSO+1 (51)
276.2 0.1363 B-HOSO-8 —> B-LUSO+1 (34)
B-HOSO-5 — B-LUSO+3 (48)

a-HOSO-9 — a-LUSO (34)
a~HOSO0-6 — a-LUSO (22)
B-HOSO-8 — p-LUSO+1 (24)
B-HOSO-7 — p-LUSO+1 (31)
B-HOSO-6 — p-LUSO+1 (33)
B-HOSO-6 — B-LUSO+3 (27)
B-HOSO-5 — p-LUSO+1 (27)
B-HOSO-3 — B-LUSO+3 (25)

270.0 0.2855
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Wavelength (nm)

Osc. str (f)

Major contributions (%)

260.1

0.1194

a—HOSO-10 — o~LUSO+1 (22)
a—HOSO-9 — a-LUSO+1 (23)
0—HOSO-3 — o-LUSO+5 (35)
f—HOSO-10 — B-LUSO+I (33)
f—HOSO-10 — B-LUSO+3 (21)
B—HOSO-7 — B-LUSO+3 (25)
B—HOSO-2 — B-LUSO+6 (35)
B—HOSO-1 — B-LUSO+9 (25)
B—HOSO-1 — B-LUSO+11 (25)

232.8

0.2312

a—HOSO-5 —> a—LUSO+4 (54)
a-HOSO-4 —> a-LUSO+4 (47)
a-HOSO — 0-LUSO+25 (34)
a~HOSO — 0-LUSO+26 (30)
a-HOSO — 0-LUSO+27 (34)

227.9

0.2026

a-HOSO—4 — a-LUSO+3 (44)
B-HOSO-3 — B-LUSO+4 (47)

227.3

0.1017

a-HOSO-4 — -LUSO+3 (33)
a-HOSO-2 — ¢-LUSO+12 (21)
a-HOSO-2 —> a~LUSO+14 (23)
a-HOSO-2 — ¢-LUSO+16 (20)
B-HOSO-3 — B-LUSO+4 (36)
B-HOSO-1 — p-LUSO+14 (21)
B-HOSO-1 — B-LUSO+16 (23)
B-HOSO-1 — B-LUSO+18 (21)

220.8

0.1470

a—HOSO-16 — a—LUSO (31)

a-HOSO-6 — a-LUSO+3 (44)
B-HOSO-15 — B-LUSO+1 (27)
B-HOSO-5 —> B-LUSO+4 (45)
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Figure $2.54. Molecular orbitals involved in transition of 3Re—H (see Table S2.5).
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Figure $2.55. Calculated UV-Vis spectrum of *Re—EB.

Table 52.20. Major electronic excitations in 3Re—EB determined by TDDFT calculations.

Wavelength (nm)  Osc. str () Major contributions (%)
o—HOSO — o—-LUSO+2 (49)
f—-HOSO-3 — B—LUSO (85)
oa—HOSO — a-LUSO+2 (81)
664.8 0.5587 o—HOSO — a-LUSO+4 (22)
-HOSO-3 — B-LUSO (47)
o—HOSO — o—-LUSO+2 (27)
543.1 0.0544 oa—HOSO — o—-LUSO+4 (47)
B-HOSO-13 — B-LUSO (78)
0—~HOSO — o-LUSO+4 (23)
o—HOSO — o-LUSO+5 (21)
521.4 0.0868 o—HOSO — o—-LUSO+6 (32)
B-HOSO-13 — B-LUSO (24)
B-HOSO-12 — B-LUSO (82)
0—HOSO — o-LUSO+4 (68)
o—~HOSO — o-LUSO+9 (26)
451.6 0.4589 B—-HOSO-16 — B-LUSO (31)
B-HOSO-13 — B-LUSO (43)
B-HOSO-12 — B-LUSO (28)
0—~HOSO — o-LUSO+4 (31)
a—HOSO — o-LUSO+9 (49)
0—HOSO — a-LUSO+10 (24)
B-HOSO-16 — B-LUSO (53)
B-HOSO-13 — B-LUSO (22)
B—HOSO-3 — B-LUSO+1 (34)
0—HOSO-2 — a—-LUSO (68)
B—HOSO-1 —» B—-LUSO+2 (68)
oa—HOSO-1 —» a—~LUSO+1 (23)
B-HOSO-16 — B-LUSO (48)
B—-HOSO-3 — B-LUSO+1 (56)
B—HOSO — B—-LUSO+1 (46)

995.1 0.0741

416.3 0.1387

410.7 0.0639

393.3 0.1351

A-45



Wavelength (nm)

Osc. str (f)

Major contributions (%)

329.5

0.0543

0-HOSO-3 — a-LUSO+1 (27)
0~HOSO-3 — a-LUSO+2 (50)
B-HOSO-20 — B-LUSO (39)
B-HOSO-18 — B-LUSO (28)
B-HOSO-17 — B-LUSO (31)
B-HOSO-6 — B-LUSO+1 (41)
B-HOSO-3 — B-LUSO+1 (25)

327.7

0.0428

0~HOSO-3 — a-LUSO+2 (21)
B-HOSO-17 — B-LUSO (32)
B-HOSO-6 — B-LUSO+1 (75)
B-HOSO-3 — B-LUSO+4 (20)

317.1

0.0422

0~HOSO-6 — a-LUSO+2 (21)
0~HOSO-3 — a-LUSO+2 (46)
B-HOSO-20 — B-LUSO (54)
B-HOSO-3 — B-LUSO+1 (26)
B-HOSO-3 — B-LUSO+4 (27)

284.5

0.1070

0~HOSO-11 — a-LUSO (25)
0~HOSO-10 — o~LUSO (25)
0~HOSO-7 - a~LUSO (35)
0~HOSO-5 —> 0~LUSO+1 (24)
0~HOSO0-2 —> 0~LUSO+3 (25)
0~HOSO-1 —> 0~LUSO+3 (20)
0~HOSO-1 — 0-LUSO+7 (25)
B-HOSO-9 — B-LUSO+2 (37)
B-HOSO-7 — B-LUSO+2 (37)
B-HOSO-4 — B-LUSO+3 (25)
B-HOSO — B-LUSO+8 (21)

283.9

0.0635

0~HOSO-2 — a~LUSO+3 (56)
B-HOSO-1 — B-LUSO+5 (55)

276.6

0.1392

0~HOSO-12 — a~LUSO (23)
o~HOSO-11 — 0-LUSO (25)
0~HOSO-10 — o-LUSO (28)

0~HOSO-7 — a-LUSO+1 (33)

B-HOSO-10 — B-LUSO+2 (54)
B-HOSO-8 — B-LUSO+3 (21)
B-HOSO-7 — B-LUSO+3 (36)

274.8

0.0410

0~HOSO-12 — o~LUSO (36)
0~HOSO-10 — a-LUSO (21)
0~HOSO-10 — o~LUSO+1 (30)
0~HOSO-7 — 0~LUSO+1 (28)
B-HOSO-10 — B-LUSO+2 (29)
B-HOSO-8 — B-LUSO+3 (46)
B-HOSO-7 — B-LUSO+3 (29)

271.8

0.0724

0~HOSO-10 — o-LUSO (21)
B-HOSO-10 — B-LUSO+2 (29)
B-HOSO-9 — B-LUSO+2 (25)
B-HOSO-8 — B-LUSO+2 (43)
B-HOSO-8 — B-LUSO+3 (45)
B-HOSO-6 — B-LUSO+3 (23)
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Wavelength (nm)

Osc. str (f)

Major contributions (%)

271.0

0.0890

0~HOSO-11 — a-LUSO (25)
0~HOSO-10 — o~LUSO (25)
0~HOSO-10 — o~LUSO+1 (48)
B-HOSO-10 — B-LUSO+3 (30)
B-HOSO-8 — B-LUSO+3 (22)
B-HOSO-6 — B-LUSO+3 (22)
B-HOSO-4 — B-LUSO+3 (25)

268.5

0.1245

0~HOSO-12 — 0~LUSO (28)
0~HOSO-10 — 0~LUSO (25)
0~HOSO-5 — 0~LUSO+1 (22)
0—HOSO-5 — 0~LUSO+2 (24)
B-HOSO-10 — B-LUSO+3 (20)
B-HOSO-9 — B-LUSO+2 (23)
B-HOSO-8 — B-LUSO+3 (31)
B-HOSO-7 — B-LUSO+5 (28)

264.3

0.0766

0~HOSO-12 — 0~LUSO (34)
0~HOSO-10 — 0~LUSO+1 (39)
0~HOSO-7 - 0-LUSO+3 (22)
B-HOSO-9 — B-LUSO+1 (22)
B-HOSO-8 — B-LUSO+3 (32)
B-HOSO-2 — B-LUSO+6 (22)

261.5

0.0823

0~HOSO-3 —> 0~LUSO+4 (55)
0~HOSO-3 — 0-LUSO+5 (25)
0~HOSO-3 — 0-LUSO+6 (35)
0~HOSO — o-LUSO+24 (23)
B-HOSO-27 — B-LUSO (21)
B-HOSO-13 — B-LUSO+4 (20)
B-HOSO-3 — B-LUSO+10 (20)

260.2

0.0543

0~HOSO-12 — 0~LUSO+1 (46)
0~HOSO-4 —> 0~LUSO+5 (28)
B-HOSO-12 — B-LUSO+2 (24)
B-HOSO-10 — B-LUSO+3 (35)
B-HOSO-2 —> B-LUSO+6 (32)

259.4

0.1852

0~HOSO-12 — o~LUSO+1 (47)
0~HOSO-11 — o-LUSO+1 (36)
0~HOSO-4 —> 0~LUSO+5 (21)
B-HOSO-10 — B-LUSO+3 (22)
B-HOSO-9 —> B-LUSO+3 (40)
B-HOSO-2 —> B-LUSO+6 (23)

256.6

0.0425

0~HOSO-12 — 0~LUSO+2 (36)
0~HOSO-10 — o~LUSO+2 (42)
0~HOSO-6 — 0~LUSO+2 (20)
0~HOSO-5 — 0-LUSO+2 (42)
o~HOSO — a-LUSO+29 (25)
B-HOSO-3 — B-LUSO+4 (24)
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Wavelength (nm)

Osc. str (f)

Major contributions (%)

249.6

0.1494

0~HOSO-6 — a-LUSO+2 (44)
o~HOSO — a-LUSO0+29 (32)
B-HOSO-31 — B-LUSO (21)
B-HOSO-28 — B-LUSO (20)
B-HOSO-27 — B-LUSO (29)

B-HOSO-13 — B-LUSO+1 (26)
B-HOSO-6 — B-LUSO+7 (26)
B-HOSO-3 — B-LUSO+4 (28)

248.2

0.0734

0~HOSO-14 — 0~LUSO+2 (24)
0~HOSO-6 — 0-LUSO+2 (23)
0~HOSO-3 — a~LUSO+3 (28)
o~HOSO — a-LUSO+28 (26)
0~HOSO — a-LUSO+30 (24)
B-HOSO-29 — B-LUSO (25)
B-HOSO-16 — B-LUSO+1 (23)
B-HOSO-3 — B-LUSO+4 (21)
B-HOSO-3 — B-LUSO+7 (21)

245.2

0.0526

0—HOSO-1 — a-LUSO+9 (38)
0—HOSO-1 — a-LUSO+10 (54)
B-HOSO — B-LUSO+11 (68)

230.4

0.0515

0—HOSO-3 — 0—LUSO+9 (24)
0—HOSO —> a—LUSO+33 (56)
B-HOSO-16 — B-LUSO+1 (33)
B-HOSO-3 — B-LUSO+10 (21)
B-HOSO-1 — B-LUSO+10 (27)

228.2

0.2655

0~HOSO-5 —> 0~LUSO+3 (49)
B-HOSO-4 — B-LUSO+5 (51)

220.6

0.1451

0~HOSO-19 — a~LUSO (34)
0~HOSO-7 — 0~LUSO+3 (49)
B-HOSO-18 — B-LUSO+2 (33)
B-HOSO-7 —> B-LUSO+5 (50)

218.5

0.0516

0~HOSO-17 — 0~LUSO (26)
0~HOSO-6 — 0~LUSO+4 (40)
0~HOSO-6 — 0~LUSO+6 (23)
0~HOSO-5 —> 0~LUSO+4 (28)
o~HOSO — a-LUSO+43 (25)
B-HOSO-3 —> B-LUSO+7 (34)

216.8

0.0530

0~HOSO-5 — a-LUSO+7 (65)
B-HOSO-4 — B-LUSO+8 (59)
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Figure $2.56. Molecular orbitals involved in transitions of 3Re—EB (see Table 52.6).
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Figure §2.57. Calculated UV-Vis spectra of 3Re—ES.

Table 52.21. Major electronic excitations in 3Re—ES determined by TDDFT calculations.

Wavelength (nm)

Osc. str (f)

Major contributions (%)

1105.3

0.0353

a-HOSO — a-LUSO+2 (58)
B-HOSO-3 — B-LUSO (80)

732.6

0.0205

B-HOSO-5 — B-LUSO (81)
B-HOSO-2 — B-LUSO (52)

685.6

0.7647

a-HOSO — a-LUSO+2 (77)
a-HOSO — a-LUSO+3 (23)
B-HOSO-3 —> B-LUSO (54)

568.0

0.0565

a-HOSO — a-LUSO+3 (67)
B-HOSO-12 — B-LUSO (60)
B-HOSO-11 —> B-LUSO (29)

492.7

0.1493

a-HOSO — a-LUSO+6 (25)
B-HOSO-12 — B-LUSO (20)
B-HOSO-11 — B-LUSO (87)

4554

0.4467

a-HOSO — a-LUSO+3 (61)
B-HOSO-12 — B-LUSO (71)

410.1

0.0753

a-HOSO-2 — a-LUSO (68)
B-HOSO-1 —> B-LUSO+2 (68)

400.2

0.0243

a-HOSO-3 — a-LUSO+2 (22)
a-HOSO — a-LUSO+8 (28)
B-HOSO-16 — B-LUSO (52)
B-HOSO-3 — B-LUSO+1 (64)

388.2

0.0364

a-HOSO-1 — a-LUSO+1 (64)
B-HOSO — B-LUSO+1 (20)
B-HOSO — B-LUSO+3 (69)

379.9

0.0914

a-HOSO-3 — a-LUSO+2 (53)
a-HOSO — a-LUSO+8 (53)
B-HOSO-16 — B-LUSO (44)
B-HOSO-3 — B-LUSO+4 (21)
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Wavelength (nm) Osc. str (f)  Major contributions (%)

«-HOSO-2 — a-LUSO+1 (71)
378.3 0.0205 B-HOSO-1 —> B-LUSO+3 (66)

a-HOSO-6 — a-LUSO+2 (34)
a-HOSO-3 — a-LUSO+2 (31)
a-HOSO — a-LUSO+8 (24)

348.6 0.0362 a-HOSO — o-LUSO+10 (23)
B-HOS0-20 — B-LUSO (20)
B-HOSO-16 — B-LUSO (54)
B-HOSO-3 — B-LUSO+4 (35)

a-HOSO-6 — a-LUSO+2 (25)
a-HOSO-3 — a-LUSO+2 (58)
a-HOSO-3 — a-LUSO+3 (26)
a-HOSO — 0-LUSO+18 (22)

337.1 0.0583 B-HOS0-20 — B-LUSO (25)
B-HOSO-12 — B-LUSO+1 (22)
B-HOSO-5 — B-LUSO+1 (25)
B-HOSO-3 — B-LUSO+1 (37)
B-HOSO-3 — B-LUSO+4 (26)

a-HOSO-3 — a-LUSO+2 (20)

2. 0584
332.3 0.058 B-HOSO-5 — B-LUSO+1 (91)

a-HOSO-11 — a-LUSO (30)
a-HOSO-7 — a-LUSO (31)
a-HOSO-6 — a-LUSO (22)
a-HOSO-5 — a-LUSO+1 (21)
a-HOSO-1 — a-LUSO+7 (21)
a-HOSO — a-LUSO+15 (20)
B-HOSO-9 — B-LUSO+2 (25)
B-HOSO-8 — B-LUSO+2 (20)
B-HOSO-6 — B-LUSO+2 (31)
B-HOSO-4 — B-LUSO+3 (21)
B-HOSO-1 — B-LUSO+4 (21)
B-HOSO-1 — B-LUSO+5 (22)

284.5 0.0963

a-HOSO-11 — a-LUSO (29)
a-HOSO-10 — o-LUSO (46)
B-HOSO-10 — B-LUSO+2 (62)
B-HOSO-8 — B-LUSO+3 (36)

276.8 0.0670

a-HOSO-12 — o-LUSO (48)
a-HOSO-10 — 0-LUSO+1 (26)

275.9 0.1112 a-HOSO-7 — a-LUSO+1 (39)
B-HOSO-8 — B-LUSO+3 (21)
B-HOSO-6 — B-LUSO+3 (39)

a-HOSO-3 — a-LUSO+3 (56)
a-HOSO-3 — a-LUSO+6 (48)
B-HOSO-12 — B-LUSO+1 (29)
B-HOSO-3 — B-LUSO+4 (23)

270.2 0.0819
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Wavelength (nm) Osc. str (f)  Major contributions (%)

a-HOSO-12 — o-LUSO (48)
a-HOSO-10 — o-LUSO (39)
a-HOSO-7 — a-LUSO+1 (29)
B-HOSO-10 — B-LUSO+2 (29)
B-HOSO-8 — B-LUSO+3 (26)
B-HOSO-6 — B-LUSO+3 (27)

269.6 0.0992

a-HOSO-12 — o-LUSO+1 (31)
a-HOSO-10 — 0-LUSO+1 (29)

a-HOSO-7 — a-LUSO+4 (23)

269.2 0.0765 a-HOSO-5 — a-LUSO+1 (21)
B-HOSO-10 — B-LUSO+3 (31)

B-HOS0-9 — B-LUSO+2 (23)

B-HOSO-6 — B-LUSO+5 (31)

a-HOSO-12 — o-LUSO (23)
a-HOSO-10 — o-LUSO+1 (30)
265.1 0.1121 a-HOSO-1 — 0-LUSO+12 (28)
B-HOSO-8 — B-LUSO+3 (23)
B-HOSO — B-LUSO+13 (31)

a-HOSO-12 — 0-LUSO+1 (23)
a-HOSO-11 — a-LUSO+1 (46)
259.5 0.1356 a-HOSO-4 — a-LUSO+5 (25)
B-HOSO-9 — B-LUSO+3 (49)
B-HOSO-2 — B-LUSO+6 (25)

a-HOSO-12 — 0-LUSO+2 (22)
a-HOSO-6 — a-LUSO+3 (24)
228.3 0.1864 a-HOSO-5 — a-LUSO+4 (44)
a-HOSO-2 — a-LUSO+8 (25)
B-HOSO-4 — B-LUSO+S5 (46)

a-HOSO-19 — 0-LUSO (34)
a-HOSO-7 — a-LUSO+4 (49)
B-HOSO-18 —> B-LUSO+2 (33)
B-HOSO-6 —> B-LUSO+5 (50)

220.6 0.1379
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Figure $2.58. Molecular orbitals involved in transition of 3Re—ES (see Table S2.7).
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Figure $2.59. Calculated UV-Vis spectra of 3Re—ET.

Table $2.22. Major electronic excitations in 3Re—ET determined by TDDFT calculations.

Wavelength (nm) Osc. str (f)  Major contributions (%)
a-HOSO — a-LUSO+2 (54)
B-HOSO-4 — B-LUSO (79)
a-HOSO — a-LUSO+2 (71)
603.7 0.1855 B-HOSO-11 — B-LUSO (41)
B-HOSO-4 — B-LUSO (51)
a-HOSO — a-LUSO+2 (34)
B-HOSO-12 — B-LUSO (25)
B-HOSO-11 — B-LUSO (82)
B-HOSO-4 — B-LUSO (21)
a-HOSO — a-LUSO+6 (22)
a-HOSO — a-LUSO+7 (44)
B-HOSO-16 — B-LUSO (38)
B-HOSO-13 — B-LUSO (70)
a-HOSO-2 — a-LUSO (68)
B-HOSO-1 — B-LUSO+2 (68)
a-HOSO-1 — a-LUSO+1 (31)
a-HOSO — a-LUSO+6 (23)
392.5 0.3241 a-HOSO — a-LUSO+7 (51)
B-HOSO-16 — B-LUSO (57)
B-HOSO — B-LUSO+3 (28)
a-HOSO-4 — o-LUSO+2 (32)
a-HOSO — a-LUSO+7 (26)
359.6 0.1203 B-HOSO-20 — B-LUSO (54)
B-HOSO-16 — B-LUSO (20)
B-HOSO-4 — B-LUSO+1 (55)
321.1 0.0971 B-HOSO-6 — B-LUSO+1 (94)

893.1 0.0242

539.2 0.1189

432.2 0.1640

411.5 0.1002
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Wavelength (nm) Osc. str (f)  Major contributions (%)

0-HOSO-4 — a-LUSO+2 (37)
0-HOSO — a-LUSO+16 (60)
B-HOSO-11 — B-LUSO+1 (34)
B-HOSO-4 — B-LUSO+1 (42)

294.2 0.1009

a-HOSO-10 — a-LUSO (26)
a-HOSO-8 — a-LUSO (21)

a-HOS0-6 — a-LUSO (37)

0-HOSO-5 — o-LUSO+1 (25)
o-HOSO-1 — 0-LUSO+3 (21)
0-HOSO-1 — 0-LUSO+6 (23)
B-HOSO-9 — B-LUSO+2 (34)
B-HOSO-5 — B-LUSO+2 (36)
B-HOSO-3 — B-LUSO+3 (25)
B-HOSO — B-LUSO+8 (22)

284.6 0.1005

0-HOSO-6 — a-LUSO+1 (48)
B-HOSO-10 — B-LUSO+2 (33)
B-HOSO-6 — B-LUSO+2 (29)
B-HOSO-5 — B-LUSO+3 (47)

276.2 0.1221

0-HOSO-10 — o-LUSO (23)
B-HOSO-9 — B-LUSO+2 (22)
269.9 0.1575 B-HOSO-8 — B-LUSO+3 (22)
B-HOSO-4 — B-LUSO+3 (21)
B-HOSO — B-LUSO+4 (68)

0-HOSO-10 — a-LUSO (22)
B-HOSO-9 — B-LUSO+2 (22)
B-HOSO-8 — B-LUSO+3 (22)
B-HOSO — B-LUSO+4 (71)

269.8 0.1466

0-HOSO-11 — o-LUSO+1 (21)
0-HOS0-10 - a-LUSO+1 (30)
a-HOSO-8 — a-LUSO (22)
a-HOSO-3 — o-LUSO+5 (36)
260.2 0.1167 0-HOSO-2 — a-LUSO+11 (20)
B-HOSO-9 —> B-LUSO+3 (26)
B-HOSO-2 — B-LUSO+6 (36)
B-HOSO-1 — B-LUSO+9 (23)
B-HOSO-1 — B-LUSO+13 (24)

0-HOSO-4 — 0-LUSO+4 (60)
245.1 0.1197 B-HOSO-27 — B-LUSO (34)
B-HOSO-4 — B-LUSO+4 (37)

0-HOSO-14 — o-LUSO+2 (22)
o-HOSO-13 — a-LUSO+2 (34)
0-HOSO-12 — a-LUSO+2 (22)
a-HOSO-11 — a-LUSO+2 (23)
0-HOSO-4 — 0-LUSO+7 (28)
B-HOSO-32 — B-LUSO (21)
B-HOSO-11 — B-LUSO+4 (32)
B-HOSO-4 — B-LUSO+4 (26)

235.0 0.1479
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Wavelength (nm)

Osc. str (f)

Major contributions (%)

229.6

0.1046

0-HOSO-4 — 0-LUSO+7 (30)
a-HOSO — a-LUSO+30 (49)
a-HOSO — o-LUSO+33 (23)
B-HOSO-30 — B-LUSO (37)
B-HOSO-11 —> B-LUSO+4 (21)

228.6

0.4189

0-HOSO-12 — a-LUSO+2 (26)
0-HOSO-11 — a-LUSO+2 (20)
0-HOSO-5 — 0-LUSO+3 (41)
o-HOSO — a-LUSO+30 (35)
B-HOSO-11 — B-LUSO+4 (21)
B-HOSO-4 — B-LUSO+4 (24)
B-HOSO-3 — B-LUSO+5 (40)

222.2

0.1342

0-HOSO-12 — a-LUSO+4 (24)
0-HOSO-4 — 0-LUSO+7 (24)
0-HOSO — a-LUSO+32 (27)
0-HOSO — a-LUSO+34 (33)
B-HOSO-4 — B-LUSO+7 (43)

220.6

0.1349

0-HOSO-19 — o-LUSO (33)
0-HOSO-6 — a-LUSO+3 (49)
0-HOSO-3 — a-LUSO+7 (22)
B-HOSO-18 — B-LUSO+2 (33)
B-HOSO-5 —> B-LUSO+5 (48)
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Figure 52.60. Molecular orbitals involved in transition of >Re—ET (see Table 52.8).
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3Re'EB SRe_ES SRe-ET

Figure S2.62. Possible a—d structures of Re—EB.

Table S2.23. Differential energies of structures a—d of Re—EB (see Figure S2.62).

Re-EB structure AE [kcal/mol]
a 0.000
b 0.093
o 0.000
d 0.094

Figure S2.63. Possible a (left) and b (right) structures of Re—ES.

Table $2.24. Differential energies of the a and b structures of Re—ES (see Figure S2.63).

Re—ES structure AE [kcal/mol]
a 0.00
b 0.48
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Table 52.25. Table of triplet energy gap (AEr) values.

Energy Energy AE AEr AEr

Re-R State  Methods Energy (eV)
(Hartree) (kcal/mol) (kcal/mol)  (kcal/mol) (cm™)
GS KS -2115.889846  -57575.479 -1326926.686 0.00 - -
'MLCT  TDDFT -2115.792652 -57572.834 -1326865.733 60.95 - -
ReH SMLCT  TDDFT -2115.80989  -57573.303 -1326876.544 50.14 151 527
3LC UKS -2115.812291 -57573.368 -1326878.049 48.64 0.00 -
GS KS -2423.066418  -65934.06  -1519564.687 0.00 - -
IMLCT  TDDFT -2422.96919 -65931.415 -1519503.713 60.97 - -
Re~E8 SMLCT  TDDFT -2422.986537 -65931.887 -1519514.592 50.10 9.96 3484
3LC UKS -2423.002421  -65932.319 -1519524.553 40.13 0.00 -
GS KS -2600.699027 -70767.621 -1630962.476 0.00 - -
MLCT  TDDFT -2600.610821 -70765.221 -1630907.159 55.32 - -
Re-Et SMLCT  TDDFT -2600.619655 -70765.461 -1630912.699 49.78 7.05 2466
3LC UKS -2600.630898 -70765.767  -1630919.75 42.73 0.00 -
GS KS -2743.877234  -74663.643  -1720753.059 0.00 - -
IMLCT  TDDFT -2743.779499 -74660.984 -1720691.767 61.29 - -
Re~ES SMLCT  TDDFT -2743.796983  -74661.46  -1720702.732 50.33 12.61 4411
3LC UKS -2743.817093  -74662.007 -1720715.343 37.72 0.00 -
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Appendix B

Supplementary information associated with Chapter 3
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$3.1 Experimental
Synthesis and Spectral Characterisation
The synthesis and characterisation of the Re—R complexes is described elsewhere.!

All FTIR spectra were recorded on a Perkin Elmer Spectrum65 FTIR Spectrometer. Samples were
prepared in spectroscopic grade DCM and THF. Experiments were conducted in a liquid-film IR

cell with two CaF; plates, an optical pathlength of 100 um, a resolution of 1 cm™, and 16 scans.

All UV-Vis absorption spectra were recorded on a Horiba Duetta Fluorescence and Absorbance
Spectrometer. Samples were prepared in spectroscopic grade DCM or THF. The absorption

spectra were collected in a 1-cm quartz fluorescence cuvette.

Electrochemistry

Cyclic voltammetry (CV) was performed under an atmosphere of dry inert N, or CO; with a V-
shaped cell containing a glassy carbon working electrode, a Pt wire counter electrode, and an Ag
wire pseudo-reference electrode. The cell was connected to a PalmSens4 potentiostat. The
ferrocenium/ferrocene internal standard (Fc*/Fc) was added prior to the final scans. 1 mM
sample solutions (10 cm3) were prepared using stock electrolyte solutions of 0.1 M TBAPFs in

DCM, DMF, and THF.

Spectroelectrochemistry

Spectroelectrochemical (SEC) measurements were performed using an optically transparent
thin-layer electrochemical (OTTLE) cell equipped with a Pt minigrid working electrode.? The
sample solutions in spectroscopic grade DCM and THF contained 0.1 M TBAPFs. IR SEC
experiments were conducted at 4 mM sample concentrations, while UV-Vis SEC experiments
were conducted at 2 mM sample concentrations. The course of the SEC experiment was
monitored by thin-layer cyclic voltammetry (v =2 mV s7!) with a potential control by a PalmSens4
potentiostat operated with the PSTrace5 software. IR SEC was conducted with a Perkin Elmer
Spectrum65 FTIR spectrometer, and UV-Vis SEC with an Agilent 8453 diode-array

spectrophotometer.
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Time-Resolved Infrared Spectroscopy and Time-Resolved Infrared Spectroelectrochemical Studies

Time-resolved infrared (TRIR) spectroscopy and time-resolved infrared spectroelectrochemical
(TRIR SEC) experiments were conducted using the ULTRA apparatus at the Central Laser Facility
(CLF), which is described in detail elsewhere.® Samples for TRIR SEC were excited at 420 nm in
107 M TBAPFs electrolyte solutions using spectroscopic-grade DCM and THF. Electrolysis was
conducted in an optically transparent thin-layer electrochemical (OTTLE) cell equipped with a
robust Pt minigrid working electrode (56 wires per cm) bearing a rectangular aperture to allow
for horizontal rastering during TRIR SEC experiments. The latter was needed to avoid light

scattering and minimise photodamage and re-excitation effects.

All spectra were processed using the in-house ULTRAview software provided by the CLF. Samples
were calibrated from pixels into wavenumbers using the in-house ULTRAcal software provided
by the CLF. The ethynyl, metal carbonyl, and organic carbonyl stretching-mode regions (2300—
1500 cm™) were calibrated by fitting the absorption bands of polystyrene. All experiments were
carried out at 298 K and samples were checked before and after the experiment for
photodegradation by UV-Vis absorption spectroscopy in a PerkinElmer Lambda 950
spectrophotometer and FTIR in a Nicolet Avatar spectrometer. The kinetic fitting of all spectra
from the TRIR and TRIR SEC experiments was conducted with global fit analysis using the

Glotaran 1.5.1 software.*

The course of TRIR SEC experiments was monitored by thin-layer cyclic voltammetry (v=2mV's
1) with a potential control by a PalmSens4 potentiostat operated with PSTrace5 software.
Reduction was performed in situ within the TRIR setup, allowing for the monitoring of spectral
features to identify conversion progress from parent to product species. Care was taken to
approach the target redox potentials slowly and prevent potential drift by maintaining low

faradaic currents.

DFT Calculations

DFT calculations were performed with Gaussian 16, Revision C01 (G16)° using the three-
parameterized Becke, Lee, Yang, and Park (B3LYP) functional.®” For the Re atom, a quasi-
relativistic effective-core pseudopotential and a corresponding optimized basis set® was used,
and for non-metal atoms, the 6-31+G(d) basis set.® Solvent effects (DCM) were described by the

conductor-like polarisable continuum model (CPCM).*°

B-3



Photocatalytic Studies

Solutions for photocatalysis contained 0.1 mM photocatalyst dissolved in a DMF/TEOA (5:1, v/v)
solution prepared in a Schlenk tube and sealed with a Versilic silicone septum. The sample was
degassed by three freeze-pump-thaw cycles and subsequently, CO, was added before
commencing irradiation. The prepared sample was placed into an Evoluchem PhotoRedox Box,
fitted with a 450 nm LED, positioned over a stirring plate. The solution was stirred and irradiated
for the indicated time intervals. After this time elapsed, 1 cm? of the headspace was injected into
a Shimadzu GC-2010 Plus gas chromatography system. Turnover numbers (TONs) were
calculated by comparing the peak intensity of the photocatalysis products to those of 1000 ppm
standards for H,, CO, and CHa.

UV-Vis Monitoring of Photocatalysis

A photocatalytic solution was prepared, as described in the preceding section, in a photolysis
laser cell fitted with a Young’s tap. The prepared sample was irradiated with a 450 nm Evoluchem
LED and the UV-Vis spectrum collected at selected time intervals (noted as the time elapsed from

the onset of irradiation) up to 24 h using an Agilent 8453 UV-Vis diode-array spectrophotometer.

$3.2 Spectral Characterisation

40000 60000
phen(m—n*) B -| phen(n—a*)
A l Ni(n—n*),(r—»n*) and MLCT(dn—n*)
50000 -
30000
- Ni(n—n*) and (x—n*) - 400007
£ £
2 20000 - 2 30000 -
= S
w w
20000 -
10000 - MLCT(dn—n")
10000 -
o T T T T T 1 D T T T T T 1
250 300 350 400 450 500 550 250 300 350 400 450 500 550
Wavelength [nm] Wavelength [nm]

Figure $3.64. UV-Vis absorption spectra collected in DCM of [A] H-Ni-phen (red) and Re—H
(black) and [B] EB—NI-phen (blue) and Re—EB (black).
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Figure $3.65. UV-Vis absorption spectra of [A] H-NI-phen (red) and Re-H (black) and [B] EB—NI-
phen (blue) and Re-EB (black) collected in THF.
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Figure S3.66. IR spectra of [A] H-NI-phen and Re—-H, and [B] EB—NI-phen and Re-EB with an
inset of the ethynyl stretching vibration, collected in DCM.
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Figure S3.67. IR spectra of [A] H-NI-phen and Re-H, and [B] EB—-NI-phen and Re—EB with an
inset of the ethynyl stretching vibration collected in THF.
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$3.3 Cyclic Voltammetry

—10mvs"'

A ——25mvVs’ B 1
- 10 mVs

——50mVs l . 0.01 mA

75 mvs™ 0.01 mA

100 mvs™

T ¥ T T T T
25 -2.0 -15 -1.0 -0.5 0.0 -25 -2.0 -15 -1.0 -0.5 0.0
Potential vs Fc*/Fc [V] Potential vs Fc*/Fc [V]
D __ 10mVs
—25mVs’
0.01mA —50mvs’ 001 mA
—75mVs’
——100mV's
r T T T T 1 T T T T T 1
-25 -2.0 -15 -1.0 -05 0.0 -25 -2.0 -15 -1.0 -0.5 0.0
Potential vs Fc*/Fc [V] Potential vs Fc*/Fc [V]

Figure $S3.68. CV/s showing the reversibility of the R1 and R2 reduction waves of 1 mM [A] H-NI-
phen, [B] Re—H, [C] EB—-NI-phen, and [D] Re—EB in DCM/TBAH electrolyte solutions under N>
atmosphere. Scan rates between 10 and 100 mV s,
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Figure $3.69. CVs of 1 mM [red] H—NI-phen, [black] Re—H, [blue] EB—NI-phen, and [green] Re—
EB samples in DMF/TBAH electrolyte solutions under N, atmosphere.
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Figure $3.70. CVs of 1 mM [black] Re—H and [green] Re—EB samples in THF/TBAH electrolyte
solutions under N, atmosphere.
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Figure $3.71. CVs of 1 mM [black] Re-H and [green] Re—EB samples in DMF/TBAH electrolyte
solution under CO, atmosphere.
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$3.4 Spectroelectrochemistry
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Figure $3.72. 4 mM IR SEC (A) and 2 mM UV-Vis SEC (B) spectra of H-NI-phen in a DCM
electrolyte solution.
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Figure $3.73. 4 mM IR SEC (A) and 2 mM UV-Vis SEC (B) spectra of EB—NI-phen in a DCM
electrolyte solution.
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Figure $3.74. 4 mM IR SEC (A) and 2 mM UV-Vis SEC (B) spectra of Re—H in the DCM electrolyte
solution. ® = Re—H, B = [Re-H]~, V¥ =3[Re-H]?*", ® =35-MA.

0.20 - - —=o-OCP 0.75
----Re-EB
R1
A - —R2 B —— [Re-EB]
e ——R2(-50 mV) ——[Re-EBJ*
0.15 4 [Re-EBJ* (-50 mV)
: 0.50 4\
Bo.10 2
< <
0.25
0.05
0.00 - T : ; r . 0.00 . —Ssmscooec. =~ —
2200 2100 2000 1900 1800 1700 1600 300 400 500 600 700 800
Wavenumber [cm™] Wavelength [nm]

Figure $3.75. 4 mM IR SEC (A) and 1 mM UV-Vis SEC (B) spectra of Re—EB in the DCM electrolyte
solution. ® = Re—EB, B = [Re—EB]~, V =3[Re-EB}]*, ® =35-MA.
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$3.5 TRIR Spectra and Kinetic Traces
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Figure S3.76. TRIR spectrum of Re—H in a DCM electrolyte solution following 420 nm excitation.
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Figure $3.77. TRIR spectra of EB—NI-phen in a DCM electrolyte solution following 420 nm
excitation.
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Figure $S3.78. TRIR spectrum of Re—EB in a DCM electrolyte solution following 420 nm excitation.
A: ethynyl and metal carbonyl regions. B: organic carbonyl region.
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Figure $3.79. TRIR spectrum of [Re—H] in the DCM electrolyte solution following 420 nm
excitation. The metal and organic carbonyl regions are highlighted.
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Figure $3.80. TRIR spectrum of [Re—EB]~ in the DCM electrolyte solution following 420 nm
excitation. The metal and organic carbonyl regions are highlighted.
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Figure $3.81. Kinetic traces of the vc=0 2035 cm™ GSB and vc=0 2082 cm™ transient band of Re—
H in THF following excitation at 420 nm. Inset: Kinetic traces of the ve=0 1921 cm™ GSB and Vve=o
1954 cm™ transient band of Re—H in THF following excitation at 420 nm.
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Figure $3.82. Kinetic traces of the ve=0 2028 cm™ GSB and ve=0 2052 cm™ transient band of Re—
H in DCM following excitation at 420 nm.
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Figure $3.83. Kinetic traces of the vc=o = 2026 cm™ GSB and the vc=0 2054 cm™ transient band
Re—EB in DCM following excitation at 420 nm.
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Figure $3.84. Kinetic traces of the ve-o 1705 cm™ GSB, the v 1633 cm™ transient band, and
Ve=c 2111 cm™ transient band of EB-NI-phen in DCM following excitation at 420 nm.
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Figure $3.85. Kinetic traces of the vc=o 2040 cm™ GSB and the vc=0 2059 and 2002 cm™ transient
bands (corresponding to the *“MLCT and *ILCT transient features, respectively) of [Re—H]™ in THF
following excitation at 420 nm. Inset: Kinetic traces of the vc-0 1621 cm™ GSB and the vc-0 1612
cm™ transient band of [Re=H]" in THF following excitation at 420 nm.
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Figure 53.86. Kinetic traces of the ve=0 2002 cm™ GSB and the vc=o0 1993 cm™ transient band of
[Re—H]* in THF following excitation at 420 nm.
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Figure $3.87. Kinetic traces of the vic=0) 2028 cm™ GSB and the vc=0 2040 and 2002 cm™ transient
bands (corresponding to the *MLCT and *ILCT transient features, respectively) of [Re—H]~ in DCM
following excitation at 420 nm.
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Figure $3.88. Kinetic traces of the vc=0 2028 cm™ GSB and the vc=0 2064 and 2009 cm™ transient
bands (corresponding to the *“MLCT and *ILCT transient features, respectively) of [Re—EB]™ in DCM
following excitation at 420 nm.
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S3.6 DFT and TDDFT calculations
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Figure $3.89. (A) DFT calculated IR spectra and (B) TDDFT calculated UV-Vis absorption spectra
of Re—H (black), [Re—-H] (red), 3[Re—H]?*~ (blue).
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Figure $3.90. (A) DFT calculated IR spectra and (B) TDDFT calculated UV-Vis absorption spectra
of the Re—EB, [Re—EB]", 3[Re—EB]*, 3[Re—EB]*" species.
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Figure $3.91. Calculated UV-Vis absorption spectrum of Re—H.

Table $3.26. Major electronic excitations in Re=H determined by TDDFT calculations.

Wavelength (nm)  Osc. str (f) Major contributions (%)
411.6 0.0917 HOMO-1 —» LUMO+1 (68)
390.8 0.0410 HOMO — LUMO+2 (67)
353.4 0.3792 HOMO-3 — LUMO (70)
318.6 0.0769 HOMO-5 — LUMO (67)

HOMO-3 — LUMO+5 (22)

HOMO-8 — LUMO+1 (30)
HOMO-7 — LUMO+1 (25)

284.7 0.0956 HOMO-6 — LUMO+1 (37)
HOMO-4 — LUMO+2 (25)
HOMO —> LUMO+7 (25)
284.1 0.0644 HOMO-1 — LUMO+4 (58)
HOMO-9 — LUMO+1 (20)
277.4 0.0704 HOMO-8 — LUMO+1 (42)
HOMO-7 — LUMO+1 (50)
275.4 0.1151 HOMO—-6 — LUMO+2 (56)

HOMO-8 — LUMO+1 (34)
HOMO-7 — LUMO+1 (21)
269.3 0.3950 HOMO-7 — LUMO+2 (22)
HOMO-6 — LUMO+1 (29)
HOMO-4 — LUMO+2 (30)

HOMO-9 — LUMO+2 (27)
HOMO-2 — LUMO+6 (42)

260.3 0.1181 HOMO-1 — LUMO+8 (21)
HOMO-1 —> LUMO+11 (25)
HOMO-9 — LUMO+1 (25)

257. 11
57.7 0.1175 HOMO-9 — LUMO+2 (59)
315 02167 HOMO-3 — LUMO+5 (42)

HOMO — LUMO+11 (34)
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Wavelength (nm)

Osc. str (f)

Major contributions (%)

234.4

0.3221

HOMO-11 — LUMO+2 (29)
HOMO-3 — LUMO+5 (34)
HOMO —» LUMO+11 (33)

234.1

0.1576

HOMO-11 — LUMO+1 (24)
HOMO-11 — LUMO+2 (54)
HOMO-3 — LUMO+S5 (24)

227.7

0.1538

HOMO—4 — LUMO+4 (37)
HOMO-1 — LUMO+13 (23)
HOMO-1 — LUMO+15 (24)
HOMO-1 — LUMO+17 (22)

227.1

0.1747

HOMO-4 — LUMO+4 (47)

220.8

0.1389

HOMO-15 — LUMO+1 (33)
HOMO-6 — LUMO+4 (49)

212.2

0.2286

HOMO-14 — LUMO+1 (22)
HOMO-5 — LUMO+5 (24)
HOMO-3 — LUMO+8 (23)
HOMO-3 — LUMO+9 (41)

205.2

0.1368

HOMO-11 — LUMO+3 (26)
HOMO-9 — LUMO+4 (25)
HOMO-4 — LUMO+8 (41)
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Figure $3.92. Molecular orbitals involved in electronic transitions of Re—H (see Table $3.1).
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Figure $3.93. Calculated UV-Vis absorption spectrum of Re—EB.

Table $S3.27. Major electronic excitations in Re—EB determined by TDDFT calculations.

Major contributions (%)

HOMO —> LUMO (70)

HOMO-2 — LUMO+1 (68)

HOMO-1 — LUMO+2 (68)

HOMO-5 — LUMO (58)
HOMO-4 — LUMO (33)

HOMO-7 — LUMO (65)
HOMO —> LUMO+5 (22)

HOMO —> LUMO+3 (68)

HOMO-10 — LUMO+1 (30)
HOMO-9 — LUMO+1 (23)
HOMO-8 — LUMO+1 (39)
HOMO-4 — LUMO+2 (27)
HOMO-1 — LUMO+8 (23)

HOMO-2 — LUMO+4 (60)

HOMO-10 — LUMO+1 (37)
HOMO-9 — LUMO+1 (44)
HOMO-7 — LUMO+1 (30)

HOMO-8 — LUMO+2 (54)

HOMO-10 — LUMO+1 (34)
HOMO-9 — LUMO+1 (20)
HOMO-9 — LUMO+2 (23)
HOMO-8 — LUMO+1 (29)
HOMO-5 — LUMO+2 (26)

HOMO-12 — LUMO+1 (33)
HOMO-11 — LUMO+1 (28)
HOMO-9 — LUMO+2 (45)

Wavelength (nm)  Osc. str (f)
445.6 0.9975
411.5 0.0580
390.9 0.0329
335.0 0.0334
327.6 0.0709
309.4 0.3519
284.8 0.0962
284.2 0.0633
277.4 0.0602
275.3 0.1061
269.3 0.4035
265.8 0.0381
264.7 0.1042

HOMO-14 — LUMO (42)
HOMO-13 — LUMO (31)
HOMO —> LUMO+5 (25)
HOMO —» LUMO+7 (30)




Wavelength (nm)  Osc. str (f) Major contributions (%)
HOMO-3 — LUMO+3 (32)
260.5 0.1084 HOMO-3 — LUMO+6 (37)
HOMO-2 — 174 (22)
HOMO-14 — LUMO (32)
258.4 0.2819 HOMO-13 - LUMO (32)
HOMO — LUMO+5 (41)
HOMO-12 —» LUMO+2 (44)
2578 0.1120 HOMO-11 —» LUMO+2 (38)
HOMO-14 — LUMO (23)
250.9 0.0687 HOMO-+4 — LUMO+3 (36)

HOMO — LUMO+7 (46)
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Figure S94. Molecular orbitals involved in transitions of Re—EB (see Table $3.2).
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Figure $3.95. Calculated UV-Vis absorption spectrum of [Re-H]".

Table S3.28. Major electronic excitations in [Re—H]™ determined by TDDFT calculations.

Wavelength (nm)  Osc. str (f) Major contributions (%)
0~HOSO — a-LUSO+4 (74)
0—HOSO — a—LUSO+5 (63)
0—HOSO-3 — o—LUSO (23)
403.2 0.0489 a—~HOSO-1 — a—LUSO (86)
B-HOSO-2 — B—LUSO (42)
0—HOSO-3 — o—LUSO (63)
a—HOSO-1 — o—LUSO (45)
0—HOSO — a-LUSO+13 (22)
B—HOSO-2 — B—LUSO (52)
0—HOSO-3 — o-LUSO (21)
394.1 0.3316 0—HOSO — o-LUSO+13 (69)
B—HOSO — B—LUSO+2 (59)
0-HOSO-12 — o—LUSO (21)
0—HOSO-8 — o—~LUSO (28)
0—HOSO-7 —» o~LUSO+1 (22)
0—HOSO-3 — o-LUSO+2 (44)
281.23 0.1163 0—HOSO-1 —» a-LUSO+2 (20)
B-HOSO-11 — B-LUSO (25)
B-HOSO-10 — B-LUSO (24)
B-HOSO-6 — B—LUSO+1 (22)
B—HOSO-2 — B—LUSO+3 (25)
0—-HOSO-8 — a-LUSO+1 (20)
0—HOSO-5 — o—LUSO+7 (34)
281.17 0.1258 0—-HOSO-3 — a-LUSO+2 (40)
B-HOSO-3 — B—LUSO+8 (38)
B—HOSO-2 — B—LUSO+3 (26)
0—-HOSO-8 — a-LUSO+1 (49)
B—HOSO-10 —» B-LUSO+1 (43)
B-HOSO-9 — B-LUSO+1 (22)
B—HOSO-2 — B-—LUSO+5 (22)

719.4 0.0716

400.8 0.1824

272.8 0.1313
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Wavelength (nm)

Osc. str (f) Major contributions (%)

267.5

a-HOSO-12 — 0-LUSO (29)
a-HOSO-8 — a-LUSO (27)
a-HOSO-7 — a-LUSO+1 (27)
a-HOSO-4 — a-LUSO+3 (20)
B-HOSO-12 — B-LUSO+1 (20)
0.3122 B-HOSO-11 — B-LUSO (46)

B-HOSO-10 — B-LUSO (20)
B-HOSO-6 — B-LUSO+1 (20)
B-HOSO-4 — p-LUSO+4 (21)
B-HOSO-1 — B-LUSO+3 (23)
B-HOSO-1 — B-LUSO+5 (27)

260.6

a-HOSO-4 — -LUSO+3 (46)
0-HOSO-3 — a-LUSO+6 (21)
a-HOSO-3 — ¢-LUSO+9 (26)
B-HOSO-—4 — B-LUSO+4 (48)
B-HOSO-2 — B-LUSO+7 (22)
B-HOSO-2 — B-LUSO+10 (25)

0.1599

244.1

a-HOSO-1 — ¢-LUSO+7 (72)
a-HOSO — 0-LUSO+39 (22)

B-HOSO-7 — B-LUSO+2 (20)
B-HOSO — B-LUSO+8 (45)

0.4981

225.6

a—HOSO-7 —> a~LUSO+2 (35)
0-HOSO-6 — a~LUSO+4 (24)
a-HOSO-6 — a~LUSO+5 (29)
B-HOSO-17 — B-LUSO+1 (20)
B-HOSO-6 — B-LUSO+3 (44)
B-HOSO-5 — B-LUSO+5 (40)

0.2410

215.5

a-HOS0-20 — 0-LUSO (27)
a-HOSO-4 — ¢-LUSO+6 (20)
a-HOSO-4 — ¢-LUSO+9 (21)
a-HOSO-1 — ¢-LUSO+13 (23)

B-HOSO-19 — B-LUSO (29)
B-HOSO—4 — B-LUSO+7 (20)
B-HOSO-4 — B-LUSO+10 (23)

B-HOSO — B-LUSO+19 (21)

0.1879

214.6

a-HOSO-15 — a-LUSO (28)
a-HOSO-5 — a-LUSO+7 (25)
a-HOSO-1 — a-LUSO+13 (41)
B-HOSO-13 — B-LUSO+2 (23)
B-HOSO-5 — B-LUSO+7 (23)
B-HOSO-3 — B-LUSO+8 (20)

B-HOSO — B-LUSO+18 (26)

B-HOSO — B-LUSO+19 (33)

0.1246
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Figure $3.96. Molecular orbitals involved in electronic transitions of [Re—H]" (listed in Table $3.3).
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Figure $3.97. Calculated UV-Vis absorption spectrum of [Re—-EB] .

Table $3.29. Major electronic excitations in [Re—EB]~ determined by TDDFT calculations.

Wavelength (nm)  Osc. str (f) Major contributions (%)
804.0 0.1847 0—HOSO — a—LUSO+2 (98)
0—HOSO — a-LUSO+6 (75)
501.9 0.6780 B-HOSO — B-LUSO+1 (22)

B-HOSO — B-LUSO+2 (54)
a-HOSO-1 — a-LUSO+2 (35)
a~HOSO — 0-LUSO+14 (66)

4272 2182
’ 0218 B-HOSO-3 — B-LUSO+2 (37)
B-HOSO — B-LUSO+4 (37)
401.9 0.0846 a—HOSO0-3 = a~LUSO (69)

B-HOSO-2 — B-LUSO (69)
a-HOSO-1 — a-LUSO+2 (44)

a-HOSO — oa-LUSO+11 (22)

387.8 0.0747 a-HOSO —> oa-LUSO+14 (63)
B-HOSO-3 — p-LUSO+2 (31)

B-HOSO — B-LUSO+4 (31)
a-HOSO-4 — a-LUSO+2 (29)
a-HOSO-1 — a-LUSO+6 (24)
B-HOSO-4 — B-LUSO+1 (22)
350.8 0.0593 B-HOSO-4 — B-LUSO+2 (59)
B-HOSO-3 — p-LUSO+2 (30)
B-HOSO-3 —> B-LUSO+4 (25)

B-HOSO — B-LUSO+9 (22)
a-HOSO-4 — a-LUSO+2 (30)
a-HOSO-1 — a-LUSO+6 (33)
B-HOSO-13 — B-LUSO+2 (24)
340.7 0.0323 B-HOSO-4 —> B-LUSO+2 (48)
B-HOSO-3 —» B-LUSO+4 (32)

B-HOSO — B-LUSO+4 (21)

B-HOSO — B-LUSO+10 (27)
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Wavelength (nm)  Osc. str (f) Major contributions (%)

a-HOSO-1 — a~LUSO+2 (71)

324.2 0.2434 B-HOSO —> B-LUSO+4 (62)

a-HOSO-14 — 0-LUSO (27)
a~HOSO-13 — 0-LUSO (20)
a-HOSO-11 — a-LUSO (30)

a-HOSO-9 — a-LUSO+1 (23)

a-HOSO-3 — a-LUSO+3 (30)
B-HOSO-14 — B-LUSO (30)

B-HOSO-11 — B-LUSO+1 (28)
B-HOSO-10 — B-LUSO (27)

281.0 0.1151

a-HOSO-15 — 0-LUSO (23)
a-HOSO-12 — 0-LUSO+1 (24)
a-HOSO-11 — 0-LUSO+1 (40)
a-HOSO-10 — 0-LUSO (44)
B-HOSO-15 — B-LUSO (23)
B-HOSO-10 — B-LUSO+1 (37)

273.2 0.1199

a-HOSO-15 — a-LUSO+1 (21)
a-HOSO-9 — ¢-LUSO+1 (22)
B-HOSO-15 — B-LUSO+1 (30)
B-HOSO-14 — B-LUSO (42)
B-HOSO-10 — B-LUSO+3 (24)
B-HOSO-1 — B-LUSO+3 (20)
B-HOSO-1 — B-LUSO+6 (21)
B-HOSO — B-LUSO+7 (30)

267.6 0.1485

a-HOSO-15 — a—LUSO+1 (24)
a-HOSO-14 — a-LUSO (41)
a-HOSO-11 — a-LUSO+3 (21)
a-HOSO-2 — ¢-LUSO+2 (21)
267.3 0.1959 a—HOSO-2 —> a~LUSO+3 (20)
a-HOSO-2 — a-LUSO+5 (22)
B-HOSO-10 — B-LUSO (21)
B-HOSO-8 — p-LUSO+1 (22)
B-HOSO — B-LUSO+7 (39)

0-HOSO-10 — a-LUSO+1 (28)
a-HOSO-1 — a-LUSO+9 (55)

a-HOSO — 0-LUSO+34 (20)

261.0 0.1558 a-HOSO — 0-LUSO+37 (23)
B-HOSO-11 — B-LUSO+2 (20)

B-HOSO — B-LUSO+9 (25)

B-HOSO — B-LUSO+10 (23)

a-HOSO-5 — a-LUSO+4 (46)
a-HOSO-3 — a-LUSO+8 (20)
a-HOSO-3 — a-LUSO+11 (25)
B-HOSO-5 — B-LUSO+5 (45)
B-HOSO-2 — B-LUSO+7 (20)
B-HOSO-2 — B-LUSO+12 (26)

260.6 0.1619
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Wavelength (nm)  Osc. str (f) Major contributions (%)

a-HOSO-4 — a-LUSO+2 (23)
a-HOSO-1 — a-LUSO+6 (25)
a-HOSO-1 — a-LUSO+9 (26)
B-HOSO-13 — B-LUSO+2 (26)
B-HOSO-3 — B-LUSO-+4 (48)
B-HOSO — B-LUSO+10 (40)

257.6 0.1174

a-HOSO-10 — a-LUSO+2 (52)
a-HOSO-4 —> a~LUSO+2 (28)
a~HOSO — 0-LUSO+35 (22)
a~HOSO — 0-LUSO+40 (22)
a~HOSO — 0-LUSO+41 (34)
B-HOSO-3 — B-LUSO+4 (26)

252.8 0.0879

0-HOSO-4 — -LUSO+2 (27)
a~HOSO — 0-LUSO+37 (25)
a~HOSO — 0-LUSO+41 (33)
251.9 0.1285 a~HOSO — 0-LUSO+42 (42)
B-HOSO-13 — B-LUSO+1 (26)
B-HOSO-3 — B-LUSO+4 (25)
B-HOSO-2 — B-LUSO+4 (29)
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Figure $3.98. Molecular orbitals involved in the transitions of [Re—EB]~ (see Table $3.4).
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Figure $3.99. Calculated UV-Vis absorption spectrum of 3[Re—H]*.

Table $3.30. Major electronic excitations in 3[Re—H]?*~ determined by TDDFT calculations.

Wavelength (nm)  Osc. str (f) Major contributions (%)
0-HOSO-1 = a-LUSO+1 (91)
0a-HOSO — a-LUSO+3 (33)
a-HOSO — a-LUSO+7 (81)
0a-HOSO — a-LUSO+8 (53)
0o-HOSO-1 — a-LUSO+11 (53)
397.2 0.4690 0o-HOSO-1 — a-LUSO+12 (45)
B-HOSO — B-LUSO (58)
o-HOSO-6 — a-LUSO (44)
a-HOSO-4 — o-LUSO (28)
a-HOSO-3 — a-LUSO (40)
0-HOSO-2 — a-LUSO+2 (36)
B-HOSO-5 — B-LUSO+1 (40)
B-HOSO-1 —» B-LUSO+4 (21)
0-HOSO-2 — a-LUSO+2 (28)
B-HOSO-5 — B-LUSO+1 (42)
316.5 0.0872 B-HOSO-3 — B-LUSO+2 (32)
B-HOSO-2 — B-LUSO+2 (50)
B-HOSO-1 —» B-LUSO+4 (20)
o-HOSO-6 — a-LUSO (33)
0-HOSO — a-LUSO+31 (30)
B-HOSO-5 — B-LUSO (36)
-HOSO-4 — B-LUSO (56)
B-HOSO-3 — B-LUSO (35)
B-HOSO-3 — B-LUSO+2 (33)
o-HOSO-6 — a-LUSO (31)
0-HOSO — a-LUSO+31 (54)
292.6 0.0632 -HOSO-4 — B-LUSO (44)

B-HOSO-4 — B-LUSO+2 (39)
B-HOSO-3 = B-LUSO (24)

704.8 0.0648

518.6 0.0679

328.7 0.0510

292.9 0.0734
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Wavelength (nm)

Osc. str (f)

Major contributions (%)

292.1

0.0860

0-HOSO-6 — a-LUSO (37)
0-HOSO-1 — a-LUSO+24 (22)
a-HOSO —> a-LUSO+31 (59)
B-HOSO-4 — B-LUSO+2 (27)
B-HOSO-3 — B-LUSO+2 (21)

285.4

0.0586

0-HOS0-9 — o-LUSO (28)
0-HOSO-7 — o-LUSO (44)
a-HOSO0-3 — a-LUSO+2 (20)
B-HOSO-7 — B-LUSO+1 (44)
B-HOSO-5 — B-LUSO+2 (37)

269.2

0.0621

a-HOSO-2 — a-LUSO+4 (31)
a-HOSO — a-LUSO+33 (21)
B-HOSO-7 — B-LUSO+2 (66)
B-HOSO-1 — B-LUSO+6 (21)
B-HOSO — B-LUSO+4 (20)

263.4

0.0662

0-HOSO-3 — a-LUSO+4 (25)
B-HOSO-11 — B-LUSO+1 (36)
B-HOSO-10 — B-LUSO+1 (60)

262.6

0.0575

0-HOSO-5 —> a-LUSO+3 (48)
a-HOSO-5 —> a-LUSO+7 (20)
0-HOSO-4 —> a-LUSO+7 (20)
a-HOSO-3 — a-LUSO+7 (43)
B-HOSO-4 — B-LUSO+3 (33)
B-HOSO-3 — B-LUSO+3 (29)

253.1

0.1048

a-HOSO-10 — o-LUSO (33)

a-HOS0-2 — a-LUSO+4 (55)
B-HOSO-11 — B-LUSO+1 (20)
B-HOSO-1 — B-LUSO+6 (44)

245.5

0.3401

a-HOSO-4 — a-LUSO+5 (53)
a-HOS0-3 — a-LUSO+5 (29)
B-HOSO-2 — B-LUSO+5 (32)
B-HOSO-1 — B-LUSO+5 (22)
B-HOSO — B-LUSO+7 (37)
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Figure $§3.100. Molecular orbitals involved in electronic transitions of 3[Re—H]?*~ (see Table S3.5).
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Figure $3.101. Calculated UV-Vis absorption spectrum of 3[Re—EBJ*".

Table $3.31. Major electronic excitations in 3[Re—EBJ?* determined by TDDFT calculations.

Wavelength (nm)

Osc. str (f)

Major contributions (%)

811.1

0.2158

0~HOSO-1 — 0~LUSO+1 (98)

746.2

0.0441

0~HOSO — a—LUSO+2 (89)
0~HOSO — a-LUSO+7 (43)

557.9

0.0368

0~HOSO-1 — 0-LUSO+5 (52)
0~HOSO-1 —> 0~LUSO+6 (47)
B—HOSO — B-LUSO (64)

519.6

0.0863

0~HOSO — a~LUSO+9 (83)
0~HOSO —> a-LUSO+11 (34)
0~HOSO — a~LUSO+12 (39)

508.1

0.6277

0~HOSO-1 — a-LUSO+4 (26)
0~HOSO-1 — a-LUSO+5 (68)
B-HOSO — B-LUSO (59)

427.3

0.2351

0~HOSO-2 — 0~LUSO+1 (33)

0~HOSO-1 — 0~LUSO+11 (51)

0~HOSO-1 — 0-LUSO+12 (45)
B-HOSO-6 — B-LUSO (36)
B-HOSO —> B-LUSO+3 (37)

391.5

0.0714

0~HOSO-2 — 0~LUSO+1 (44)
0~HOSO-1 — 0~LUSO+9 (28)
0~HOSO-1 — o-LUSO+11 (48)
0~HOSO-1 — a-LUSO+12 (29)
B-HOSO-6 — B-LUSO (32)
B-HOSO — B-LUSO+3 (32)

349.7

0.0372

0~HOSO-1 — 0~LUSO+13 (36)
0~HOSO-1 — 0~LUSO+14 (29)
0~HOSO-1 — a-LUSO+17 (20)
B-HOSO-7 — B-LUSO (59)
B-HOSO-6 — B-LUSO (22)
B-HOSO-6 — B-LUSO+3 (20)
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Wavelength (nm)

Osc. str (f)

Major contributions (%)

338.9

0.0445

o~HOSO-3 — a-LUSO (42)

B-HOSO-4 — B-LUSO+1 (39)
B-HOSO-3 — B-LUSO+1 (46)
B-HOSO-1 — B-LUSO+2 (50)

329.0

0.0495

o~HOSO-6 — a-LUSO (42)
o~HOSO-4 — a-LUSO (43)
0~HOSO-3 — a-LUSO+2 (36)
B-HOSO-5 — B-LUSO+1 (42)
B-HOSO-3 — B-LUSO (22)
B-HOSO-1 —> B-LUSO+5 (21)

324.9

0.0301

0~HOSO-2 — 0~LUSO+1 (23)
B-HOSO-8 — B-LUSO (42)
B-HOSO-5 — B-LUSO (63)
B-HOSO-4 — B-LUSO (47)

324.6

0.1741

0~HOSO-2 —> 0~LUSO+1 (64)
0~HOSO-1 — 0~LUSO+18 (25)
B-HOSO-6 — B-LUSO (23)
B-HOSO — B-LUSO+3 (49)

324.2

0.0328

0~HOSO-2 —» 0~LUSO+1 (27)
0~HOSO-1 —» 0-LUSO+14 (22)
0~HOSO-1 —> 0~LUSO+18 (64)
0~HOSO-1 — 0~LUSO+19 (36)
0~HOSO-1 — a-LUSO+21 (21)
0~HOSO-1 — 0-LUSO+25 (34)
B-HOSO —» B-LUSO+3 (21)

317.2

0.0874

0~HOSO-3 — a-LUSO+2 (32)
0~HOSO-1 — 0~LUSO+19 (21)
B-HOSO-5 — B-LUSO+1 (45)
B-HOSO-4 — B-LUSO+2 (24)
B-HOSO-3 — B-LUSO+2 (24)
B-HOSO-2 —> B-LUSO+2 (45)
B-HOSO-1 —> B-LUSO+5 (20)

2954

0.0386

0~HOSO-2 — 0~LUSO+6 (24)
0~HOSO-1 — o-LUSO+23 (25)
B-HOSO-13 — B-LUSO (27)
B-HOSO-12 — B-LUSO (40)
B-HOSO-10 — B-LUSO (61)

290.6

0.0597

0~HOSO-6 — a~LUSO (26)

o~HOSO —> a-LUSO+27 (28)
o~HOSO —> a-LUSO+28 (23)
o~HOSO —> a-LUSO+31 (38)
o~HOSO — a-LUSO+38 (51)
o~HOSO — a-LUSO+40 (24)
o~HOSO — a-LUSO+42 (20)
B-HOSO-4 — B-LUSO+2 (24)

290.3

0.1974

0~HOSO-6 — a~LUSO (46)

o~HOSO — a-LUSO+38 (26)
B-HOSO-4 — B-LUSO+2 (40)
B-HOSO-3 — B-LUSO+2 (22)
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Wavelength (nm)

Osc. str (f)

Major contributions (%)

287.4

0.0797

o~HOSO-7 — a-LUSO (27)
o~HOSO-6 — a-LUSO (22)
B-HOSO-5 — B-LUSO+2 (50)
B-HOSO-2 —> B-LUSO+8 (26)

284.2

0.0433

o~HOSO-8 — a-LUSO (28)
o~HOSO-7 — a-LUSO (34)
0~HOSO-4 — a-LUSO+2 (25)
0~HOSO-4 — 0-LUSO+7 (22)
B-HOSO-8 —> B-LUSO+1 (24)
B-HOSO-5 —> B-LUSO+2 (24)
B-HOSO-2 —> B-LUSO+8 (20)

271.3

0.0404

0~HOSO-7 — 0~LUSO+7 (20)
0~HOSO-3 — 0-LUSO+7 (31)
0~HOSO — 0~LUSO+41 (38)
B-HOSO-8 — B-LUSO+1 (34)
B-HOSO-5 — B-LUSO+8 (21)
B-HOSO-1 — B-LUSO+8 (25)

263.2

0.0528

B-HOSO-15 — B-LUSO (20)
B-HOSO-12 — B-LUSO (30)
B—HOSO-12 — B-LUSO+1 (22)
B-HOSO-11 — B-LUSO+1 (33)
B-HOSO-10 — B-LUSO (35)
B-HOSO-10 — B-LUSO+1 (24)
B-HOSO-8 — B-LUSO+2 (21)

262.4

0.0573

0~HOSO-5 —» 0~LUSO+1 (26)
0~HOSO-5 —> 0~LUSO+3 (46)
0~HOSO-4 —> 0~LUSO+9 (42)
B-HOSO-4 — B-LUSO+4 (23)
B-HOSO-3 — B-LUSO+4 (34)

261.4

0.1011

0~HOSO-4 — 0~LUSO+9 (22)

0~HOSO-2 — a-LUSO+6 (47)

B-HOSO-2 — B-LUSO+12 (34)
B-HOSO — B-LUSO+7 (23)

257.8

0.0749

0~HOSO-2 — o-LUSO+5 (23)
0~HOSO-1 — o-LUSO+36 (23)
B-HOSO-15 — B-LUSO (25)
B-HOSO—6 — B-LUSO+3 (29)
B-HOSO-4 — B-LUSO+3 (33)
B-HOSO-3 —> B-LUSO+3 (35)
B-HOSO — B-LUSO+9 (28)

253.5

0.0778

0~HOSO-11 — 0~LUSO+1 (42)
0~HOSO-3 — a-LUSO+7 (41)
o~HOSO — a-LUSO+49 (21)
B-HOSO-9 — B-LUSO (27)
B-HOSO-9 — B-LUSO+3 (27)
B-HOSO-1 — B-LUSO+8 (35)
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Wavelength (nm)  Osc. str (f) Major contributions (%)

0~HOSO-16 — o~LUSO+1 (21)
0~HOSO-12 — o-LUSO+1 (51)
0~HOSO-9 — 0~LUSO+1 (20)
0~HOSO-8 — 0-LUSO+1 (21)
B-HOSO-7 — B-LUSO+3 (26)
B-HOSO —» B-LUSO+11 (26)

251.6 0.0590

0~HOSO-1 — a-LUSO+34 (25)
0~HOSO-1 — 0-LUSO+36 (22)

0~HOSO-1 — 0-LUSO+37 (51)

251.4 0.0548 0~HOSO-1 — 0~LUSO+38 (27)
0~HOSO-1 — 0~LUSO+39 (20)

0~HOSO-1 — a-LUSO+42 (27)

B-HOSO-7 — B-LUSO+3 (23)
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Figure $3.102. Molecular orbitals involved in the transitions of 3[Re—EBJ?* (see Table S3.6).
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Figure $3.103. Frontier orbitals (and the spin densities for the biradical species) of the reduced
species of Re—H observed in SEC studies.

Table $3.32. Energies of different spin states of [Re—H]*.

state localised AE [kecal mol™)
singlet — biradical phen-NI 0.65

singlet NI 12.06
triplet — biradical phen-NI 0.00
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Figure $S3.104. Possible structures of Re—EB.

Table $3.33. Differential energies of structures a—d accompanying Figure $3.41.

Re-EB structure AE [kcal mol™]
a 0.000
b 0.093
c 0.000
d 0.094

°Re-EB* 'Re-EB*

Figure $3.105. Spin densities of doublet excited state of the 1e™ reduced species (*[Re—EB]), the
triplet excited state (*Re—EB), and the 2e™ reduced biradical species (**[Re—EBJ?").
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Table $3.34. Energies of different spin states of [Re—EB]*".

AE [kcal mol™]
state localised
a b c d
singlet — biradical Nl-phen 0.66 | 0.66 | 0.38 | 0.66
singlets NI 733 | 7.06| 7.07] 7.06
triplet — biradical NI-phen 0.00 | 0.00 | 0.00 | 0.00
—— parent
—— 1e-reduced
—— 2e-reduced_triplet
2e-reduced_singlet_locNI
——— 2e-reduced_singlet_locphen
2
2
2
=
1400 1500 1600 1700 1800 1900 2000 2100 2200
Wavenumber / cm’”
Figure $3.106. Calculated IR spectra of Re—H and its reduced species.
— ¢ paen Al |8 =
——c_m1_s2 >_m1_
———c_m2_s3 - g_'(ﬁn:_tgs
& NARp — 5DA Quad
——5-DA Quad
5-DA_doublet 5:DA_doublet
T — — 5C-m1_sing_uks
— = 5C-m1_sing_uks - — 5-MA _rest sing
— — 5-MA_rest_sing -

Intensity

Intensity

LU A,

1600 1700

Wavenumber / cm™

1500

1800 1900 2000 2100 2200 2300 2400
Wavenumber / cm™

Figure $3.107. Calculated IR spectra of Re—EB and its reduced species including the 5-coordinate
species; parent = Re—EB, m1_s2 = [Re—EB]~, m2_s3 = 3[Re—EB]J*, 5-MA trip = 35-MA, 5-DA Quad
= 45-DA, 5-DA doublet = 25-DA, 5-MA_sing = 15-MA. (A) organic carbonyl region, (B) metal
carbonyl and ethynyl regions.

B-40



— parent parent
A —m1 B —— 1e-red
—_m2 2e-red

-5C_m1_s1 5C_m1_s3

———5C_m1_s1

5C_m1_s3 ——5C_m2_s2 N
——5C_m1_s1_uks - |
800 1000 1200 1400

Intensity / a.u.
Intensity

300 400 500 600 700 800 900 1000 300 400 500 600 700 800
Wavelength / nm Wavelength / nm

Figure $3.108. Calculated UV-Vis absorption spectra of Re—R in different redox states. (A) Re-H
and its reduced species, (B) Re—EB and its reduced species; m1 = 1e-red = [Re—R]~, m2 = 2e-red =
3[Re-RJ*, 5C_m1_s1=5-MA, 5C m1_s3 =35-MA, 5C_ m1_s2 =25-DA.

a%??w_-%w el — Bt
el — St Sl — o
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Figure $3.109. Visualisation of the orbitals involved in the Re®-phen— COux m—1* transition of
the 15—-MA and 25-DA of Re—H.

a-HOSO a-LUSO 5o
Q.&~~— % spin density
B-HOSO B-LUSO

Figure $3.110. Frontier orbitals and spin densities of 35-MA of Re—EB.
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Table $3.35. Calculated IR modes of the 5-coordinate species of Re—R.

Re-H Re-EB
IR mode
15C-MA? 35C-MA 25C-DA 15C-MA? 35C-MA 25C-DA
Ve=c - - - 2296 2230 2225
1947 2007 1936 1947 2008 1937
Ve=o 1823 1886 1812 1824 1887 1814
1817 1877 1807 1817 1878 1808
1674 1672°
1728 1674° 1672° 1726
1642 1641
1681 1636 1635 1676
Vc=0 1635 1633
1668 1599 1601 1668
1583 1584
1664 1539 1541 1654
1566 1568
Calculated on UKS level.°*Mostly phen character, but partially contributes to vc-o.
$3.7 UV-Vis Monitoring of Photocatalysis
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Figure $3.111. UV-Vis absorbance-difference spectra monitored up to 24 h under photocatalytic

conditions of [A] Re-H and [B] Re—EB.
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$4.1 Experimental
Synthesis

Naphthalic-1,8-anhydride, 4-bromo-naphthalic-1,8-anhydride, 5-amino-1,10-phenanthroline,
and tetra n-butyl ammonium hexafluorophosphate (TBAPFs) reagents were acquired from
Fluorochem. All spectroscopic solvents were acquired from Fisher Scientific. [Mn(CO)sBr], 1,10-
phenanthroline, and all other solvents were acquired from Sigma-Aldrich. The synthesis of EB—
NA, H-NI-phen, and EB-NI-phen was conducted according to literature procedures as detailed
in Appendix A.} All manganese complexes were synthesised according to a modified literature
procedure for [Mn(phen)(CO)sBr] using THF the reaction solvent.* The Mn—R are characterised
by FTIR and H NMR spectroscopies. The novel complexes, Mn—H and Mn—EB, are further

characterised by elemental analysis.

Synthesis of [Min(phen)(CO)sBr] [Mn—phen]

[Mn(CO)sBr] (0.0678 g, 0.25 mmol) and 1,10-phenanthroline (0.0451 g, 0.25 mmol) were dried
under vacuum in a pre-dried Schlenk tube. After 10 minutes of drying, 4 cm® dry THF was added
under N, atmosphere. The reaction solution was heated to 60 °C and stirred for ~16 hours. The
solvent was removed in vacuo, then washed with 2 x 2 cm? pentane which was also removed in
vacuo after each washing. The final drying in vacuo was performed for a further 30 minutes after
solvent removal to sublimate any remaining [Mn(CO)sBr] to obtain the purified yellow product
as a powder. Yield: 0.0671 g (67 %).*H NMR (CDCls, 600 MHz): § (ppm) = 9.56 (dd, J = 3.99, 15.57
Hz, 2H), 8.48 (d, J = 7.58 Hz, 2H), 7.99 (d, J = 2.79 Hz, 2H), 7.87 (dd, J = 7.18, 8.58 Hz, 2H). FTIR in
THF calcd (found): ve=o = 2024 (2024), 1956 (1937), 1946 (1915).

Synthesis of [Mn(H-NI-phen)(CO)sBr] [Mn—-H]

The reaction was carried out as described for Mn—phen with the following quantities:
[Mn(CO)sBr] (0.0271 g, 0.10 mmol) and H-NI-phen (0.0375 g, 0.10 mmol). A yellow powder was
collected as the reaction product. Yield: 0.0248 g (42%). *H NMR (CDCls;, 600 MHz): & (ppm) =
9.60 (d, J = 25.90 Hz, 2H), 8.77 (s, 2H), 8.52 (s, 2H), 8.73 (d, J = 20.44 Hz, 2H), 8.07 (s, 1H), 7.96
(d, ) =27.26 Hz, 2H), 7.81 (s, 1H). FTIR in THF calcd (found): veeo = 2015 (2024), 1946 (1937), 1937
(1915), ve=0 =1726 (1717), 1695 (1683). Elem. Anal. calcd (found) for C;;H13BrMnN3Os: C, 54.57
(51.75); H, 2.21 (2.65); N, 7.07 (5.07).
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Synthesis of [Mn(EB-NI-phen)(CO)sBr] [Mn—EB]

The reaction was carried out as described for Mn—phen using the following quantities:
[Mn(CO)sBr] (0.0506 g, 0.19 mmol) and EB-NI-phen (0.0476 g, 0.1 mmol). The product was
analysed by FTIR spectroscopy after drying under in vacuo to determine if any unreacted
[Mn(CO)sBr] remained; further drying under vacuum was performed to sublime any excess
remaining. This was repeated until no peaks belonging [Mn(CO)sBr] were observed in the FTIR
spectrum. A mustard-yellow powder was collected as the reaction product. Yield: 0.0567 g (82%).
'H NMR (CDCls, 600 MHz): & (ppm) = 9.60 (d, J = 23.17 Hz, 2H), 8.71 (m, 3H), 8.49 (s, 1H), 8.40 (s,
2H), 8.34 (s, 1H), 8.23 (s, 1H), 8.06 (s, 1H), 7.85 (m, 6H). FTIR in THF calcd (found): veec = 2197
(2206), ve=0 = 2015 (2024), 1947 (1936), 1938 (1915), vc-o = 1725 (1715), 1693 (1684). Elem.
Anal. calcd (found) for C3sH17BrMnN3Os: C, 60.54 (58.55); H, 2.47 (2.94); N, 6.05 (5.25).

FTIR Spectroscopy

All FTIR spectra were recorded on a Shimadzu IRAffinity-1S FTIR Spectrometer. Samples were
prepared in spectroscopic grade THF and loaded into a liquid-film IR cell with a CaF, window. IR
spectra were obtained from a difference spectrum of the sample solution spectrum less the
solvent spectrum using Spectragryph v1.2.16.1. For IR SEC studies, a Shimadzu IRAffinity-1S FTIR

Spectrometer was used.

UV-Vis Absorption Spectroscopy

All UV-Vis absorption spectra were recorded on a Horiba Duetta Fluorescence and Absorbance
Spectrometer. Samples were recorded in a quartz cuvette with a 1 cm path length and prepared
in spectroscopic grade THF. Normalisation of spectra was completed using Spectragryph

v1.2.16.1. For UV-Vis SEC studies, an Agilent 8453 UV-Visible Spectrophotometer was used.

Electrochemistry

10 cm?® of 1 mM sample solutions were prepared using a 0.1 M electrolyte solution of TBAPFs in
the solvent of choice. Samples were degassed with N, or CO, for 5 mins, experiments were
carried out with a continuous flow of this gas across the surface of the solution. A PalmSens4

device was used as the potentiostat with a glassy carbon working electrode, Pt wire counter
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electrode, and Ag*/Ag wire pseudo-reference electrode in a V-shaped cell, with a ferrocene

standard added as an internal reference at the end of each sample use.

Spectroelectrochemistry

1 cm? of 4 mM sample solutions were prepared in 0.1 M electrolyte solution of TBAPF in solvent
of choice. The electrolyte and sample were vacuum-dried prior to dissolving the sample in a
Schlenk tube under a N; or CO, atmosphere. 200 uL aliquots were used to load the sample into
an optically transparent, thin-layer electrochemical (OTTLE) cell. Spectroscopic results of IR SEC
and UV-Vis SEC studies were collected as described for those spectroscopic techniques. A
PalmSens4 electrochemical device was used as the potentiostat. Electrochemical scans were
conducted with negative potential sweeps, using the corresponding potentials determined from

electrochemical studies to study the observed reduction.

Controlled Potential Electrolysis

Controlled potential electrolysis was performed with 25 cm?® of 0.8 mM samples in a 5% H,O in
THF electrolyte solution in a H-cell. The main compartment was fitted with a glassy carbon
working electrode (d = 0.3 cm) and an Ag*/Ag reference electrode. The reference electrode
consisted of a Ag wire in 0.1 M TBAPFs/THF supporting electrolyte isolated by a glass frit, which
was calibrated in situ using the Fc*/Fc redox couple as a pseudo-reference. A Pt gauze counter
electrode was separated from the main compartment by a glass frit bridge. A PalmSens4
potentiostat was used to perform chronoamperometric scans; fixed to a held overpotential with
constant stirring at 600 rpm and shielded from light. After 1 h, a 1 cm? aliquot of the headspace
was analysed by gas chromatography with a Shimadzu-GC2010 fitted with a BID detector. CO and

H, in the headspace were quantified by comparing with a 1000 ppm standard.

DFT Calculations

Structure optimisation and frequency calculations were conducted using MN15/def2TZVP for
Mn, 6-31g(d) for all other atoms/smd, THF solvent continuum. Single-point energy frequency
and TDDFT calculations were conducted using MN15/def2TZVP for Mn, 6-311+G(2df,p) for all

other atoms/smd, THF solvent continuum. DFT-calculated IR spectra were normalised corrected
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by a correction factor which was determined by calculating the ratio of both highest energy ve-o

stretches.

$4.2 *H NMR Spectra
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Figure $4.112. 'H NMR spectrum of Mn—phen in CDCls.
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$4.3 Cyclic Voltammetry
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Figure $4.115. Reversibility studies at scan rates between 10-100 mV s™* of (A) Mn—phen, (B)
Mn-H, and (C) Mn—EB.
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Figure S4.116. The cyclic voltammograms of Mn-R in the THF electrolyte under a CO;
atmosphere and in the 5% H,0 in THF electrolyte under a CO, atmosphere. (A) Mn—phen, (B)
Mn-H, and (C) Mn—-EB.
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$4.4 Spectroelectrochemistry
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Figure $4.117. 4 mM IR spectra from SEC experiments under CO; of (A) Mn—phen with an inset
showing the CO, band at 1340 cm™, (B) Min-H, and (C) Mn—-EB with an inset showing the Vves=c
bands.
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S4.5 DFT Calculations
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Figure S4.118. DFT calculated IR spectra of (A) Mn—phen and its reduced species, (B) Mn—H and

its reduced species, (C) Mn—EB and its reduced species.
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Mn(phen)(CO),Br

Dimer 5-MA

Figure $4.119. Molecular structures of Mn—-phen and its reduced species identified by SEC

studies.

syn-Dimer anti-Dimer

Figure $4.120. The structures of the syn-Dimer and the anti-Dimer of Mn—phen. Only the syn-

Dimer was observed in SEC studies of all Mn—-R complexes.
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Mn(H-NI-phen)(CO),;Br

5-DA

Figure $4.121. Molecular structures of Mn—H and its reduced species identified by SEC studies.

Figure $4.122. Molecular structures of Mn—EB and its reduced species identified by SEC studies.
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[Mn(phen)(CO),Br]
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——— [Mn(phen)(CO),(CO,H))
—— [Mn(phen)(CO),(THF))°
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A
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Figure $4.123. (A) DFT calculated IR spectra in CHsCN of key intermediate species of Mn—-phen
identified in the IR SEC experiment with CO; and H,O. The THF-solvated species
[Mn(phen)(CO)s(THF)]° is included to support the assignment of a new species to the Mn—CO;H

(B) The molecular structure of the Mn—CO,H complex.
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$5.1 Experimental
Syntheses

The malononitrile, 4-bromo naphthalic-1,8-anhydride, 5-amino-1,10-phenanthroline, and tetra
n-butyl ammonium hexafluorophosphate (TBAPFs) reagents were acquired from Fluorochem.
The 4,4’-bis(trifluoromethyl)-2'2-bipyridine (btfmb) reagent was acquired from ABCr. All
spectroscopic solvents were acquired from Fisher Scientific. 2,2’-bipyridine (bpy), [Mn(CO)sBr],
[Re(CO)sCl], [RuCls.H20] and all other solvents were acquired from Sigma-Aldrich. The
malononitrile-containing compounds were characterised by FTIR spectroscopy, H NMR
spetroscopy, high-resolution mass spectrometry, and elemental analysis. The synthesis of 4-
bromo-1,8-naphthalimide-5-phenanthroline (Br-NI-phen) is described in Appendix A — S2.1
using the literature procedure®?; the crude product was used without further purification in

subsequent syntheses.

Synthesis of 4-malononitrile-1,8-naphthalimide-5-phenanthroline (MN—NI-phen)

This synthesis was adapted from the literature procedure for an aromatic nucleophilic
substitution reaction of a malononitrile substituent onto a NI moiety by Jeong et al.3
Malononitrile and (0.0277 g, 0.419 mmol) and Br-NIl-phen (0.1776 g, 0.391 mmol) were
dissolved in 2 ml of DMF. NaH (0.0115 g, 0.480 mmol) was added to the stirring reaction solution
resulting in the rapid formation of a purple solution. The solution was stirred for an hour at 100
°C. Upon cooling, ca. 20 ml of Et,O was added to the solution to precipitate the product. The
precipitate was collected by vacuum filtration, further washed with Et,O and then air-dried. A
purple powder was obtained. Yield: 0.01564 g (91%). *H NMR (CDCls;, 600 MHz): 6 (ppm) = 9.28
(dd, ) =4.45, 1.87 Hz, 1H), 9.24 (dd, J = 4.30, 1.56 Hz, 1H), 8.75 (dd, J = 10.97, 7.15 Hz, 2H), 8.51
(d,J=8.09 Hz, 1H), 8.29 (d, ] =8.02, 1.59 Hz, 1H), 8.16 (d, J = 7.92 Hz, 1H), 8.02 (dd, J = 8.25, 1.54
Hz, 1H), 7.96 (dd, J = 8.79, 7.25 Hz, 1H), 7.89 (s, 1H), 7.70 (dd, J = 8.03, 4.59 Hz, 1H), 7.59 (dd, J =
8.34, 4.20 Hz 1H). MS [ESI-QTOF (THF) m/z] 462.2767 [M+Na]* and 438.10 [M—H]", calcd
(C27H13Ns0,) 439.43.

Synthesis of [Re(MN-NI—phen)(CO)sCl] [Re—MN]

The reaction was carried out as described for [Re(H—NI-phen)(CO)sCl].! [Re(CO)sCl] (0.0549 g,
0.152 mmol) and MN-NI-phen (0.0662 g, 0.151 mmol). A red powder was collected as the
reaction product. Yield: 0.0723 g (64%). *H NMR (CDCls, 600 MHz): & (ppm) = 9.48 (dd, J = 5.25,
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1.46 Hz, 1H), 9.44 (dd, J = 5.25, 1.46 Hz, 1H), 8.78 (m, 2H), 8.58 (d, J = 8.23 Hz, 1H), 8.53 (dd, J =
18.75, 8.00 Hz, 2H), 8.20 (dd, J = 8.33, 1.23 Hz, 1H), 8.19 (dd, J = 8.05, 3.15 Hz, 1H), 8.12 (s, 1H),
7.99 (m, 1H), 7.92 (dd, J = 8.13, 5.03 Hz, 1H), 7.80(dd, J = 8.29, 5.15 Hz, 1H). MS [ESI-QTOF (THF)
m/z] 744.0043 [M-HJ", calcd (CsoH13CINsOsRe) 745.12.

Synthesis of [Ru(bpy).Cl,]

The synthesis of [Ru(bpy).Cl,] was carried out according to the literature procedure.* [RuCls.H,0]
(0.1264 g, 0.485 mmol) and bpy (0.1564 g, 1.000 mmol) were dissolved in a minimum of DMF
(ca. 1 ml) with an excess of LiCl (0.1450 g, 3.421 mmol). After heating to 160 °C for 6 h, the
reaction solution was cooled to RT. Precipitation of the product was achieved by adding an excess
of acetone to the solution and storing in a freezer overnight to precipitate the product. The
product was collected by vacuum filtration and rinsed with Et,O to obtain a fine black powder.
Yield: 0.0750 g (32%). *H NMR (CDCls;, 600 MHz): & (ppm) = 10.07 (s, 2H), 8.37 (d, J = 8.21 Hz,
2H), 8.22 (d, ) = 7.85 Hz, 2H), 7.99 (td, J = 8.38, 7.81, 1.41 Hz, 2H), 7.67 (t, ) = 7.29, 6.36 Hz, 2H),
7.62 (m, 2H), 7.59 (t, J = 9.17, 7.82, Hz, 2H), 6.99 (td, ) = 7.65, 6.12, 1.17 Hz, 2H).

Synthesis of [Ru(MN-NI-phen)(bpy).](PFs), [Ru—MN]

This reaction was carried out according to the literature procedure described for rac-[Ru(4,4'-
btfmb)s](Cl),.> MN—-NI-phen (0.0470 g, 0.107 mmol) was added to a microwave vessel with
[Ru(bpy)2Cl,] (0.0486 g, 0.112 mmol). 2 ml of ethylene glycol was used to dissolve the reagents.
Following purging of the reaction solution with N, gas, it was subjected to microwave irradiation
at 180 °C for 15 min with stirring. Following the reaction, the initially dark purple solution turned
a dark red. The dark red solution was transferred to a separatory funnel with deionised water
(25 ml) and CH.Cl; (25 ml). The organic layer was drained after gentle agitation. The remaining
aqueous layer was washed with further CH,Cl, (25 ml) rinsings until the organic layer was
colourless corresponding to removal of unreacted MN-NI-phen. Saturated aqueous KPFs (5 ml)
was added to the aqueous layer in the separatory funnel and gently shaken. Further CH,Cl, (25
ml) rinsings were used to extract the product from the aqueous layer until the aqueous layer was
colourless. The organic fractions were combined and dried under vacuum to obtain the crude
product.

Further purification was performed using silica gel flash column chromatography. Initially, a
gradient of pure CHsCN to a 10% water in CH3;CN mobile phase was used to remove unreacted

[Ru(bpy)2Cl2]. Subsequently, a 7.5% water in CHsCN with 0.5% KNOs was used to extract the
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product. The product-containing fractions were then combined and concentrated under vacuum,
before being transferred to a separatory funnel with CH,Cl, (25 ml), deionized water (25 ml), and
saturated aqueous KPFs (1 ml). As before, the organic layer was drained, with additional CH,Cl,
(25 mL) rinsing being used to extract the remaining product until the aqueous layer was
colourless. The combined organic layers were then dried under vacuum to obtain the purified
product as a red/brown powder. Yield: 0.0462 g (38%). *H NMR (CDCls, 600 MHz): 6 (ppm) =9.31
(ddd, J = 8.60, 3.83, 1.21 Hz, 1H), 8.68 (m, 3H), 8.51 (m, 6H), 8.39 (s, 1H), 8.15 (m, 2H), 8.10 (m,
2H), 8.03 (m, 3H), 7.85 (d, 5.63 Hz, 2H), 7.80 (dd, J = 8.37, 5.48 Hz, 1H), 7.66 (m, 3H), 7.46 (dd, J
=13.42, 5.52, 1.36 Hz, 2H), 7.31 (ddd, J = 14.21, 6.40, 1.35 Hz, 2H). MS [ESI-QTOF (THF) m/z]
438.5531 [M+Na]?, calcd ([Ca7H2sNsO2RuU]?) 426.57.

Synthesis of [Ru(btfmb).Cl,]

The synthesis of [Ru(btfmb),Cl,] was carried out according to the literature procedure.®

[RuCls.H;0] (0.1264 g, 0.485 mmol) and btfmb (0.2924 g, 1.000 mmol) were dissolved in a
minimum of DMF (ca. 1 ml) with an excess of LiCl (0.1442 g, 3.402 mmol). After heating to 160
°C for 24 h, the reaction solution was cooled to RT. Precipitation of the product was achieved by
adding an excess of acetone to the solution and storing in a freezer overnight to precipitate the
product. The product was collected by vacuum filtration over a sintered glass funnel and rinsed
with Et,0 to obtain a fine blue/black powder. Yield: 0.1177 g (32%). *H NMR (CDCls, 600 MHz): &
(ppm) =9.29 (d, J = 6.08 Hz, 1H), 8.85 (s, 1H), 8.68 (s, 1H), 8.01 (dd, J = 6.06, 1.59 Hz, 1H), 7.90
(d, J=6.44 Hz, 1H), 7.39 (dd, J = 6.14, 1.63 Hz, 1H).

Synthesis of [Ru(MN—NI-phen)(btfmb),](PFs), [CFsRu—-MN]

The synthesis of CFsRu—MN was carried out using the same procedure outlined for Ru—-MN with
the following quantities; MN—NI-phen (0.0470 g, 0.107 mmol) and [Ru(btfmb),Cl;] (0.0788 g,
0.105 mmol). A red powder was obtained as the purified product. Yield: 0.0581 g (51%). *H NMR
(CDCls, 600 MHz): & (ppm) = 8.97 (dd, J = 16.15, 6.80 Hz, 4H), 8.79 (ddd, J = 8.56, 3.14, 1.14 Hz,
1H), 8.75 (dd, J = 8.40, 1.14 Hz, 1H), 8.69 (ddd, J = 26.00, 7.31, 1.14 Hz, 1H), 8.54 (dd, J = 8.67,
1.08 Hz, 1H), 8.46 (dd, J = 25.40, 7.96 Hz, 1H), 8.41 (s, 1H), 8.25 (dd, J = 9.80, 7.90 Hz, 1H), 8,12
(m, 4H), 8.04 (m, 1H), 7.91 (dd, 11.90, 7.85 Hz, 2H), 7.83 (dd, 8.32, 5.32 Hz, 1H), 7.75 (td, 5.70,
1.50 Hz, 2H), 7.71 (dd, 8.59, 5.20 Hz, 1H), 7.62 (dd, 10.24, 5.97 Hz, 2H). MS [ESI-QTOF (THF) m/z]
536.0925 [M—CN]?*, calcd ([CsiH2sF12N9O2RuU]?*) 562.55.
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FTIR Spectroscopy

All IR spectra were recorded on a PerkinElmer Spectrum65 FTIR Spectrometer. Samples were

prepared in spectroscopic grade DMSO and loaded into a liquid—film IR cell with CaF, windows.

UV-Vis Absorption and Emission Spectroscopy

All UV-Vis absorption and emission spectra were recorded on a Horiba Duetta Fluorescence and
Absorbance Spectrometer. Samples were recorded in a quartz cuvette with a 1 cm path length

and prepared in spectroscopic grade CH3CN. Normalisation of the emission spectra was

completed using Spectragryph v1.2.16.1.

$5.2 'H NMR Spectra
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Figure §5.124. *H NMR spectrum of MN—NI-phen in CDCls.
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Figure §5.126.'H NMR spectrum of [Ru(bpy).Cl,] in CDsCN.
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Figure §5.127.H NMR spectrum of Ru—MN in CDsCN.
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Figure §5.128.'H NMR spectrum of [Ru(btfmb),Cl,] in CDsCN.
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Figure $5.129.H NMR spectrum of CFsRu—MN in CDsCN.

$5.3 Mass Spectrometry
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Figure $5.130. HR-MS of MIN-NI-phen (MW = 439.43 g/mol). Top: negative mode [M-H],
Bottom: positive mode [M+Na]*.
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Figure $5.131. HR-MS of Re—MN (MW = 745.12 g/mol) displaying the negative mode [M-H] ion.
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Figure $5.132. HR-MS of Ru—MN (MW = 1142.81 g/mol). Top: negative mode [PFs]” ion, Bottom:

positive mode [M+Na]?*.
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Figure $5.133. HR-MS of CFsRu—MN (MW = 1414.80 g/mol). Top: negative mode [PF¢]~, Bottom:
positive mode [M—CNJ]?.
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    H 2 O  ⟶   H 2 +  1 2   O 2


  2   H +   +   2   e − ⟶   H 2


  2   O  2 −   −   4   e − ⟶   O 2


  C   O 2 + 2   H + + 2   e − → C O +   H 2 O   [ E = − 0 . 53   V ]


  C   O 2 + 2   H + + 2   e − → H C   O 2 H   [ E = − 0 . 61   V ]


  C   O 2 + 4   H + + 4   e − → H C   H O + H 2 O   [ E = − 0 . 48   V ]


  C   O 2 + 6   H + + 6   e − → C     H 3 O H + H 2 O   [ E = − 0 . 38   V ]


  C   O 2 + 8   H + + 8   e − → C     H 4 + 2 H 2 O   [ E = − 0 . 24   V ]


  A = 𝜀 c l


  a =     k  Re − R    k MLCT +     k LC


    K eq =   [ a ]  [ 1 − a ]


  ∆   E T ≅ ∆   G T = − R T   (  ln ⁡  K eq )


    𝜏 avg =       ∑  i = 1  n    𝛼  i   𝜏  i    ∑  i = 1  n    𝛼  i

