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Abstract

A series of nine [Ir(piq)2(LL)]".PFs photosensitizers were developed and investigated
for excited-state electron transfer with sacrificial electron donors that included triethanolamine
(TEOA), triethylamine (TEA), and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole
(BIH) in acetonitrile. The photosensitizers were obtained in 57-82% yield starting from the
common [Ir(piq)2Cl]> precursor and were all characterized by UV-Vis absorption as well as by
steady-state, time-resolved spectroscopies, and electrochemistry. The excited-state lifetimes
ranged from 250 to 3350 ns and were also shown, in some cases, to be strongly influenced by
dissolved oxygen. Excited-state electron transfer quenching rate constants in the 10 M-ls™!
range were obtained when BIH was used as electron donor. These quenching rate constants
were three orders of magnitude higher than when TEA or TEOA is used. Steady-state photolysis
in the presence of BIH showed that the stable and reversible accumulation of mono-reduced
photosensitizers was possible, highlighting the potential use of these Ir-based photosensitizers

in photocatalytic reactions relevant for solar fuels production.
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|. Introduction

1. Context

In 2015 in Paris, at the 21st Conference of the Parties (COP21) to the United Nations
Framework Convention on Climate Change (UNFCCC), the international community adopted
a global climate agreement. This agreement, known as the "Paris Agreement", sets an ambitious
and robust framework for international climate action for decades to come. It aims to reduce
greenhouse gas (GHG) emissions to limit the rise in global average temperature below 2°C

above pre-industrial levels, with a target of no more than 1.5°C.

Limiting warming to 1.5°C implies reducing global greenhouse gas emissions by about
45% in 2030 compared to 2010 and reaching net zero emissions by 2050'. This requires rapid
and far-reaching systemic transitions in energy, urban, industrial, and land-use systems, as well
as a significant increase in investments. Any further delay in mitigation action could lead to a

1.5°C increase in global warming.

The Intergovernmental Panel on Climate Change (IPCC) report of 2022 on climate
change mitigation states that reducing emissions from the energy sector requires major
transformations. This includes a substantial reduction in the use of fossil fuels, deployment of
low-emission and carbon-free energy sources, switching to alternative energy -carriers,
efficiency, and conservation of energy resources.? Continued installation of fossil fuel-based
infrastructure (without carbon capture and storage (CCS)) will lead to greenhouse gas emissions
in the future. Carbon neutrality in the industry can be achieved through the transformation of
production processes, circularity of material flows, demand management, and the use of

decarbonized energy sources and carriers.
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2. The role of hydrogen in a low-carbon transition and production pathways

Hydrogen can be a key vector in the transition to a low-carbon future. Indeed, molecular
hydrogen is a gaseous compound that can act as an energy carrier and can be used as a fuel that
can be stored and moved to deliver energy. When used as an energy source, its combustion only
releases water as a side product and is therefore considered essential for decarbonizing
processes. According to McKinsey, it is estimated that up to 25% of global emissions could be
reduced by using hydrogen by 2050. Hydrogen is also expected to make a significant
contribution to decarbonizing specific industrial sectors, such as iron and steel production, the
chemical industry and heavy transport. With current industrial uses of hydrogen focused on oil
refining and ammonia production, the Hydrogen Council and McKinsey estimate that the use
of hydrogen could avoid up to 270 million tons of CO; per year and 90 million tons of CO; in

transport and mobility alone.’

Beyond reducing emissions as a key feature of hydrogen production, it can also bring
resilience to countries seeking energy independence and diversification, thanks to the fact that
it can be produced locally from multiple feedstocks using different production routes.

But how is hydrogen produced today? At present, there are three main production

methods (other production streams exists as well).

2.1 Hydrogen production streams

The first of these three is steam reforming of natural gas. This is the most common
technique. This involves reacting methane with water to obtain a mixture containing hydrogen
and CO» (Figure 1).* The CO> emitted by this process could eventually be captured and stored
to produce decarbonized hydrogen.® Instead of natural gas, the use of biomethane (methane

from the fermentation of biomass) is also a solution for producing low carbon hydrogen.
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Standard enthalpy of

Reactions Reaction description reactions [kJ-mol ]
CH,+H,0=CO+3H, Steam reforming 206 RQ)
CO+H,0=CO, +H, WGS -41 R®
CH, +CO, =2C0O+2H, CO, reforming 247 R®

C.H. +nH.0 = nCO +(|;_1 . n) H, Higher hydrocarbons steam

. 1175* R@)
2 reforming

*[Standard conditions at =1 atm, 7= 298 K, for n-C,H,].

Figure 1-Reactions in steam reforming of natural gas ©

Secondly, hydrogen can also be produced from water and electricity by a process called
water electrolysis (equation 1). The electrolyser separates a water molecule into hydrogen and
oxygen. This method is still not very widespread because it is much more expensive (2 to 3
times more expensive than natural gas reforming) and is currently reserved for specific uses,

such as electronics, which require a high level of purity for hydrogen.’

H,O — H> + % 02 E=1.23V Eq.1

The last technique is gasification which produces, by combustion, a mixture of CO and
H> from coal (a solution that emits a lot of CO;) or biomass.®® A diagram of different

production-to-use steams are shown in Figure 2.
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Sourcing

Transport

Y

Use

Figure 2-Different hydrogen production-to-use steams

Depending on the method of production, hydrogen is given a “colour”.!® This colour is
of course fictitious and not real. There are five different colours also described in Figure 3:

1. Green hydrogen, which is made by electrolysis of water using electricity coming only
from renewable energy.

2. Grey hydrogen, which is manufactured by thermochemical processes using fossil fuels
(coal or natural gas) as raw materials.

3. Blue hydrogen, which is manufactured in the same way as grey hydrogen, with the
difference that the CO; emitted during manufacture is captured for reuse or storage.

4. Purple hydrogen, which is more specific to France, is made by electrolysis like green
hydrogen, but the electricity comes from nuclear energy.

5. Turquoise hydrogen, which is made by pyrolysis of natural Gas, which produce

hydrogen and pure carbon.
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Grey Blue Turquoise Purple Green
Hydrogen Hydrogen Hydrogen Hydrogen Hydrogen

Natural gas Natural gas Natural gas Water Water
| | I | r
& Steam Electrolysis Electrolysis

. Sl reforming Pyrolysis with nuclear with

etielyllale) with CCUS power renewable
l l l electricity

H, + CO, H, + CO, H, +C H, + O, H, + O,

(captured)

Black, brown, white, yellow and orange hydrogens also exist...

Figure 3-different colours assigned to hydrogen'?

2.2 Hydrogen’s energy density

As for storage, although hydrogen (H>) has a very high mass density of energy (1 kg of
hydrogen contains as much energy as about 3 kg of oil), it has a very low volume density.
Therefore, it must be transformed to be able to store it in a usable volume. Under atmospheric
conditions, hydrogen is gaseous and therefore takes up a lot of space and has a low energy
density (10,8 kJ/L). On the other hand, by compressing it, we can make the gas denser, or even
liquid, and so transport and store more of it in a smaller volume. This implies an increase in its
energy density. By way of comparison, by compressing it to 700 bar, 7 litres of hydrogen can
contain as much energy as 1 litre of petrol. Petrol and diesel carry between 8.8 and 10 kWh/L,
respectively, and pressurised hydrogen contains about 0.5 kWh/L at 200 bar, 1.1 kWh/L at 500
bar and 1.4 kWh/L at 700 bar. By liquefying it to compress it further at a temperature of -253°C,
4 litres of liquid hydrogen would then contain the equivalent energy of 1 litre of petrol.
Densifying hydrogen makes it possible to operate at lower pressures but requires more energy,
which makes it more expensive, %1314

Hydrogen is usually transported in compressed form via a relatively extensive pipeline
network, with a total of over 4,500 km worldwide, including 1,600 km in Europe and 2,500 km
in the U.S. Countries such as Japan are also considering importing hydrogen, which would then

be transported by ship from Australia, for example. !>
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2.3 Use of hydrogen in energy transition

Currently, hydrogen has two main uses: as a feedstock to produce ammonia (fertiliser)
and methanol, and as a reagent in the process of refining crude oil into petroleum products,
fuels and biofuels. The possible uses are nevertheless numerous, and hydrogen, as mentioned
above, is promising for decarbonising several sectors and accompanying the energy transition.
In this idea, recovering energy from previously stored renewable or low-carbon dihydrogen is
done in two ways: either in the form of heat via its direct combustion with oxygen, or in the
form of electricity via a fuel cell. In both cases the overall reaction produces only water and the
energy produced can be used in various ways. Hydrogen has been assigned three essential
objectives to make a success of the energy transition: decarbonizing transport, storing electricity

and injecting it into the networks, and decarbonizing the industrial sector (Figure 4).!213.16.17

P

Wind Energy
Electrolyze o (=) [
““““ ‘ Fuel. cell ransportation
o o L X
Solar Energy Q
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e 1 &
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— =i .
Hydro Energy I"l’. Power to gas City
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- v L opp e
N\ va Industry
Energy Storage

Nuclear Energy

Figure 4-Renewable energy to hydrogen to use 17

2.3.1 Hydrogen in transport

There are three notable transportation means for which hydrogen can be used: cars and

trucks, trains, and planes.
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Firstly, for cars and trucks, hydrogen can be used in two ways: in ignition engine or in
fuel cell. The first is as fuel in a "petrol" type spark ignition engine. The main advantage lies in
the environmental balance: combined with oxygen, the combustion of hydrogen produces
mainly water and heat and only nitrogen oxides (NOx)(due to the presence of N in the air).
However, this solution requires specific adaptations to achieve very high efficiency and very
low NOx emissions. It is necessary to exploit various properties of hydrogen, such as its ability
to burn rapidly in a very clean mixture. The use of hydrogen in an internal combustion engine
can benefit from the latest advances in the combustion engine and from coupling with a hybrid
powertrain. Thus, based on more robust and mature technologies than those currently used for
fuel cells, it would be possible to achieve efficiencies of over 50%. This could be a transitional
solution to the fuel cell (see below), as it allows the validation of the entire hydrogen production

and distribution chain to begin using existing industrial production tools.!313:16

The second way is to use hydrogen in a fuel cell. In the long term, car manufacturers
are also interested in fuel cells as electricity generators for electric vehicles. This is to
complement battery-powered electric vehicles, which currently suffer from limited range and
recharging time. Hydrogen is then used to power a fuel cell - which produces electricity - to
enable the electric motor that drives the vehicle to function. Hydrogen is one of the best energy
carriers for fuel cells today in terms of energy performance and emissions. Their overall
efficiency is above 50% over a wide operating range, which is an attractive advantage over a
current petrol engine. Fuelled by a mixture of air and hydrogen, the battery converts the
chemical energy of hydrogen into electrical energy using the reverse principle of electrolysis

as shown in the equation 2 below.!*!6

H.O — H> + %5 02 E=1.23V Eq.2
By reacting hydrogen with oxygen from the air on the electrodes (thin membranes
covered with a platinum-based catalyst), fuel cells produce electricity without any emissions

other than water vapor (Figure 5). The fuel cell effect was discovered by German scientist

Christian Schonbein in 183918,
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For trains and aircraft, many projects are emerging. For example, the French hydrogen
plan includes among its objectives the introduction of the first hydrogen train in France. After
Germany, France is taking its first steps in hydrogen rail mobility. The SNCF and the Regions,
which have launched the TER H2 project (brand name used by SNCF for regional express
transport), which aims to set up the very first fleet of regional hydrogen trains in several pilot
French regions, have also carried out the first journeys on the open network in France, from the
15t to 3" of February 2023, on the Tours-Loches line with hydrogen Coradia trains. These
operations were conducted by the manufacturer Alstom and the Centre-Val de Loire region.
These trains, which also run on a fuel cell, are intended to eventually replace trains that still run
on diesel. Diesel still accounts for 26% of the energy consumed by TER and is responsible for
77% of the company's CO2 emissions. Twelve hydrogen trains have already been ordered. They
are due to enter commercial service at the end of 2025."

As for the hydrogen aircraft or "clean aircraft", while it is already giving rise to
ambitious projects, it still must answer several questions in terms of technology, environment
and safety. The use of hydrogen in aviation has many advantages. Indeed, as mentioned above,
hydrogen has a very high mass density energy, so for the same amount of energy, it requires
less weight. Compared to other potential electric planes, it is a much faster refuelling than

recharging a batterie.!>1¢
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2.3.2 Hydrogen in energy storage

A second essential objective is to store electricity and injecting it into the networks. The
storage of energy in the form of hydrogen makes it possible to compensate for the intermittence
of renewable energies (wind and solar) by optimizing electricity production capacity. In the
context of the development of a renewable electricity mix, electrolysis makes it possible, when
the network is in surplus (i.e., when electricity production exceeds consumption), to store
hydrogen for a short or long period of time, depending on requirements. In the case of a network

deficit, the available hydrogen can be reused in a fuel cell to produce electricity.!®

Hydrogen can also be injected directly into gas networks either by direct injection into
gas networks for combustion or by producing synthetic methane (according to the principle of
methanation): conversion of CO or CO: in the presence of hydrogen, which can then be

transformed into heat, electricity, or fuel.!

2.3.3 Hydrogen in industrial processes

The third key objective is the role of decarbonisation of industry. Today, according to
the International Energy Agency (IEA), industry accounts for 29% of final energy consumption
and 37% of global CO> emissions.?’ Hydrogen can be used in the industrial sector on the one
hand to supply decarbonised energy to the industrial units concerned, and on the other hand to
contribute to the decarbonisation of the industrial processes concerned by replacing the fossil
fuels currently used. This is the case, for example, in the manufacture of steel, which results
from the reduction of iron ore. This reduction, which is carried out today using coal, could be

carried out tomorrow using decarbonised hydrogen.

2.3.4 Example of a case study of the use of hydrogen

On May 6" of 2022, Engie and Anglo American, one of the world's largest mining
players, jointly inaugurate the Rhyno project, as part of the nuGen™ program, developed for
the Mogalakwena platinum mine in South Africa.?! They developed the prototype of the world's
largest hydrogen-powered mining truck, capable of carrying a 290-ton payload. There is an

integrated hydrogen solution, including production, compression, storage, and refuelling in
21



record time. Once validated, this "proof of concept" should be extended to other sites. The

objective is to reduce diesel emissions from mining mobility by up to 80%.

This truck, which can transport 290 tons, runs on a hydrogen-powered battery with a
capacity of 2 megawatts. It generates more power than equivalent diesel models. The truck has

a 1.2 MWh battery pack consisting of several cells with a capacity of 800 kW each.

The new truck draws its energy from a solar panel farm that supplies a hydrogen
electrolyser. This is part of the NuGen ZEHS (Zero Emission Haulage Solution) system being
implemented at the mine. The project is due to start in 2026, and is a very important piece of
the jigsaw that will enable Anglo American's eight mines to be carbon-neutral by 2030 (2040
for the group's entire operations).

This initiative will be closely watched by other mining companies, which are under pressure to
improve their carbon footprint. Hydrogen is clearly part of the solution for these traditionally

high-polluting companies.

In the program presented above, the plan is to use undeveloped land to install solar
panels, generate electricity and produce hydrogen using an electrolyser. Nonetheless, if the
intermediate stage could be avoided and hydrogen could be produced directly from solar

energy, it would avoid losses associated with this intermediate step.

3. Solar energy to hydrogen

To meet future hydrogen needs, it is necessary to find other streams of production than
those shown in Figure 3. Indeed, the transformation of electricity from renewable energies into
hydrogen seems interesting to fluidify production variations, but the losses linked to a double
transformation (electricity-hydrogen-electricity) with the current electrolysers and fuel cells are
high. Indeed, the efficiency of an electrolyser is between 60 and 75%, and the efficiency of fuel
cells is currently 50%. The overall efficiency is therefore around 35% 22, which is still relatively
low. Avoiding too many intermediaries, therefore, seems to be an interesting option. Among
the energy sources, the sun seems to be the most promising. The amount of energy received by
the Earth is considerable. Every year, the Earth receives 1,070,000 petawatt-hours (PWh, or
10'> Wh), which is more than 9,000 times the world's annual energy consumption (116 PWh in
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2019 according to the International Energy Agency (IEA))*. Exploiting only 0.0001% of this

energy would therefore be enough to cover the planet's energy demand.
3.1 Water splitting

One method of converting solar energy that has been studied extensively and on which
many hopes are based is “water splitting”. This is a process that results in the dissociation of
hydrogen and oxygen from water as a result of an external energy input (equation 3). The

balance of the decomposition of a water molecule is as follows:
H,O — Hy + % 0, E=1,23V  A,G° = 241k] Eq.3

It is established, for one mole of water:

Since the water molecule H2O consists of two O-H bonds, each of which has a molar energy of
460 kJ, breaking them absorbs 2 x 460 = 920 kJ. The reassembling of the gaseous dihydrogen
molecules produces an energy input: 2 H — Hy +432kJ;

The reassembling of oxygen releases: 2 O — Oz + 494 kJ, so 247 kJ per mole of initial water.

The overall balance is therefore an absorption of:
920kJ — 432kJ — 247k] =241 kJ Eq.4

Thus, the production of two grams of hydrogen by cracking one mole of water (without taking
losses into account) requires the input of 241 kJ, and 120,500 kJ to produce 1 kg of hydrogen
or 33.5 kWh/kg of hydrogen.

The overall splitting of water is generally difficult to achieve due to the bottom-up
nature of the reaction. The redox process is separable into two half-reactions: the reduction of
two protons to H (equation 5) and the oxidation of water to O, (equation 6) with a flow of
electrons between the two processes.

2H* 4+ 2e~ - H, Eq.5
H,0 > 1/,0, + 2H* + 2¢™ Eq.6
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3.2 Photocatalyzed hydrogen production system

In this work, we mainly focused on the photocatalyzed hydrogen evolution reaction
(HER). The main feature of our systems is based on charge separation: each absorbed photon
leads to the transfer of an electron in a given direction (Figure 6). This is achieved by a potential
difference between the catalyst and the photosensitiser. The main components of these
photochemical hydrogen evolution systems are a photosensitiser (PS) that captures the light, a
proton reduction catalyst (Cat) and an electron bridge (not necessary) (B) that connects them
(Figure 6). A sacrificial electron donor such as EDTA, Et3N, triethanolamine (TEOA), sodium
ascorbate... is therefore needed to regenerate the oxidised photosensitiser.>* These sacrificial
donors are therefore substitutes for H>O. This regeneration of the photosensitizer is key

parameter to allow efficient hydrogen generation.

Light e e’

Donor m m H2
Oxidizedg‘ . .
Donor 2H

Figure 6-Simplified scheme of a monocomponent system for H2 photoproduction using a light-harvesting

photosensitizer (PS), a reduction catalyst (Cat) and an electron bridge (B)

In the literature, several H» photoproduction systems based on transition metal

25 26 27

complexes such as ruthenium?, osmium?® or iridium?’ as photosensitisers and platinum?®,
cobalt® or palladium?®® as catalytic centres have been studied. Their potential to produce
dihydrogen is characterized by two main characteristics, namely the turnover number (TON),
defined as the number of moles of substrate that one mole of catalyst can convert before
becoming inactivated, and the turnover frequency (TOF) corresponding to the number of

revolutions of the catalytic cycle per unit of time.
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As catalytic centres for proton reduction are already well studied (green part in the
Figure 6), and the feasibility of this part of the reaction is no longer in doubt, we studied only
photosensitisers (red part in the Figure 6) although it would be interesting to test the whole

reaction chain in the future.

3.3 Catalytic centres

Even though it is not specifically studied here, it is worth briefly mentioning and
explaining these catalytic centres. The best-performing catalysts to date are made of platinum,
a rare and expensive noble metal, which makes the process too costly for industrial use. It was
therefore necessary to develop alternative catalysts, made from non-noble metals, that would
be just as effective in synthesizing hydrogen. Cobalt quickly emerged as a good alternative. In
the literature, a certain number of studies about cobalt as a catalytic centre for H> production
can be found. For example, Xie et.al have achieved good results by designing a catalytic
complex based on cobalt and a special ligand, phthalocyanine (Figure 7). This homogeneous
system was tested with a ruthenium-based photosensitizer and triethylamine (TEA) as a
sacrificial electron donor. The system gives up to 2400 TON versus the catalyst with an initial

TOF as high as 680 TON h!1.3

‘(I S

2TEA /

+ [Ru"(bpy);]Cl, [Co"Pe(-2)]

Decomposition

Figure 7-homogeneous system with ruthenium-based photosensitizer 3°

3.4 Photosensitizers

As mentioned above, different transition metals can be good candidates. However, in
this master thesis, we focused our efforts on Iridium (Ir) (IIT) complexes. Since the beginning

of the 21st century, Ir(Ill) compounds have emerged as promising candidates for various
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applications (OLED for example), but especially for photoredox catalysis. The success of Ir(III)
complexes has made its way into the world of research thanks to several properties. Indeed, it
has relatively long-lived excited states and exceptional photo- and redox stability (concepts
explained in the following chapter). But if we were to retain the main asset of these complexes,
it would certainly be their ability to accommodate up to three cyclometalated (Ir-C) bonds,
which offers many tunability options. The number of Ir-C bonds influences the frontier orbitals
of the complex due to the difference in o-donation ability between the Ir-C and Ir-N bonds.
Among the combinations of cyclometalated and polypyridine ligands, [Ir(N-C)2(N-N)]*
appears to be of great interest as it allows the independent tuning of the HOMO energy
(modifying the C”N ligand) and the LUMO energy (by modifying the N*N ligand). Thus, the
HOMO-LUMO gap can then be finely tuned to control the reactivity of the photosensitizers
towards photoinduced oxidation and reduction processes.?’

The modus operandi of a TCS (three-component system) is the following: upon light
absorption, PS is promoted to its excited state and acquires at the same time enhanced, in our
case, reductive power (can be oxidative power). Thermodynamically speaking, E(PS*/PS") is
superior to E(PS/PS), i.e. (E(PS*/PS") = E(PS/PS") + Eqo, where Eqo is the lowest excited state
energy, and PS* is therefore more prone to harvest an electron from the nearby donor, here a

sacrificial electron donor (SD) (equation 7).3!

PS* + SD — PS" + SD*Eq.7

In this case, PS ends up in a reduced state, which is why quenching of PS* by an electron

donor is referred to as “reductive quenching” (RQ).

3.5 Sacrificial electron donor

In the equation 7, the PS is quenched by an electron donor mentioned as a sacrificial
electron donor. The sacrificial electron donor (SD) is a simple molecule that is mandatory to
drive photo-induced reactions aiming at producing high-added value molecules by photo-
induced reduction of low energy value substrates (Figure 8). Tertiary aliphatic amines are
probably the most used sacrificial donors to fuel photochemical reduction reactions. This class
of molecules is epitomized by well-known triethylamine (TEA) and triethanolamine (TEOA).

Both were employed in the pioneering works setting the bases for a TCS, with the general
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purpose of photo-producing hydrogen gas or photo-decomposing CO,. TEA and TEOA display
very similar features: they exhibit irreversible oxidation potentials around 0.7 V vs. SCE

making them thermodynamically able to be part of similar electron transfer processes.>!

hv
PS PS* sSD
CAT+H, J
PS" SD*
CAT+2H*

Reductive quenching (RQ)

Figure 8-- reductive quenching in a system with photosensitizer3!

4. Electronic Configuration of [Ir(N-C)2(N-N)]* Complexes

For a better understanding of the last section, it is relevant to further detail the theory of
LCAO (linear combination of atomic orbitals). This theory is based on the study of the energy
of the orbitals associated with a group of atoms. It allows the orbitals to be modelled at the scale
of the molecule. Transition metal complexes are compounds formed because of coordination
bonding between one or more mono- or polydentate ligands and an atom from block d of the
periodic table. These bonds result from the sharing of electron doublets present at the
coordination sites of the ligands with the metal ion which has empty d orbitals. Thus, following
the LCAO theory, the complexation of ligands on a metal ion comes from the formation of
molecular orbitals by linear combination of the molecular orbitals of the ligands with the atomic
orbitals of the central metal atom (Iridium (III) in our case). Molecular orbitals and the atomic

orbitals that give rise to them are represented in linear combination on the same schematic
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energy diagram. For example, for homonuclear diatomic molecules built from the first elements

of the second period, the diagram looks like the Figure 9.3

Figure 9-LCAO diagram for an homonuclear diatomic molecule 32

The Valence Bond Theory fails to answer certain questions like why He> molecule does not
exist and why O; is paramagnetic. Therefore in 1932 F. Hood and R.S. Mulliken came up with
Molecular Orbital Theory to explain questions like the ones above. According to the Molecular
Orbital Theory, individual atoms combine to form molecular orbitals. Thus, the electrons of an
atom are present in various atomic orbitals and are associated with several nuclei.*?

We know that we can consider electrons as either particle or wave nature. Therefore, we
can describe an electron in an atom as occupying an atomic orbital, or by a wave function V.
These are solutions to the Schrodinger wave equation. Electrons in a molecule occupy
molecular orbitals.

In the case of ML¢ compounds, the mixing of the atomic orbitals of the metal with the
molecular orbitals of the ligands leads to various molecular orbitals centred both on the metal
and on the ligand. The energy levels associated with these are shown in the Figure 10. Among
the 6 molecular orbitals presented, 3 are of lower energy and are said to be bonding
(0y, T, , Ty ), while the other 3 are of higher energy and are said to be anti-bonding (oy;, 7T} , op).

Among these different molecular orbitals, two of them are of particular interest in the case of
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absorption and emissions processes, the LUMO (Lowest Unoccupied Molecular Orbital) and

the HOMO (Highest Occupied Molecular Orbital).?*

A

Energy

T c-N

T N-
C-N N-N

N-N
T - LUMO

CT

TC-N
dr Homo TIN-N

LL

C-N
N-N
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C-N ligands
N-N ligands

Iridium

Figure 10-Simplified energy diagram for a bis-cyclometalated Irlll complex [Ir(C-N)2(N- N)J*. 34

Based on the diagram above, it is possible to deduce the different types of electronic
transition between orbitales when the resulting complex is subject to excitation by photon.** If
the energy of the photon is sufficient, an electron from an orbital of energy less or equal to the
HOMO, is then be transferred to an unoccupied orbital of higher energy. These transitions are

classified following their orbitals involved:

e LC (Ligand Cantered): this transition implies the transfer of one electron from the
orbital mto the non-bonding orbital n*iof the same ligand (1 stands for “ligand”) and

can be observed in the near-UV region.

e MC (Metal Cantered): this transition implies the transfer of one electron from the
orbital dmm to the non-bonding orbital dn'm of the metal centre (m stands for
“metal”). Due to the high energy of the non-bonding orbital, this transition usually

lies in the UV range and the return of the electron to the ground state is not emissive
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e CT (charge transfer): this reaction implies a change in the oxidation state of the
metal and the Ligand resulting from “internal” electron transfer. There are two

possible charge transfer processes:

o MLCT (Metal-to-Ligand Charge Transfer): this transition implies the transfer of
one electron from the orbital dmnof the metal centre to the non-bonding orbital
n*iof a ligand. MLCT results in oxidation of the metal centre and reduction of a
ligand implying a change in the polarity of the complex due to charge separation
process.

o LLCT (Ligand-to-Ligand Charge Transfer): this transition implies the transfer
of one electron from the orbital mto the non-bonding orbital n* of the different

ligand implying, as observed for MLCT, a charge separation within the complex.

These transitions are visible in different regions of the emission spectrum as shown in

Figure 11.
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Figure 11-UV-visible absorption spectrum of [Ir(ppy)2(bpy)]* in acetonitrile at room temperature.3*

[Ir(ppy)2(bpy)]" complexes have been part of many research because they possess
spatially separated frontier orbitals. This is interesting to study because it enables the

independent tuning of HOMO and LUMO levels.
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Bis-cyclometalated Ir(III) complexes show a high versatility of their photo- and
electrochemical properties. By changing the chemical structure of the different ligands, it is
possible to tune their absorption and emission colours. But in addition to that, the oxidation and
reduction potentials are also strongly impacted by the modification of the ligands. Usually,
electron-withdrawing groups stabilize the HOMO and the LUMO whereas electron-donating
groups destabilize them. As an example, the widely accepted paradigm to achieve lower
energetic wavelength absorption, the HOMO can be destabilized with electron-donating groups
located on the phenyl ring of the C*N ligands and the LUMO be stabilized with electron-
withdrawing groups located on the ancillary NN ligand. The most used electron-withdrawing

groups used are fluorine atoms.>?

5. Excited-States Properties

Following the promotion of an electron in a vacant orbital of higher energy after the
absorption of a photon, different types of phenomena can occur to dissipate the stored energy
and thus make the complex go back to its fundamental energy state. All these phenomena can
be illustrated in a Jablonski diagram (Figure 12) in which a multitude of energy levels through
which the molecule studied can pass are represented. Initially the molecule is in the singlet
ground state (two paired electrons of antiparallel spin) represented by the symbol So. The
absorption of a photon leads to the formation of an excited state of type S, (n=1,2,3,...), which
itself can lead to a triplet excited state Ty by inter-system crossing (ISC) favoured by heavy

atom effect.

The complex in the ground state Sp is excited to a S, state. Only these transitions are
allowed due to the selection rules that prevent the change of multiplicity of the complex during
the transition to the excited state. The complex once excited returns very quickly to the S1 state

by non-radiative deactivation such as vibrational relaxation or internal conversion (IC).?
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Figure 12-Jablonski-Perrin diagram and intramolecular deactivation pathways for a hypothetic molecule. 3¢

From this excited state S1, three phenomena compete:

e A non-radiative relaxation in the form of an internal conversion bringing the molecule

back to its fundamental level So.

o A radiative relaxation with the emission of a photo of energy corresponding to the

energy difference between Si and So. This is referred to as fluorescence.

o A non-radiative relaxation in the form of an intersystem crossing leading to a Triplet T
state of lower energy than S;. This transition, theoretically forbidden, can however be

observed thanks to spin-orbit coupling.

Finally, from this last T, state, two types of relaxations can be envisaged, the dominance
of one over the other varying according to environmental parameters such as the presence of

oxygen, the temperature, or the viscosity of the medium.

o Spontaneous non-radiative relaxation following collisions with the surrounding

molecules.

o A radiative relaxation termed phosphorescence.
Fluorescence or phosphorescence processes can only take place from the S; or T state

respectively. This is the Kasha rule (Kasha, 1950). Finally, the term luminescence is often used
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when the photon emission comes from both the fluorescence and phosphorescence processes
or when an uncertainty remains on which process really happens upon radiative decay back to

the ground state.

5.1 Photoinduced electron transfer

Photoinduced electron transfer is often responsible for luminescence inhibition. This

process is involved in many photochemical reactions. It plays an important role in

photosynthesis and in artificial systems for solar energy conversion based on charge separation.

Reduction by electron transfer
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Figure 13-lllustration of oxidation and reduction electron transfer.

A photo-induced electron transfer (PET) is a photochemical process involving the
transfer of an electron between a donor (D) and an acceptor (A). This transfer can be oxidative

(equation 8) or reductive (equation 9) depending on which molecule is excited (Figure 13).3*

D*+A->D*+ A" Eq.8
A*+D->A"+D*Eq9
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These redox reactions occur exclusively under light excitation and are not
thermodynamically favoured when molecules are in their ground state. Upon irradiation, a
compound becomes a better electron donor (reductant) and acceptor (oxidant). This
phenomenon arises from the excess of energy stored after light excitation and leads to an

enhancement of the redox potentials as compared to the ground state.>*

Interestingly, the redox potentials of an excited state can be estimated thanks to the

following expressions.

E*red = Ered + Eo-0 Eq.10
E*ox =Eox - Eo-0Eq.11

Eox and Ered are the redox potentials of the ground state while Eo.o is the energy of the
transition between the lowest-energy excited state and the ground state, each one being in its 0
vibrational level. Usually, Eo.o is assimilated to the energy associated to the maximum emission
wavelength of the given molecule. Based on the previous equations 10 and 11, the empirical
Rehm-Weller relationship provides an estimate of the PET (photoinduced electron transfer)

driving force.>*

AGper = Epip+ — Ea-1a — Eo0— e2ca Eq.12

Epp+ and Ea-a represent respectively the oxidation potential of the donor and the
reduction potential of the acceptor. Eo.o is the energy of the transition 0-0 as mentioned before
and the last term (e2/ea) describes the coulombic interaction between the two charged species
which are formed by the reaction (e = elementary charge, € = dielectric constant of the medium,

a = distance between the species).**

Electron transfer quickly suggests electrochemistry, but the fields involved are much
broader, touching on solid-state chemistry, biology (photosynthesis, cellular respiration, etc.),
electron microscopy and more. Only transfers between metal centres and ligands were dealt

with in the following, but this is only a small area of electron transfer.
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6. Analyses of photophysical properties for future application

After having gone through the different ways of excitations and de-excitations, we are
going to focus on what interests us: to take advantage of photon excitation to produce hydrogen.
In this master thesis, we focused on the interactions between different photosensitizers and

sacrificial electron donors to optimize the electron transfer to produce hydrogen.

The importance of the excited state lifetime must therefore be emphasized because it
represents the experimental time window through which photo-induced electron transfer
processes, which are of similar duration and therefore competitive with the intrinsic de-
excitation, can be observed. It should therefore be checked whether an excited molecule M (in
our case a metal complex) can interact with another molecule Q according to the scheme below

(Figure 14) in which the kq represents the rate constant observed for the bimolecular process.?

k
q
M*+Q S « products »
hv | | Ky=1/1,
M+Q

Figure 14-Differets pathways of a quenching reaction

To study the competition between these two processes (intermolecular reactivity and
intrinsic deactivation of the excited state), we performed different analyses. This goal, i.e. to

assess the reactivity of the excited state, can be probed by Stern-Volmer analysis.

7. Stern-Volmer

The Stern-Volmer equation, named after the physicists Otto Stern and Max Volmer,

describes the kinetics of an intermolecular photochemical deactivation mechanism.
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As shown above, examples of intramolecular deactivation mechanisms are fluorescence
and phosphorescence. In contrast, intermolecular photo-induced deactivation is the action of a
chemical species on accelerating the disappearance of another chemical species in the excited
state. In general, this mechanism was represented by the Figure 14, where M and Q (called a
"quencher") are chemical species, and * denotes an excited state. Emission spectroscopy,
probing the gradual disappearance of the emission of A upon addition of increased
concentration of quencher allows to monitor and quantify this quenching process. This

experiment is called a “Stern-Volmer” analysis.

The kinetics of this mechanism obey the so-called Stern-Volmer equation:

0
L =1+ k,7o.[Q] Eq.13
Iy

Where
o I]9 is the fluorescence intensity without any quencher
e [ is the fluorescence intensity in presence of quencher
e kg is the quenching rate constant
e 1, is the excited lifetime of A without quencher

e [Q] is the quencher concentration
8. Marcus Theory

8.1 Why study the Marcus curve?

With the data obtained from the various analyses explained above, we might already
have a good idea of how the different photosensitizer would behave, but it would be interesting
to be able to exploit these data to determine kinetic constant for the induced photoelectron’s
transfer. It helped us to select the best candidates for use in our final chain shown in the Figure
6. Indeed, as explained in the section, the aim is to be able to have a directional electron transfer
from electron donor to the photosensitizer to efficiently regenerate the photocatalyst during the
HER process. To achieve this, we need to optimize the driving force and the kinetic of this

electron transfer event. Marcus' theory of electron transfer allows us to corelate the rate constant
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of electron transfer (ker) to the standard free enthalpy of reaction (AGe).>’” This method
explained below may therefore be interesting to analyse and assess the efficiency of the studied
electron transfer event. But before going any further, it's worth taking a closer look at the theory

itself.
8.2 Marcus theory

Marcus' theory has been developed by the Canadian scientist Rudolph Arthur Marcus
and combines kinetic and thermodynamic parameters to predict the kinetic rate constants of
electron transfer (ker) using different physical parameters. The most important among them are
the driving force of the electron transfer (AG®), the reorganization energy before and after the
electron transfer process ) and the electronic coupling between the donor (D) and the acceptor
(A) wave functions, Hp4.3” His observations led to equation 14 that can describe the behaviours

of the complexes. A is a constant to simplify the original equation.

_(a6°+2)?

ko = Ae( i) A~1x101t M~1s71 Eq 14

The reorganisation energy (A) is the energy required for the distortion of a state
(precursor) towards the equilibrium geometry of another state (successor). A includes a part of
energy of reorganization of the chemical bonds ( Adin inner sphere) and a reorganization of the
solvent molecules ( Aout Outer sphere). Ain is often neglected because it is very small compared
to Aout.”’

Electron transfer reactions involve the movement of an electron from a donor species to
an acceptor species. During this process, the system undergoes a reorganization in its
environment to accommodate the charge transfer. The reorganization energy represents the
energy required for the surrounding medium to adjust and stabilize itself after the charge
transfer occurs. It encompasses the changes in the structure and polarization of the solvent,
including the rearrangement of solvent molecules, reorientation of dipoles, and relaxation of
the surrounding electric field.

In Marcus theory, the overall rate of an electron transfer reaction is influenced by the
reorganization energy. A higher reorganization energy leads to a slower reaction rate, as more
energy is required to reorganize the environment. Conversely, a lower reorganization energy

facilitates faster electron transfer.
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The electronic coupling (Hp4) describes the stabilization energy gained from the

interaction between the wave functions of the donor (D) and the acceptor (A).

The Marcus curve represents the relationship between the reaction rate (kgr) and the

driving force (AG) of an electron transfer reaction. The curve typically exhibits three distinct

regions: the normal region, the saturation region, and the inverted region.

Normal Region: The normal region of the Marcus curve is characterized by a
positive slope, indicating that the reaction rate increases as the driving force
increases. In this region, the reorganization energy (A) is lower than the driving
force. This region is often observed at smaller negative values of AG (second

diagram in Figure 15).

Barrierless Region: this region of the Marcus curve represents the region where
the reaction rate plateaus and reaches its maximum value. In this region, the

reorganization energy is equal the driving force (third diagram in Figure 15).

Inverted Region: The inverted region of the Marcus curve refers to the region
where the reaction rate decreases as the driving force increases. This occurs
when the driving force get higher than the reorganization energy (A). This
recreates an activation barrier as shown in the Figure 15. The larger the driving
force is compared to the reorganization energy, the higher the energy barrier will
be, resulting in slower reaction rates. The inverted region is thus theoretically

observed at large negative values of AG (last diagram in Figure 15).

It's important to note that the shape and position of the Marcus curve can be influenced

by various factors, such as temperature, solvent properties, and the specific molecular systems

involved. The curve thus provides insights into the relationship between reaction rates and

driving forces in electron transfer processes, allowing for the analysis, and understanding of

redox reactions in different environments.
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Figure 15-Evolution of the electron transfer kinetics as a function of the reorganization energy and the driving

force 37

8.3 Diffusion boundary problem

This introduction on Marcus’ theory suggest that it is relatively simple to measure Ket
and observe the inverse region, but this inverse region took a long time to be proven. It has even
been controversial for a while by a part of the scientific world. It is only 28 years after the
discovery of this equation by Marcus that it could really be proven. This earned him a Nobel
Prize in 1992 "for his contribution to the theory of electron transfer reactions in chemical
systems". The difficulty comes from the experimental measurement, which does not correspond
to the speed constant of the single act of electron transfer, but of the overall process described

in the equation 15 below.
1+2s[1:2] > [1*:27] > 1T + 27 Eq.15

It is only in 1984 that Closs and Miller sought to overcome this limitation by using a
rigid spacer between donor and acceptor (Figure 16).>® They thus studied an intramolecular
transfer so as not to be hindered by diffusion (k. and k.,). This enabled the inverse region to be
observed for the first time. Indeed, by changing the nature of the donor and acceptor, they

modified the value of AE® and obtained a curve with an inverted region.
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Il Objectives and Strategy

The overall objective of this master thesis is the synthesis and comprehensive
photophysical and photochemical characterization of 9 mononuclear Ir(Ill) complexes
[Ir(piq)2(LL)]".PFs for electron transfer studies. The ultimate goal would be to use these
compounds in photo-induced hydrogen molecular devices. To obtain these photosensitizers, we
first synthesized (i) the precursor which is an iridium dimer [Ir(piq).Cl]>. Once achieved, the
dimers were coupled to 9 di-imine ligands (bipyridines and bipyrazine) in order to obtain these
9 photosensitizers (Figure 17). Several synthetic methods were tested and moderate to good

yields for the synthesis were obtained.
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[Ir(pig)2(bpy)]* (1): Ry =Ry = R3 =
[Ir(pig)x(4,4’-(CH ) bpy)] (2)R CHs, R2=Rz=H
[Ir(piq)2(5,5'-(CH3)p-bpy)]” (3): Ry = H, Ry = CH3, R3 = H
[Ir(piq)2(6,6'-(CHg)2-bpy)]* (4): Ry =Ry =H, Rz = CH3
[Ir(piq)o(4,4'-(Bu)p-bpy)I* (5): R1 Bu,R,=R3=H
[Ir(piq)2(4,4'-(CoH10)2-bpy)]* (6): Ry = (CH,)sCH3 R, =R3 =H
[Ir(piq).(4,4'-(OCH3)-bpyy)I* (7): R1 =0CH3, R =R3=H
[Ir(piq)2(4,4-(Br)o-bpy)]* (8): Ry =Br, R, =Rz =H

[Ir(piq)2(big)]* (9): big = 2,2'-biquinoline

Figure 17-The series of [Ir(piq)z(LL)]*.PFs~ photosensitizers investigated in the present work. 3°

To determine the feasibility of a quenching reaction of our photosensitizer, we
characterized the photophysical and electrochemical properties of the different Ir(III)
complexes. These results allowed us to investigate excited-state electron transfer with
sacrificial electron donors that included triethanolamine (TEOA), triethylamine (TEA) and 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) in acetonitrile. The results
presented hereafter were published in Photochemical & Photobiological Sciences by

Springer.®
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[l Results and discussion

1 Synthesis

1.1 Synthesis of the iridium precursor

The synthetic approach to produce the series of iridium(III) photosensitizers relied on
the use of iridium complexes with two cyclometalating piq ligands (pigH = 1-
phenylisoquinoline). These ligands are relatively electron-rich, and cyclometalating ligands
that are also known to increase the molar absorption coefficient of the resulting photosensitizers
in the visible range*’. The synthesis proceeded via the chelation of the cyclometalated ligands
(providing an Ir(II) dichloro-bridged dimer), as described by Nonoyama*!' (Figure 18). To
synthesize this dimer, we mixed IrCl3.H20 and 1-phenylisoquinoline. We introduced more than
twice the amount of the latest to ensure a good yield. The solvent of the reaction was 2-
ethoxyethanol and water (ratio 3/1). The reaction mixture was heated to reflux under microwave
(130°C, one hour, 200W) under inert atmosphere. After cooling to room temperature, addition

of water led to the formation of a precipitate. This red powder is washed and filtered with water

and then with diethyl ether and finally dried under vacuum.

CL

EthoxyethanolH:0 ||
3:1

Figure 18-Synthetic scheme for the synthesis of Ir(lll) dimers, precursors of the complexes.

Synthesis of Ligands

All the ligands were commercially available. It was thus not necessary to synthetize them for

this master thesis.
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1.2 Synthesis of [Ir(piqg)2(LL)]

After obtaining the dimers, the final complexes were obtained by the addition of N*N
ligand. The N”N ligands were systematically varied over a wide range of ligand substitutions,
which included 2,2’-bipyridine (bpy), 4,4’-, 5,5°, and 6,6’-(CH3):-2,2’-bipyridine, 4,4’-
(OCH3)2-2,2’-bipyridine, 4,4’-('‘Bu)2-2,2’-bipyridine, 4,4’-(CoH19)>-2,2’-bipyridine, 4,4’-(Br)2-
2,2’-bipyridine as well as 2,2’-biquinoline (biq). The modifications of the N*N diimine ligands
influenced the LUMO energy level of each complex, which in turn altered the visible light
absorption properties, as well as the ground-state and excited-state reduction potentials,

E12(Ir"™?). To add the N~N ligands to the Iridium dimer, we used two different methods.

The first method of synthesis consisted in the addition of Ir(IIl) chloro-bridged dimer
[Ir(piq)2p-Cl]2 and the N*N ligand in an ethylene glycol solution in a microwave tube (Figure
19.1). The reaction mixture was heated in an inert atmosphere (argon) at 200W (microwave),
130°C for one hour. After reaction, the orange-red mixture was cooled down to room
temperature. The resulting solution was treated with different volumes of milliQ water and an
excess of NH4PF¢ was then added. The complex was isolated by centrifugation and was washed
3 times with milliQ water and 3 times with diethyl ether to give the desired complexes with
yields that ranged from 36 to 67 %. This first method was relatively effective, but there were
problems with purity. There were many traces of precursors at the end of the synthesis. This
necessitated the use of column purification, which led to losses in the final yield. We therefore
tested a new synthesis method to obtain a better yield and at the same time reduce the synthesis

time by reducing the post-production processing time.

|
|/ N7 N7 SN \\\1 X 1. Ethylene glycol ﬂ/\\\r/\\N < A T ”
L,:;c\ | o | e~ N 1h MW at 200w 130°C Lot | NS
- ~ - + 2 = ) -
~. / . A
4-‘\0/|\C| SCA N 2. DCM/Methanol 1:2 Z ¢ ] N X
L\:;J N N A A 24h reflux ™ /‘\/ Ny Ay
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| /\-]/ [x “\ -
N ~ N

Figure 19-Synthetic scheme for the synthesis of [Ir(piq)(LL)]
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For the second method of synthesis, it consisted in placing the Ir(IlI) chloro-bridged
dimer [Ir(piq)2pu-Cl]2 and the corresponding diimine ligand in a sealed tube under argon
atmosphere in a solution of methanol and dichloromethane mixture (Figure 19.2). The reaction
was heated at 60 °C for 24 hours. After reaction, the orange-red mixture was cooled down to
room temperature. The DCM fraction was evaporated, and the resulting solution was treated
with different volumes of milliQ water and an excess of NH4PF¢ was then added. The complex
was isolated by centrifugation and was washed 3 times with milliQ water and 3 times with

diethyl ether to give the desired complexes with yields that ranged from 57 to 82 %.

This second method of synthesis allowed for better yields and cleaner products. Indeed,
we have on average a yield of 50% for the first method and an average yield of 71% for the
second. To ensure good purity of the compounds, we proceeded to an NMR analysis of all the

products obtained.

2 Photophysics

In order to understand the behaviour of the molecules, it is important to study the
physical properties of the complexes, and thus their absorption and emission of light. To do so,
we made different analysis described below. All the data of photophysical properties of

photosensitizers 1-9 are listed in Table 1.

Table 1. Photophysical properties of photosensitizers 1-9 recorded in acetonitrile

Compound Abs (g) Limax 7 (ns) o? k. (x10%™) ke (x10%s71)
[Ir(piq)2(bpy)]* (1) 438 (6300) 30,594 2580  0.108 (0.024) 4.84 0.34
[Ir(piq)2(d,4’-(CH3)-bpy)[* (2) 440 (6500) 31,593 3210  0.143(0.025) 476 0.26
[Ir(piq)2(5,5'-(CH3)-bpy)[* (3) 440 (6000) 29,594 3160  0.151(0.024) 4.83 0.27
[Ir(piq)2(6,6’-(CH3)-bpy)[* (4) 434 (6000) 37,601 3350  0.143(0.027) 420 0.26
[Ir(piq)(d,4-(Bu)-bpy)l* (5) 441 (5900) 30,594 1410  0.145 (0.022) 10.6 0.60
[Ir(pigq)2(d,4’-(CoHio)-bpy)|* (6) 441 (6200) 30,592 3180  0.137 (0.053) 431 0.27
[Ir(piq)2(d,-(OCH3)-bpy)|* (7) 442 (5900) 30,596 2960  0.161 (0.030) 5.52 0.28
Ir(piq)2(4,4>-(Br)2-bpy)|* (8) 436 (5400) 35 250 0.029 (0.020) 12.1 3.88
[Ir(piq)2(biq)]* (9) 427 (7900) 69 313 0.063 (0.044) 20.4 2.99

*Values for air-equilibrated solution in parenthesis
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2.1 Absorption spectroscopy

The photophysical behaviour of the different Ir(IIl) based photosensitizers have been
first studied by absorption spectroscopy (Figure 20). As explained in the introduction part, this
analysis is interesting to understand the complexes photophysical properties. The UV-visible
absorption features of all complexes were characterized by strong ligand-centred (LC)
absorption bands in the UV region (Figure 20). The transitions observed at wavelengths greater
than 350 nm are often assigned to mixed metal-to-ligand (MLCT) and ligand-to-ligand (LLCT)
charge transfer bands as well as metal-ligand-to-ligand charge transfer (MLLCT) from the
cyclometalating ligand to the NN ligand**4?#43, These transitions were determined to have

molar absorption coefficients in the 5400-7900 M~'cm™ range at 427-442 nm (Table 1).

70 y . r . r T . T
— [Ir(piq),(bpy)]’
— [Ir(piq),(4,4'-(Bu),bpy)I’
[Ir(piq),(6,6'-(CH,),-bpy)I"
— [Ir(pia),(5,5'-(CH,),-bpy)I"
[Ir(piq),(4,4'-(CH,),-bpy)I’
(piq)
(piq)
(piq)
(piq)

— [Ir(piq),(4,4'(Br),-bpy)I"
[Ir(piq),(4,4'-(OCH,),-bpy)I" -

— [Ir(piq),(biq)]
—— [Ir(piq),(4,4'-(C,H,o),-bpy)]" |

Molar Absorption Coefficient (x10° M”'ecm™)

300 ' 460 ' 500 ' 600 ' 7(')0 ' 800
Wavelength (nm)
Figure 20-UV-visible absorption spectra Ir(piq)2(bpy)]+ (black), [Ir(piq)2(4,4’-(tBu)2-bpy)]+ (blue), [Ir(piq)2(6,6’-
(CH3)2-bpy)]+ (green), [Ir(piq)2(5,5’-(CH3)2-bpy)]+ (light blue), [Ir(piq)2(4,4’-(CH3)2-bpy)]+ (red), [Ir(piq)2(4,4’-(Br)2-bpy)]+
(purple), [Ir(piq)2(4,4’-(OCH3)2-bpy)]+ (orange), [Ir(pig)2(big)]+ (olive) and [Ir(piq)2(4,4’-(C9H19)2-bpy)]+ (pale blue)

recorded in acetonitrile at room temperature under argon

On the Figure 20, all the [Ir(piq)2(bpy)]+ display very similar absorption spectra. Only
the [Ir(piq)2(biq)]* has a spectrum presenting slightly hypsochromic shift compared to the other
Ir(IlT) complexes. As shown in the introduction, ligands can influence the electronic structure
and energy levels. Ligand field effects arise from the interaction between the metal ion and the
ligands, leading to changes in the electronic transitions and spectral properties. As we only
modify N”N ligand, only LUMO energy is modified. In the case of biquinoline, LUMO is
destabilized with electron-donating groups as biquinoline can act as a t-conjugated system with
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delocalized m-electrons. The destabilisation of the LUMO enhance the gap between HOMO-
LUMO and thus the absorption will occur in a higher energy.

2.2 Emission spectroscopy and excited state lifetime

After the analysis of the absorption of the compounds, we wanted to analyse their
emissions (Figure 21). The emission wavelength is related to the energy difference between
the excited state and the ground state of the complex (HOMO-LUMO gap). If the energy gap
between these states is larger, the emitted light will have a longer wavelength. Thus, the same
reasoning applies as to absorption, the LUMO will be destabilized with electron-donating
groups of biquinoline, which will increase the HOMO-LUMO gap and therefore, as seen in the

Figure 21, the emission spectrum of complex 9 (dark green) are shifted bathochromically.

14

— [I'r(piq)2(4,:1'-(CH3)2-1'>py)]* L [Ir(piq)z'(bpy)]+ —_ Elr(piq)z(bi'q)]’

1.24——[Ir(piq),(5,5'-(CH,),-bpy)I’ [Ir(pig),(4,4'-(OCH,),-bpy)]" —— [Ir(piq),(4,4'-(Bu),-bpy)]" 1
] [Ir(piq),(6,6'-(CH,),-bpy)I" — [Ir(piq),(4,4-(Br),-bpy)]" —— [Ir(piq),(4,4'-(C,H,,),-bpy)]" ]
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Figure 21 -UV-visible emission spectra Ir(piq)2(bpy)]+ (black), [Ir(pig)2(4,4’-(tBu)2-bpy)]+ (blue), [Ir(piq)2(6,6’-
(CH3)2-bpy)]+ (green), [Ir(piq)2(5,5’-(CH3)2-bpy)]+ (light blue), [Ir(piq)2(4,4’-(CH3)2-bpy)]+ (red), [Ir(piq)2(4,4’-(Br)2-bpy)]+
(purple), [Ir(piq)2(4,4’-(OCH3)2-bpy)]+ (orange), [Ir(pig)2(big)]+ (olive) and [Ir(pig)2(4,4’-(C9H19)2-bpy)]+ (pale blue)

recorded in acetonitrile at room temperature under argon

The complexes were excited in the visible blue light range (440 nm). Blue light
excitation yielded photoluminescence (PL) decays that were in all cases well described using a
bi-exponential decay. Irrespective of the nature of the photosensitizer, a short excited-state
lifetime (15 + 2 ns) was measured in all cases, which probably arose from a piq-centered
deactivation. The second component of the excited-state lifetime, tabulated in Table 1, was

strongly influenced by the nature of the N*N ligand, where electron withdrawing groups such
46



as in 4,4’-(Br)2-2,2’-bipyridine and 2,2’-biquinoline exhibited shorter excited-state lifetimes (7)
of 250 and 313 ns, respectively, while photosensitizers bearing more electron-rich ligands

exhibited lifetimes values between 1.41 us and 3.35 us, (Table 1).

2.3 Quantum yields

The photoluminescence quantum yields (¢pL), under air and in argon-purged solutions,
were determined by comparative actinometry (equation 16) using [Ru(bpy)s;]>" as the
actinometer (act)**. In equation 16, PL refers to the integrated photoluminescence spectra, A
to the absorbance of the solution at the excitation wavelength, and n to the refractive index of
the solvent. [Ir(piq)2(4,4’-(Br)2-bpy)]" and [Ir(piq)2(biq)]" each exhibited a moderate ¢pr of
0.029 and 0.063 under argon, respectively (Table 1). All other photosensitizers exhibited a ¢pr
between 0.108 and 0.161 under argon. Interestingly, for the photosensitizers with 7 greater than
1 us, ¢pL was always 4 to 6 times greater under argon than under air, indicating the possibility

of !0 photosensitization.

PLPS\ (1-10~4%"\ (52
B = o () (22 ) (22) g 16

1-10 Ru

2.4 Excited state lifetime

It consists in the excitation of a compound A via a small quantum of photon (flash) and
then we measure the decrease of the excited complex A* luminescence intensity. This decrease
follows an exponential trend described in equation 17. Integrating this equation over the time

gives the equation 18.

= =k + k)[4 Eq. 17

[4](8) = [A1(0)e[—Cky + ky)t] = [41(0)e (£) Eq. 18
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At any time t, the concentration of an excited state A* can thus be determined from its
initial concentration and its lifetime. Electron transfer from the excited state of the
photosensitizer to the acceptors is a fundamental step in the TCS (three-component system).
Comparing the excited state lifetimes helps in optimizing the electron transfer efficiency in
complex systems. Complexes with longer excited state lifetimes may indicate more favourable
energy level alignment and reduced non-radiative decay pathways, in turn leading to improved
electron transfer efficiency. By identifying complexes with longer excited state lifetimes,
researchers can focus on enhancing their stability, reducing relaxation losses, and optimizing
the conditions for efficient electron transfer.

Between all the synthetized complexes, only two have an excited lifetime below 500 ns.
Indeed Ir(piq)2(4,4’-(Br)2-bpy)]" and [Ir(piq)2(biq)]" have an excited lifetime of respectively
250 and 313 which is, compared to the other complexes, short.

3 Electrochemistry

3.1 Differential pulse and cyclic voltammetry

Cyclic voltammetry and pulse voltammetry (Figure 22) were used to determine the
oxidation and reduction potential of the reference complexes in their fundamental state. These
potentials were measured in CH3CN under inert atmosphere. The nine photosensitizers

IV/II

exhibited reversible Ir reduction waves at potentials centred between 1.21 and 1.33 V vs

NHE. The introduction of electron-withdrawing derivatives, such as 4,4’-(Br),-2,2’-bipyridine

and 2,2’-biquinoline had little influence on the Ir™/M

redox couple. On the other hand, the
ligand-centred reductions were strongly influenced by the nature of the substituents on the 2,2°-
bipyridine backbone. Compared to [Ir(piq)2(bpy)]*, which displayed a first one-electron ligand-
centred reduction at —1.35 V vs NHE, derivatives with electron donating substituents in the
4,4°, 5,5’ or 6,6 position shifted the reduction potentials 60-120 mV more negative. The
introduction of 4,4’-(CoH19)>-2,2’-bipyridine resulted in a 10 mV anodic shift compared to the
prototypical [Ir(piq)2(bpy)]". The most drastic shifts were observed for the photosensitizers
bearing 4,4’-(Br):-2,2’-bipyridine and 2,2’-biquinoline ligands, where the ligand-centred
reductions were shifted by +320 mV and +410 mV, respectively. The corresponding excited
state reduction (Erq*) and oxidation (Eox*) potentials were determined using equations 19 and

20, where Eqo is corresponds to the free energy stored in the excited state.*>#¢ As expected
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based on ground-state reduction potentials, [Ir(piq)2(4,4’-(Br)2-bpy)]* and [Ir(piq)2(biq)]" were
the most potent photo-oxidants, with Ereq® of 1.41 and 1.37 V vs NHE, respectively. The other
7 photosensitizers had very similar E.q* (Table 2).

Erea® = E12 (Ir¥09) = E1 (L") + Eqgo Eq. 19
ng* =FEip (Ir*(+/°)) = E1/2(II‘IV/HI) —Eoo Eq. 20

[Ir(piq),(4,4'-(OCH,),-bpy)]"

—— [Ir(piq),(4,4'-(C,H,,),-bpy)l"

W —— [Ir(piq),(4.4(Bu),bpy)]"
W —— [r(pia),(5,5-(CH,),-bpy)l"

W —— [(pia), 4.4-(CH,) ooy
W —— [I(pia),(opy)"

W\f — [Ir(piq),(4,4-(Br),-bpy)]"
— [Ir(pia),(big)]"

2 [] 2
-2 -1 0
Potential (V vs. Ag/AgCl)

[Ir(piq),(6,6™-(CH,),-bpy)"

Relative Current

Figure 22. Differential pulse voltammetry of [Ir(pig)z(bpy)]* (black), [Ir(piq)z(4,4’-(tBu),-bpy)]* (blue), [Ir(pig).(6,6’-
(CHs)2-bpy)I* (green), [Ir(piq)2(5,5"-(CHs)2-bpy)]* (light blue), [Ir(piq):(4,4’-(CHs)2-bpy)]*  (red), [Ir(piq)z(4,4’~(Br)>-bpy)]*
(purple), [Ir(piq)s(4,4’-(OCHs),-bpy)]* (orange), [Ir(piq)z(big)]* (olive) and [Ir(piq)z(4,4’-(CoH1s)2-bpy)]* (pale blue) recorded in

0.1M TBAPFs acetonitrile electrolyte at room temperature.

49



“The Eo, was determined using the generalizable method of extrapolating a tangent line on the
blue edge of the corrected PL spectrum to the emission baseline.

Table 2. Ground and excited-state reduction potentials for photosensitizers 1-11

Complex El/z(lrlwnl) El/z(L"/n_l) Eoo EOX* Ered*

V vs NHE V vs NHE (eV)* VvsNHE VvsNHE
[Ir(piq)2(bpy)I* (1) 1.28 -1.35 2.23 -0.75 1.08
[Ir(piq)2(4,4’-(CH3)2-bpy)]* (2) 1.25 -1.43 2.23 -0.78 0.99
[Ir(piq)2(5,5’-(CHs)2-bpy)]* (3) 1.28 —1.47 2.23 -0.75 0.96
[Ir(piq)2(6,6°-(CHs3):-bpy)]* (4) 1.25 -1.42 2.21 —0.77 0.99
[Ir(piq)2(4,4’-(‘Bu)2-bpy)|* (5) 1.26 —1.41 2.23 -0.77 1.02
[Ir(piq)2(4,4’~-(CoHio)2-bpy)]* (6) 1.27 -1.34 2.23 -0.76 1.01
[Ir(piq):(4,4’-(OCH3),-bpy)|* (7) 1.24 —1.46 2.22 0.78 0.96
[Ir(piq)2(4,4’-(Br)2-bpy)]* (8) 1.33 -1.03 2.24 -0.71 1.41
[Ir(piq)2(big)]* (9) 1.21 —0.94 2.11 -0.70 1.37

*The Eo, was determined using the generalizable method of extrapolating a tangent line on the blue

edge of the corrected PL spectrum to the emission baseline. 4**

3.2 Stern Volmer

In this section, two additional complexes are studied: Ir(piq)> complexes with 4,4’-
(CF3)2-bpy (called 10) and bipyrazine (called 11) as N*N ligands are added. The interest in
these two are their electron-withdrawing effects. This electron withdrawal can affect the energy
levels and electronic transitions, leading to a higher energy gap between the excited and ground
states. As a result, the complex may exhibit reliable emission at longer wavelengths, placing it
in the inverse region of Marcus theory.

These are synthetized and obtained in the same way as the other 9 complexes. The
results obtained for the 11 complexes are shown in the Table 3. However, these two complexes
have generated uncertainty in determining the rate constant (kq) due to reliable emission and
low excited state lifetimes, and this is why they were not present in the first series of 9.

Excited-state reactivity of all [Ir(piq)2(LL)]" photosensitizers towards TEA, TEOA and
BIH as sacrificial electron donors was investigated in argon-purged acetonitrile using the Stern-
Volmer analysis (see introduction). The driving force for electron transfer with BIH, TEOA
and TEA was estimated based on available ground and excited-state reduction potentials.

With BIH as sacrificial electron donor, the driving force for electron transfer from all
complexes was exergonic, with the Gibbs free energy for electron transfer, AG, ranging from —

0.39 V for [Ir(piq)(4,4’-(OCH;3)-bpy)]* to —0.83 V with [Ir(piq)2(4,4’~(Br)»-bpy)]".
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With TEA and TEOA as the electron donors, AG was almost always ergoneutral or
slightly endergonic. From the tabulated values in Table 3, AG became more exergonic with
more potent photo-oxidants, ie. [Ir(piq)2(4,4’-(Br)-bpy)]” and [Ir(piq)2(biq)]". This
observation in driving force was also evident from Stern-Volmer measurements (Figure 18).
A representative result of a Stern-Volmer titration using [Ir(piq)2(6,6’-(CH3)2-bpy)]" with BIH,
TEA and TEOA as the electron donors is shown in Figure 23.

With BIH, drastic quenching of the steady-state photoluminescence was observed. The
corresponding Stern-Volmer plot was linear within the quencher concentration range examined
and, from the slope, a quenching rate constant (k;) of 5.3 x10° M~1s~! was determined.

With TEA and TEOA, only moderate excited-state quenching was observed and the
corresponding Stern-Volmer plots exhibited a downward curvature. This downward curvature
was observed for almost all the iridium(III) photosensitizers investigated in this study. Although
a corresponding quenching rate constant could not be unambiguously determined, Figure 18d
indicates that the excited-state quenching was approximately three orders of magnitude smaller
(106 M~!'s7!) than with BIH. The Stern-Volmer plots for the excited-state quenching of the nine
Ir(IlT) photosensitizers with BIH are shown in Figure 23e. The Stern-Volmer plots were all
linear and the corresponding quenching rate constants were determined in the range of 1.6x10°
M5! to 7.1x10° M~!s™! (Table 3). A rather counterintuitive quenching behaviour was noted
for photosensitizers [Ir(piq)2(4,4’-(Br):-bpy)]" and [Ir(piq)2(biq)]" where a smaller k, was
obtained despite having larger AG for electron transfer compared to other photosensitizers in

the series studied.

Instead, it was found that the decrease in kq could likely result from reduced stability of
both complexes upon illumination. Indeed, with [Ir(piq)2(4,4’-(Br)2-bpy)]" it was observed that
allowing lighter to excite the photosensitizer, by using wider excitation slits, resulted in some
degradation that was detected as an increase in photoluminescence upon titration with BIH (see
later photostability experiments). To observe genuine quenching, the opening of the excitation
slit had to be kept minimal. With [Ir(piq)2(biq)]*, degradation was not observed with BIH, but
with TEA as a quencher, a novel, more energetic photoluminescent band appeared (Figure
S16). Such an observation has already been recorded with [Ir(ppy)2(4,4’-('Bu).-bpy)]* and
[Ir(ppy)2(bpy)]* and is more in line with an irreversible reduction of the NN ligand.***° Hence,

we hypothesized that neither [Ir(piq)2(4,4’-(Br)2-bpy)]" nor [Ir(piq)2(biq)]" would exhibit
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reversible behaviour upon steady-state illumination and/or photoreduction catalysis, but that

the other seven photosensitizers would be attractive candidates.

Table 3. Driving force (AG) and quenching rate constants (kq) for electron transfer between BIH, TEOA or TEA and

excited photosensitizers 1-9.a

Compound AGBIH AGTEOA AGTEA kq (BIH)
(eV) (eV) (eV) M's™)
[Ir(piq):(bpy)]* (1) -0.51 0.00 —0.06 7.1x10°
[Ir(piq)2(4,4’-(CH3)2-bpy)]* (2) -0.42 0.09 0.03 3.7x10°
[Ir(piq)2(5,5’-(CHs):-bpy)l* (3) -0.39 0.12 0.06 3.8 x10°
[Ir(piq)2(6,6>-(CH3):-bpy)]* (4) -0.42 0.09 0.03 5.3x10°
[Ir(piq)2(4,4’-(‘Bu)2-bpy)I” (5) —0.44 0.06 0.00 5.1x10°
[Ir(piq)2(4,4’-(CoHi9)2-bpy)]* (6) -0.44 0.07 0.01 2.4x10°
[Ir(piq):(4,4’-(OCH3)-bpy)I* (7) -0.39 0.12 0.06 2.9x10°
[Ir(piq)2(4,4’-(Br)2-bpy)]* (8) -0.83 -0.33 -0.39 1.9x10°
[Ir(piq)(big)]* (9) -0.79 —0.29 -0.35 1.6 x10°
[Ir(piq)2(4,4’-(CF3):-bpy)]* (10) -0.81 -0.30 -0.36 3.7 x108
[Ir(piq)2(bpz)]* (11) ~1.01 —0.51 —0.57 1.7 x10°
2 k, with TEA and TEOA were in the 10° M~'s™! range
500 T T 500 T T T
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Figure 23. Excited-state quenching of [Ir(piq).(6,6’-(CHs)2-bpy)]* with BIH (a), TEOA (b) and TEA (c) in argon purged

acetonitrile. The corresponding Stern-Volmer plots is shown in panel d, with the corresponding linear fit for the excited-state

quenching in the presence of BIH. The Stern-Volmer plots and corresponding linear fit for the excited-state quenching of all

Ir(lll) photosensitizers in the presence of BIH is shown in panel e.
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3.3 Reversibility after accumulation of the mono-reduced photosensitizer

Finally, a steady-state illumination was performed to investigate the possibility of
reversible accumulation of the mono-reduced photosensitizers. Consequently, solutions of the
iridium(IIT) photosensitizers with an absorbance around 0.5 in the visible region were prepared
in argon-purged acetonitrile. BIH was added to reach a concentration of 1 mM. The solutions
were then irradiated with commercial blue LED strips for 15 minutes and absorption spectra
were recorded at specific time intervals. Figure 24 shows representative data for
[Ir(piq)2(bpy)]", [Ir(piq)2(4,4’-(CHs)2-bpy)]", [Ir(piq)2(biq)]" and [Ir(piq)2(4,4’-(Br)2-bpy)]".
Steady-state illuminations with the other photosensitizers are gathered in the supporting
information (Figures S18-S22). With [Ir(piq)2(bpy)]" and [Ir(piq)2(4,4’-(CH3)2-bpy)]*, blue
light excitation led to changes in absorbance that agreed with excited-state electron transfer
from BIH to the excited photosensitizers and subsequent mono-reduced complex formation.
Indeed, the double absorption peaks at 500 and 530 nm, coupled with the increased absorbance
beyond 700 nm were in line with absorption changes observed in transient absorption

spectroscopy with related photosensitizers.

After 15 minutes of irradiation, an excess of potassium persulfate (K»S>Og) was added
as an irreversible electron acceptor to oxidize the monoreduced Ir photosensitizer and recover
the ground-state Ir'"! products. [Ir(piq)2(bpy)]* and [Ir(piq)2(4,4’-(CH3).-bpy)]" showed full
reversibility upon the addition of K»S>0s, highlighting their great photostability when storing
high energy electrons and hence their promise as efficient photosensitizers for applications in
reductive catalysis. When [Ir(piq)2(4,4’-(Br)2-bpy)]" was used, an increase of the absorbance
around 400 nm was rapidly observed with irradiation. Upon addition of K2S>Os, this absorption
band decreased, but the original spectrum was never recovered, suggesting the instability of
this photosensitizer upon prolonged illumination in the presence of electron donors. Finally,
[Ir(piq)2(biq)]" was also irradiated in the presence of BIH and showed the irreversibility of the

photoreduction event (Figure 24-c).
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Figure 24. Absorption spectra of [Ir(piq):(bpy)]* (a), [Ir(pig)2(4,4’-(CHs)-bpy)]* (b), [Ir(piq)=(big)]* (c) and
[Ir(piq)s(4,4’-(Br)2-bpy)]* (d) in argon-purged acetonitrile at room temperature at t= 0 minutes (black) and following 5 minutes
(orange), 10 minutes (purple) and 15 minutes (olive) irradiation with blue LED light in the presence of 1 mM BIH. After the

irradiation, an excess of K.S;0g was added to oxidize the photo-reduced photosensitizer and investigate reversibility.

3.4 Marcus Curve: Link between thermodynamic and kinetic

In this part, we analysed the link between thermodynamic and kinetic with Marcus’
theory. We could obtain the data with the analysis made with stern-Volmer and cyclic
voltammetry. As described above, with stern-Volmer measurements we could obtain the kinetic

quenching rate constants (kq) and we could calculate de AG with the analysis of the cyclic

voltammetry results (equation 12).

The plot of kq vs AG is shown in Figure 25. Strikingly, a decrease of the rate of electron

transfer is clearly shown upon increased exergonicity of the electron transfer. Although
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preliminary and uncommon, this result highlights the possibility of observing the Marcus
inverted region.’!-¥2533% At the peak of the Marcus curve, the rate constant corresponds to the
transition state, where the electron transfer reaction occurs with the highest probability. After
observing Figure 25, we could therefore determine that the [Ir(piq)2(bpy)]* is the complex in
our series that would be the most effective photosensitizer in our system presented in the

introduction Figure 6 for an electron transfer to the catalytic centre.

It should be stressed that those quenching rate constant were determined by steady-state
photoluminescence quenching and the experiments with compound 10 and compound 11 were
the most challenging to perform due to the very low photoluminescence quantum yield. Hence,
these two date points are the one with the larger error, yet they are the most important one as
they are in the Marcus inverted region and show the decrease in quenching rate constant as the
driving force is increased. Hence, careful analysis and further investigation, notably by time-
resolved photoluminescence and transient absorption spectroscopy are required and necessary
to unambiguously determine if the Marcus inverted region is present in this case. Careful
analysis and further investigation are necessary to differentiate between the effects of Marcus'

curve and diffusion limitations in the system under study.

55



1E11 : L AL A S R B B R B

1E10 = -
Lo ]
Ig L
E r
o
~x° 1E9 = -

1E8 T T T T T T T T T
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2

- AG® (eV)

Figure 25-Marcus curve in red and plotted AG° and kq with BIH as sacrificial donor for [Ir(pig)z(bpy)]* (1),

[Ir(piq)2(4,4’-("Bu)2-bpy)I* (5), [Ir(piq)2(6,6"-(CHs)2-bpy)I* (4), [Ir(pig)x(5,5"-(CHs)2-bpy)I* (3), [Ir(pia)x(4,4™-(CHs)2-bpy)l*  (2),

[Ir(piq)2(4,4’-(Br)2-bpy)I* (8), [Ir(pig)2(4,4’-(OCHs)2-bpy)I* (7), [Ir(pig)2(big)I* (9), [Ir(piq)x(4,4"~(CoH1s)2-bpy)I* (6), [Ir(piq)2(4,4’-
(CFs)2-bpy)* (10) and [Ir(piq)z(bpz)I* (11) in black
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I\V Conclusion

In this work, a series of eleven [Ir(piq)2(LL)]" photosensitizers was synthesized via one
common route that involved the synthesis of the [Ir(piq)2(p1-Cl)]» dimer that further reacted with
the N*N ligand. All photosensitizers exhibited appreciable visible light absorption with molar
absorption coefficients in the 5400-7900 M~'cm™! range at 427-442 nm. Excited-state electron
transfer with classical electron donors such as TEA, TEOA and BIH was investigated by steady-
state excited-state quenching experiments in acetonitrile at ambient temperature. With TEA and
TEOA, the quenching rate constants were low (~10° M~!s™!), but they reached diffusion limited
values (1.9-7.1 x10° M~!s™!) when BIH was used. Steady-state illumination in the presence of
BIH confirmed that excited-state electron transfer occurred. Compounds with electron
withdrawing 2,2’-bipyridine analogues were less stable upon irradiation in the presence of BIH,
but the other photosensitizers exhibited exceptional dark- and photostability. This stability is
vital for photoreduction catalysis, such as solar fuel formation via proton or CO2 reduction, as
reductants with E;2(L""") between —1.34V and —1.47 V vs NHE can be reversibly
accumulated. Altogether, the results presented herein show promises for the development of
robust photosensitizers for the formation of solar fuels.

The observation of a Marcus inverted region is rarely observed in the literature for
diffusional excited-state electron transfer and should hence be considered carefully. A
mentioned, further investigation, notably by time-resolved photoluminescence and transient
absorption spectroscopy are required to unambiguously determine if the Marcus inverted region
is observable in this case. Given the uncertainty on some of the measurements, we also believe
that expanding the series of Ir(II) photosensitizers to reach AG values that are located on the
parabola of (Figure 25). Is necessary. To do this it would be necessary to synthetize new
complexes located in these areas. Completing the curve could thus prove a Marcus Curve which

to date is still lacking experimental proofs.
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V Experimental part

Ethanol (>99.9%, VWR), dichloromethane (>99.9%, VWR), methanol (>99.9%,
VWR), tetrahydrofuran (>99.9%, VWR), diethyl ether (299%, VWR), acetone (>99.9%,
VWR), ethyl acetate (299.9%, VWR), 2-ethoxyethanol (>99%, Acros Organics), acetonitrile
(299.9%, VWR), acetonitrile anhydrous (99.8%, Sigma Aldrich), [NH4][PFs] (99%,
Fluorochem), NaBH4 powder (98+%, Acros Organics), KOH ( 298% p.a., Roth), CHsI (99%
stab. with copper, ThermoFischer), 2-phenylbenzimidazole (>98.0%, TCI), tetra-n-
butylammonium hexafluorophosphate (97%, Fluorochem), triethanolamine (99+%, Acros
Organics), triethylamine (99%, Acros Organics), K2S20g (99+%, Acros Organics), iridium
trichloride hydrate (53% Ir, Pressure Chemical), 1-phenylisoquinoline (98%, TCI), 2,2’-
bipyridine (97%, Ambeed), 4,4’-(CH3)2-2,2’-bipyridine (98%, ArkPharm), 5,5’-(CH3)2-2,2’-
bipyridine (98%, Sigma Aldrich), 6,6’-(CH3)2-2,2’-bipyridine (99%, Ambeed), 4,4’-(‘Bu)>-
2,2’-bipyridine (98%, ArkPharm), 4,4’-(CoHi9)>-2,2’-bipyridine (97%, Alfa Aesar), 4,4’-
(OCH3)2-2,2’-bipyridine (97%, Sigma Aldrich), 4,4’-(Br),-2,2’-bipyridine (97%, TCI), 2,2’-
biquinoline (98%, Ambeed), were purchased from commercial sources and used as received.
[Ir(piq)2(u-Cl)]2 and BIH were synthesized according to published procedures.>>->® Water was
purified by a Millipore Milli-Q system. The precipitates were isolated by centrifugation at 4000

rpm for 3 min in a Hettich Universal 320 centrifuge.

Nuclear Magnetic Resonance. Characteristic '"H NMR spectra were obtained at room
temperature using a Bruker AM-300 (300 MHz) or a Bruker AM-500 (500 MHz) spectrometer
at 23 °C. Solvent residual peaks were used as internal standards for 'H (8 = 1.94 ppm for

CD;CN). For chemical shift referencing. NMR spectra were processed using MNOVA.

High-resolution mass spectrometry. HRMS spectra were recorded on a Q-Extractive
orbitrap from ThermoFisher. Samples were ionized by electrospray ionization (ESI; capillary

temperature = 250 °C, vaporizer temperature = 250 °C, and sheath gas flow rate = 20).

UV—Visible Absorption. UV—vis absorption spectra were recorded on a Shimadzu UV-
1700 with 1 cm path length quartz cell.

Electrochemistry. Cyclic voltammetry was performed with an Autolab PGSTAT 100

potentiostat using a standard three-electrode-cell, i.e. a glassy carbon disk working electrode
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(approximate area = 0.03 cm?), a platinum wire counter electrode and an aqueous Ag/AgCl
reference electrode (salt bridge: 3M KCl/saturated AgCl). Experiments were performed in dry
0.1 M tetrabutylammonium hexafluorophosphate acetonitrile electrolyte, and the samples were

purged with argon before each measurement.

Steady-State Photoluminescence. Room temperature steady-state photoluminescence
(PL) spectra were recorded on a Horiba Scientific-FL-1000 fluorimeter and were corrected by
calibration of the instrument’s response with a standard tungsten-halogen lamp. The
photoluminescence intensity was integrated for 0.1 s at 1 nm resolution and averaged over 3
scans.

Time-Resolved Photoluminescence. Time-resolved PL data were acquired on a
nitrogen dye laser with excitation cantered at 445 nm. Pulsed light excitation was achieved with
a Photon Technology International (PTI) GL-301 dye laser that was pumped by a PTT GL-3300
nitrogen laser. The PL was detected by a Hamamatsu R928 PMT optically coupled to a
ScienceTech Model 9010 monochromator terminated into a LeCroy Waverunner LT322
oscilloscope. Decays were monitored at the P maximum and averaged over 180 scans.
Nonradiative and radiative rate constants were calculated from the quantum yields, ® = k./(k;
+ kar) and lifetimes, = 1/(k; + Kar).

Stern-Volmer experiments. Excited-state quenching experiments were performed on
a Varian Cary Eclipse spectrometer and the photoluminescence spectra were not corrected for
the instrument’s response. Typically, an Ir (IIT) solution with an absorbance of ~ 0.1 around
420-440 nm was prepared in acetonitrile. Various quencher solutions with concentration
ranging from 0.05 to 0.5 M were prepared in the desired solvent also containing the Ir(III)
photosensitizer with the same absorbance. The solutions were purged with argon for 30 minutes
prior to the experiments. The desired quencher was gradually added to the solution of iridium
photosensitizer and the excited-state quenching was monitored by steady-state
photoluminescence. The decrease of photoluminescence was related to the concentration of

quencher and the respective Stern-Volmer plots were extrapolated using the following equation:

S(PLI) _ _
ZTL,O) =1+ K [Q] =1+ k470[0Q]

Steady-State illumination. Ir (IIT) solutions with an absorbance of ~ 0.5 around 420-
440 nm were prepared in acetonitrile. BIH was added to reach a concentration of 1 mM. The
solutions were purged with argon for 30 minutes in the dark prior to being irradiated with a

blue LED commercial strip for up to 15 minutes. UV-Vis spectra were recorded every 5
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minutes. Reversibility of the excited-state reduction was assessed by adding an excess of

sacrificial electron acceptor, K»S>0s.

Synthesis of the Ir(IIl) photosensitizers. Ir(Ill) chloro-bridged dimer [Ir(piq):p-
Cl]2 (75mg, 58.9umol) and the corresponding diimine ligand (147.25 pmol, 2.5 eq.) were
placed in a sealed tube under argon atmosphere with 9 mL of MeOH/DCM 2:1 mixture. The
reaction was heated at 60 °C for 24 hours. After reaction, the orange-red mixture was brought
to room temperature. The DCM fraction was evaporated, and the resulting solution was treated
with 10 mL of milliQ water and an excess of NH4PF¢ was then added. The complex was isolated
by centrifugation and was washed 3 times with milliQ water and 3 times with diethyl ether to

give the desired complexes with yields that ranged from 57 to 82 %.

[Ir(piq)2(bpy)]*.PFs was obtained by using the synthetic procedure described above
with 2,2'-bipyridine as diimine ligand (23 mg), to give an orange powder (84.8 mg, 80% yield).
TH NMR (500 MHz, CD3CN) 8 9.04 — 8.99 (m, 2H), 8.54 (d, J= 8.2 Hz, 2H), 8.38 (d, /= 8.1
Hz, 2H), 8.11 (td, J = 7.9, 1.6 Hz, 2H), 8.04 — 7.92 (m, 2H), 7.87 (ddd, J = 5.5, 1.6, 0.8 Hz,
2H), 7.85 - 7.78 (m, 4H), 7.51 (d, J = 6.4 Hz, 2H), 7.46 (ddd, /= 7.7, 5.5, 1.2 Hz, 2H), 7.42
(dd, J=6.5,0.9 Hz, 2H), 7.18 — 7.05 (m, 2H), 6.88 (td, /= 7.4, 1.3 Hz, 2H), 6.31 (dd, J = 7.6,
1.3 Hz, 2H). HRMS (ESI) m/z calculated for [CsoH2sNaslr — PFe]"= 755.19144; found
755.19152. NMR data are consistent with literature values.>’

[Ir(piq)2(4,4’-(CH3)2-bpy)]*.PFs was obtained by using the synthetic procedure
described above with 4,4’-dimethyl-2,2’-bipyridine as diimine ligand (27.1 mg), to give an
orange powder (88.1 mg, 80% yield). '"H NMR (500 MHz, CD3CN) 8 9.06 — 8.95 (m, 2H), 8.44
—8.27 (m, 4H), 8.06 — 7.92 (m, 2H), 7.91 — 7.74 (m, 4H), 7.68 (d, /= 5.7 Hz, 2H), 7.50 (d, J =
6.4 Hz, 2H), 7.42 (dd, J = 6.5, 0.9 Hz, 2H), 7.28 (ddd, J = 5.6, 1.8, 0.8 Hz, 2H), 7.12 (ddd, J =
8.2, 7.3, 1.3 Hz, 2H), 6.87 (td, J = 7.4, 1.3 Hz, 2H), 6.32 — 6.30 (m, 2H), 2.51 (s, 6H).
HRMS (ESI) m/z calculated for [C42H32Nalr — PFg]" = 783.22274; found 783.22266. NMR data

are consistent with literature values.>8

[Ir(piq)2(5,5°-(CH3)2-bpy))|".PFs was obtained by using the synthetic procedure
described above with 5,5’-dimethyl-2,2’-bipyridine as diimine ligand (27.1 mg), to give an
orange powder (78.1 mg, 71% yield). '"H NMR (500 MHz, CD3CN) § 9.08 — 8.98 (m, 2H), 8.37
(t,J= 8.1 Hz, 4H), 8.04 — 7.96 (m, 2H), 7.93 — 7.88 (m, 2H), 7.87 — 7.77 (m, 4H), 7.60 (d, J =

2.0 Hz, 2H), 7.51 (d, J = 6.4 Hz, 2H), 7.42 (d, J = 6.4 Hz, 2H), 7.13 (ddd, J = 8.3, 7.2, 1.4 Hz,
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2H), 6.88 (td, J= 7.4, 1.3 Hz, 2H), 6.30 (dd, J= 7.7, 1.3 Hz, 2H), 2.14 (s, 6H). HRMS (ESI)
m/z calculated for [Cs2H32Nulr — PFe]" = 783.22274; found 783.22251. NMR data are consistent

with literature values.>’

[Ir(piq)2(6,6’-(CH3)2-bpy))|".PFs was obtained by using the synthetic procedure
described above with 6,6’-dimethyl-2,2’-bipyridine as diimine ligand (27.1 mg), to give an
orange powder (84.3 mg, 77% yield). '"H NMR (500 MHz, CD3CN) § 9.01 — 8.89 (m, 2H), 8.29
(d, J=7.5Hz, 2H), 8.19 (d, /= 8.0 Hz, 2H), 8.04 — 7.97 (m, 2H), 7.91 (t, /= 7.9 Hz, 2H), 7.88
—17.75 (m, 6H), 7.45 (d, J= 6.2 Hz, 2H), 7.29 (dd, /= 7.7, 1.2 Hz, 2H), 7.03 (ddd, /= 8.3, 7.2,
1.3 Hz, 2H), 6.81 — 6.61 (m, 2H), 6.30 (dd, J = 7.7, 1.3 Hz, 2H), 1.81 (s, 6H). HRMS (ESI)
m/z calculated for [C42H32Nalr — PF¢]" = 783.22274; found 783.22256.

[Ir(piq)2(4,4’-(‘Bu)2-bpy))]*.PFs was obtained by using the synthetic procedure
described above with 4,4’-'Bu-2,2’-bipyridine as diimine ligand (39.5 mg), to give an orange
powder (68.6 mg, 57% yield). '"H NMR (500 MHz, CD3CN) & 9.07 — 8.95 (m, 2H), 8.52 (dd,
J=2.1,0.7 Hz, 2H), 8.37 (d, J = 8.0 Hz, 2H), 8.08 — 7.93 (m, 2H), 7.89 — 7.79 (m, 4H), 7.73
(dd, J=5.9, 0.6 Hz, 2H), 7.55 — 7.36 (m, 6H), 7.12 (ddd, J = 8.1, 7.2, 1.3 Hz, 2H), 6.87 (td, J
=17.4, 1.2 Hz, 2H), 6.30 (dd, J = 8.0, 1.3 Hz, 2H), 1.39 (s, 18H). HRMS (ESI) m/z calculated
for [C4gHa4Nulr — PFs]" = 867.31664; found 867.31621. NMR data are consistent with literature

values.®?

[Tr(piq)2(4,4’-(CoH19)2-bpy))]*.PFs was obtained by using the synthetic procedure
described above with 4,4’-CH3(CHz)s-2,2’-bipyridine as diimine ligand (60.1 mg), to give an
orange powder (81.3 mg, 60% yield). 'H NMR (500 MHz, CD3sCN) 8 9.01 (dd, J= 6.4, 3.4 Hz,
2H), 8.48 — 8.30 (m, 4H), 8.07 — 7.93 (m, 2H), 7.90 — 7.74 (m, 4H), 7.69 (d, J = 5.9 Hz, 2H),
7.49 (d, J = 6.5 Hz, 2H), 7.42 (d, J = 5.9 Hz, 2H), 7.28 (dd, J = 5.7, 1.9 Hz, 2H), 7.17 — 7.05
(m, 2H), 6.87 (td, J = 7.4, 1.3 Hz, 2H), 6.31 (dd, J="7.7, 1.4 Hz, 2H), 2.78 (t, J = 7.7 Hz, 4H),
1.69 (q,J=7.2 Hz, 4H), 1.45—-1.09 (m, 24H), 0.99 — 0.68 (m, 6H). HRMS (ESI) m/z calculated
for [CssHesNualr — PF6]" = 1007.47314; found 1007.47317. NMR data are consistent with

literature values.®!

[Ir(piq)2(4,4’-(OCH3):-bpy)MeO-bpy)]*.PFs was obtained by using the synthetic
procedure described above with 4,4’-MeO-2,2’-bipyridine as diimine ligand (31.8 mg), to give
an orange powder (93.4 mg, 82% yield). "H NMR (500 MHz, CD3;CN) & 9.07 — 8.92 (m, 2H),

8.36 (d, J = 8.0 Hz, 2H), 8.00 (dd, J = 6.8, 2.7 Hz, 4H), 7.92 — 7.72 (m, 4H), 7.61 (d, J = 6.4
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Hz, 2H), 7.56 (d, J = 6.5 Hz, 2H), 7.45 (d, J = 6.3 Hz, 2H), 7.16 — 7.06 (m, 2H), 6.98 (dd, J =
6.4, 2.7 Hz, 2H), 6.86 (td, J = 7.4, 1.3 Hz, 2H), 6.31 (dd, J = 7.9, 1.1 Hz, 2H), 3.97 (s,
6H). HRMS (ESI) m/z calculated for [C42H320:Nalr — PFg]" = 815.21257; found 815.21250.

NMR data are consistent with literature values.%?

[Ir(piq)2(4,4’-(Br)2-bpy)]".PFs was obtained by using the synthetic procedure
described above with 4,4’-Br-2,2’-bipyridine as diimine ligand (45.9 mg), to give a red powder
(86.3 mg, 70% yield). '"H NMR (500 MHz, CD3CN) 8 9.08 — 8.95 (m, 2H), 8.79 (dd, J= 1.7,
0.9 Hz, 2H), 8.52 —8.29 (m, 2H), 8.04 — 7.97 (m, 2H), 7.90 — 7.79 (m, 4H), 7.66 (t,J= 1.1 Hz,
4H), 7.51 (d, J = 6.4 Hz, 2H), 7.48 — 7.42 (m, 2H), 7.13 (ddd, J = 8.2, 7.3, 1.3 Hz, 2H), 6.88
(td, J = 7.5, 1.3 Hz, 2H), 6.26 (dd, J = 7.7, 1.3 Hz, 2H). HRMS (ESI) m/z calculated for
[C40H26N4Br2Ir — PFe]" = 911.01246; found 911.01276.

[Ir(piq)2(biq)]*.PFs was obtained by using the synthetic procedure described above
with 2,2’-biquinoline as diimine ligand (37.7 mg), to give a dark purple powder (96.2 mg, 81%
yield). 'TH NMR (500 MHz, CD3CN) & 8.82 (d, J = 8.8 Hz, 2H), 8.65 (d, J= 8.7 Hz, 2H), 8.56
(d, J = 8.8 Hz, 2H), 8.27 (d, J = 7.4 Hz, 2H), 8.00 — 7.89 (m, 4H), 7.86 — 7.70 (m, 8H), 7.53
(ddd, /= 8.1, 6.8, 1.1 Hz, 2H), 7.31 (d, J = 6.5 Hz, 2H), 7.14 (ddd, J = 8.7, 6.8, 1.5 Hz, 2H),
7.10 (ddd, J = 8.2, 7.2, 1.3 Hz, 2H), 6.87 (td, J = 7.4, 1.3 Hz, 2H), 6.47 (dd, J = 7.8, 1.4 Hz,
2H). HRMS (ESI) m/z calculated for [CasH3:Nalr — PFe]" = 855.22274; found 855.2228]1.

NMR data are consistent with literature values.®?
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Accumulation of Mono-Reduced [lIr(piq)z2(LL)]*
Photosensitizers Relevant for Solar Fuels
Productions

A series of nine [Ir(piq)2(LL)]*.PFe~ photosensitizers were developed and
investigated for excited-state electron transfer with sacrificial electron donors that
included triethanolamine (TEOA), triethylamine (TEA), and 1,3-dimethyl-2-phenyl-2,3-
dihydro-1H-benzo[d]imidazole (BIH) in acetonitrile. The photosensitizers were
obtained in 57-82% yield starting from the common [Ir(piq)2Cl]> precursor and were all
characterized by UV-Vis absorption as well as by steady-state, time-resolved
spectroscopies, and electrochemistry. The excited-state lifetimes ranged from 250 to
3350 ns and were also shown, in some cases, to be strongly influenced by dissolved
oxygen. Excited-state electron transfer quenching rate constants in the 10 M-'s™
range were obtained when BIH was used as electron donor. These quenching rate
constants were three orders of magnitude higher than when TEA or TEOA is used.
Steady-state photolysis in the presence of BIH showed that the stable and reversible
accumulation of mono-reduced photosensitizers was possible, highlighting the
potential use of these Ir-based photosensitizers in photocatalytic reactions relevant for
solar fuels production.
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