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Abstract

The development of artificial photosynthetic systems is a promising strategy to meet
future energy demands of our society and to reverse the impact of anthropogenic CO»
in the environment. Energy conversion devices, such as photoelectrochemical cells are
one key component in the transition to a society with an integrated renewable energy
system. This dissertation describes a robust, high-yield route for the synthesis,
characterization, and catalytic activity of photocatalysts for artificial photosynthesis as
well as a solid-state synthesis method to prepare stable and efficient photocatalyst-
semiconductor electrodes.

The research described here begins with the preparation of multiple Ru-
polypyridyl complexes, well-known photosensitizers for photocatalytic water
oxidation (OER) and carbon dioxide reduction reactions (CRR). To facilitate the
integration of the photocatalytic systems to the electrical grid, the molecular assembly
of these Ru-photosensitizers to OER or CRR catalysts with further immobilization onto
semiconductor surfaces is a highly desirable achievement. Many factors influence the
efficiency and durability of these systems. Among those factors, the anchoring moiety
on the photocatalyst plays a crucial role. Anchorage groups, such as carboxylic or
phosphonic ester groups commonly have been studied but these are not ideal in alkaline
conditions. Here, Ru-polypyridyl photosensitizers are immobilized on semiconductor
surfaces (ITO and TiO,) via diazonium reduction, forming a C—O bond between the
C5 on the 1,10-phenanthroline ligand and the O on the surface. The photosensitizer-
semiconductor photoelectrodes are active and stable toward the photoelectrochemical
oxidation of hydroquinone (H2Q) and triethylamine (Et;N) under neutral and basic
conditions.

Sustainable chemical reactions for solar energy conversion and utilization
require the implementation of earth-abundant, affordable, and versatile
photosensitizers. The organic photosensitizer 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-
dicyanobenzene (4CzIPN) and its derivatives are well-known photocatalysts for
visible-light-driven photoredox- and energy transfer-catalysis. Here, the derivatization

of the dicyanobenzene moiety in 4CzIPN with an NHC group is described; 3CzIPN-
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NHC. NHC ligands are well-known as strongly activating ligands in catalysis. 3CzIPN-
NHC retains the bulk photophysical properties of the parent 4CzIPN photosensitizer.
This synthesis opens a window for future tuning of the photosensitizer and
incorporation into heterogeneous and homogenous photocatalysis. Upon surface
functionalization of a TiO> with 3CzIPN-NHC, it described a new type of bonding to
semiconductor surfaces. The NHC carbene center bonds to TiO., likely by forming
hydrogen bonds to hydroxide/water groups on the surface of the semiconductor.
Further, the 3CzIPN-NHC/TiO> surface is an active and stable photoelectrocatalyst, in
the visible range (400—-800 nm), towards the photoelectrooxidation of hydroquinone
(H2Q) and triethylamine (Et3N) under neutral and alkaline conditions.

The last part of this dissertation describes the synthesis and photocatalytic
activity of the Mn (I) [Mn(CO)s(bpy)] catalyst coupled to an organic photosensitizer
unit derived from 4CzIPN, the 3-CzIPN-imidazole. The photo and electrochemical
conversion of CO; to carbon monoxide (CO) is, potentially, a useful step in the
transformation of one of the most abundant greenhouse gases into fuels (CH4, MeOH,
etc.) and chemicals. The complex 3CzIPN-Imidazole-Mn is highly selective for the
photoreduction of CO; to CO in CO,-saturated acetonitrile (MeCN) solution under AM
1.5 G light. Achieving 60 TONco, the facile, robust, and low-cost preparation, in
addition to strong absorption in the visible light range promotes this photocatalyst as a
potent candidate for further family expansion, whether in the backbone of the catalyst
or by changing the metal center with Fe or Co phthalocyanine and development into

electro and photoelectrocatalysis.
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Preface

Chapter 1 is the introductory section on solar energy storage, and carbon dioxide
conversion and utilization.

Chapter 2 contains research on the synthesis of multiple Ru polypyridyl
complexes. Part of this research was published as Wang, C.; Amiri, M.; Martinez Perez,
O.; Endean, R. T.; Varley, S.; Rennie, B.; Rasu, L.; Bergens, S. H. “Modular
Construction of Photoanodes with Covalently Bonded Ru- and Ir-Polypyridyl Visible
Light Chromophores”. ACS Appl. Mater. Interfaces 2018,
DOI:10.1021/acsami.8b06605. 1 was responsible for [Ru(bpy)(phen)(PhenO)](OTH),
preparation and characterization and data collection. The manuscript composition was
carried out by Dr. Wang and Dr. Amiri. Dr. Bergens was the supervisor of the project.
Additionally, most of the complexes prepared were published in another journal as
Amiri, M.; Martinez Perez, O.; Endean, R. T.; Rasu, L.; Nepal, P: Xu, S.; Bergens, S.
H. “Solid-phase Synthesis and Photoactivity of Ru-polypyridyl Visible Light
Chromophores Bonded through Carbon to Semiconductor Surfaces”. I was responsible
for the synthesis and characterization of Ru polypyridyl complexes as well as the
deposition on the various semiconductor surfaces, data collection and analysis.

Chapter 3 describes research that was published as Martinez-Perez, O.; Amiri,
M.; Rasu, L.; Bergens, S. H. N-Heterocyclic Carbene Organic Dyes Derived from
2,4,5,6-Tetra(9H-Carbazol-9-Y1)Isophthalonitrile (4CzIPN) Bonded to
TiO> Surfaces. ECS J.  Solid  State  Sci.  Technol. 2023, 12 (10), 105006.
https://doi.org/10.1149/2162-8777/acttt4. I was the first author and was responsible for

the catalyst preparation and characterization, the data collection and analysis, and the
manuscript composition. Dr. Mona Amiri assisted in the data collection and sample
characterization (XPS, IPCE measurements). Dr. Rasu's exploratory findings assisted
with the design of the precursors. Dr. Bergens was the supervisor of the research
project.

Chapter 4 has been formatted and ready for submission to the ACS Catalysis
journal as Visible-Light Driven CO; Reduction with a Manganese-Imidazole-3CzIPN
Complex. Martinez-Perez, O.; Meldrum, A. and Bergens, S.H. I am the first author and
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https://doi.org/10.1149/2162-8777/acfff4

responsible for the catalyst preparation and characterization, photocatalytic activity,
data collection and analysis, and manuscript composition. Dr. Meldrum was
responsible for time-resolved photoluminescence decay measurements, data collection
and analysis. Dr. Bergens was the supervisor of the research project.

Chapter 5 highlights and summarizes the most relevant discoveries of this

dissertation and provides insights for future directions on this research.
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Chapter 1

Introduction

1.1 Solar Energy

Our society’s energy requirements rely on the unsustainable and environmentally
detrimental utilization of fossil fuels. Renewable sources, such as wind, hydro, thermal,
and solar are an approach to mitigate the detrimental consequences of fossil fuel
combustion and to fulfill the constantly increasing energy demand. However, as of
2021, renewable sources accounted for only 6.7% of the total energy consumed.! Solar
energy offers a clean and practically limitless alternative. The amount of solar energy
reaching the Earth’s surface in one year is 3 x 10?* Joules (J), which exceeds society’s
annual energy consumption by nearly 10,000 times (3.1 x 10 J).!? In other words,
harnessing only 0.01% of the total amount of solar energy reaching Earth’s surface
would meet our energy needs.

Solar energy is a vast renewable energy source that can be transformed into
various forms, including heat, electricity, and fuels. Decades of research have been
expended on transforming and storing solar energy, but most of these emerging
technologies remain underdeveloped. One commercially available option is
photovoltaics.? In 2022, the capacity of all photovoltaics installed worldwide exceeded
1 TW (~4-5% of the global electricity generated).* The cost of solar panels has declined
dramatically, and their adoption has increased considerably. Still, technological
challenges remain, such as developing affordable and scalable distribution and

recycling, as well as storage technologies to ensure reliable and dispatchable energy.

1.2 Solar Energy Utilization Technologies

Solar utilization technologies are categorized by their function. They include solar cells
for solar to power (STP), photocatalytic cells for solar to chemical energy (STC),
photoelectrochemical cells for solar to electrochemical conversion aided by

electrochemical potentials (STEC), photo-rechargeable batteries for solar to



electrochemical storage (STES), and solar thermal collectors for solar to thermal

energy (STT).

1.2.1 Solar to Power: Solar Cells

Solar cells convert solar energy directly into electricity and presently offer the most
potential for accessing renewable and clean energy. Solar cells' power conversion
efficiency (PCE) quantifies the output of electrical energy relative to the input from
solar photons. The highest PCE for a solar cell at the time of this writing is 47.1%,
obtained with a multijunction system. There are also single junction GaAs solar cells
and monocrystalline silicon cells whose PCE ranges from 28 to 45%.>~7 The large-scale
manufacture of these high-efficiency prototypes would be costly and energy-intensive,
however, and the average PCE of most commercial solar cells is 20%.5
Dye-sensitized solar cells (DSSCs) mimic natural photosynthesis. In a typical
DSSC, the absorber is a molecular chromophore (e.g., ruthenium or iridium-
polypyridyl complexes, zinc porphyrin, or, more recently, organic dyes) coated on a
porous nanostructured electrode (usually TiOz). The chromophore absorbs light, injects
electrons into the TiO; conduction band and accepts electrons from a redox couple
(commonly I/~ or Co-based redox couples at higher voltages) in a nonaqueous
electrolyte. The highest efficiencies of this technology were obtained with Ru(II)-based
chromophores with iodide-based redox couples, resulting in solar-to-electric power
conversion efficiency (PCE) of 11.9% under full sun illumination (AM 1.5 G, 1,000 W
m?).8 Another type of DSSCs is based on light harvesting donor-m-bridge-acceptor (D-
m-A) molecular dyes to capture light and produce electrons. The functionalization of
the zinc-porphyrin core with the bulky bis(2',4'-bis(hexyloxy)-[1,1'-biphenyl]-4-
yl)amine donor and a 4-ethynylbenzoic acid yielded the green dye SM371, and
incorporation of the proquinoidal benzothiadiazole (BTD) unit into this structure
afforded the dye SM315 (Figure 1.1¢). The photoexcited electrons are injected into the
TiO, anode and transferred to Pt-ITO (indium tin oxide) cathodes. The redox agent
([Co(bpy)s]****) in an electrolyte is reduced at the surfaces of the cathodes. The PCE
of these new-generation DSSCs has reached a record of 13% through the molecular

engineering of push-pull porphyrin sensitizers and utilization of a [Co(bpy)3]*"3*-based



redox electrolyte (Figure 1.1).° The photocatalytic performances demonstrate that the
dyes SM371 and SM315 in this setting could achieve fill factors of up to 0.79 and 0.78
(Figure 1.1a), with power conversion efficiencies of 12% and 13%, respectively. The
photocurrent spectrum (Figure 1.1b) demonstrates the panchromatic light response
with strong absorption across the visible spectrum with IPCE values ~80% from 400-

750 nm.
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Figure 1.1. Photovoltaic performance of devices SM371 and SM315. (a) J-V curve under AM 1.5 G
illumination (1000 W m), (b) IPCE (%), (c) Structures of the dyes SM371 and SM315.

Si panels constituted around 95% of total solar panel production in 2021, and
power conversion efficiencies ranged from approximately 16% to 21%.!° The
significant cost reductions in panels have resulted primarily from continuous and
systematic decreases in manufacturing costs, including those associated with the
polymer encapsulant, silver electrical contact screen-printing, and Si wafer production.
Additionally, countries with scaling capabilities have facilitated the establishment of
large panel-production facilities and have played a crucial role in driving down costs.!!
Si-based panels also require large amounts of energy to produce (requiring 1-4 years

of operation to recuperate), methods must be developed for end-of-life recycling, and



the worldwide electricity grid must be reworked to incorporate the widespread adoption
of solar panels.

Another emerging photovoltaic technology is perovskite solar cells. Halide
perovskites offer several advantages over molecular chromophores, including
absorption coefficients up to ten times higher than molecular dyes in DSSCs, superior
charge carrier mobilities and lifetimes, good crystallinity, low cost, and ease of
fabrication.!? The efficiency of perovskite solar cells (PSCs) increased from 3.8% to
25.7% over the last decade, primarily due to the development of hole-transporting
materials, prevention of perovskite degradation, and the construction of solid-state
devices.® A major objective in current PSC research is to minimize electron-hole
recombination by incorporating materials with energy levels aligned to enhance fast
electron transfer. Similarly, implementing tandem PSC architectures also enables a
broader absorption band, leading to higher PCEs.

Organic solar cells (OSCs) offer alternatives to their inorganic counterparts,
with potential advantages, including cost-affordable, lightweight, easily processed
devices with less environmental impact. Unlike solid-state solar cells, OSCs are
compatible with flexible substrates, enabling the production of wearable devices.
Recent advancements showcase a PCE of 16.5% in single-junction devices'® and 17.3%
in tandem devices.!* The PCEs of OSCs likely will exceed 20% in the near future. Bulk
heterojunction (BHJ) organic solar cells utilize small molecule electron donors and
acceptors and offer advantages such as strong absorption, and the facile
functionalization of the small molecules affords excellent optoelectronic and
electrochemical properties and enhanced stability.!>!® All-polymer solar cells (APSCs)
utilize polymeric electron donors and acceptors. APSCs offer advantages such as
tunable light harvesting, robust film morphology, compatibility for large-scale
manufacturing, and long-term device stability; outstanding mechanical durability and
stretchability also have been reported for APSCs.!”!8 The maximum PCE of APSCs is
currently 10.3%. However, there has been a ten-fold increase in the number of research
publications on APSCs, suggesting that there will be significant advances in this area
in the near future.!” The ultimate goal is to improve the PCE values by up to 15%

(considered the market readiness metric).



1.2.2 Solar to Electrochemical Storage

Sunlight is intermittent, diffuse, and must be stored. Therefore, cost-effective
electrochemical energy storage systems with photovoltaic cells are required for long-
term, constant high energy output from solar power systems. Simply put, the solar
energy from a photovoltaic module is stored in batteries to be provided as needed later.
A representative example utilized high-efficiency crystalline silicon PV modules to
charge iron phosphate lithium-ion batteries.’’ The solar energy to battery charge
conversion efficiency reached 14.5%, including a photovoltaic efficiency of 15% and
a reported battery charging efficiency of nearly 100%. This relatively high-efficiency
system was achieved by directly charging the battery from the PV module.?’ In another
representative example, the integration of a GaAs solar cell with an ultrafast
rechargeable Zn micro-battery operated with a high (23.1%) energy storage efficiency.
Further, after rapid charging for 5 s, the device continuously delivered power at 0.5 mA
cm? for 110 s.2!

Photo-responsive metal-O; batteries belong to the category of STES devices,
characterized by an oxygen reduction reaction (ORR) during the discharging phase and
an oxygen evolution reaction (OER) during the charging phase. Such devices present a
new battery energy storage strategy, enabling on-demand energy output. Coupled with
a Zn counter electrode in a Zn-air battery, visible-light enhanced oxygen redox
reactions ORR/OER were catalyzed by Ni2Ps nanoparticles (NPs) on nitrogen-doped
carbon nanotubes (NCNT) (Figure 1.2).22 The Ni2Ps@NCNT hybrid catalyst has
unusually high catalytic activities for both ORR (onset potential at 0.90 V vs. RHE)
and OER (n =360 mV@10 mA cm?) under irradiation by visible light (300 W Xenon
lamp equipped with an AM 1.5 G filter). The charge-discharge voltage gap of the
photo-responsive Zn-air battery was quite low (~ 0.75 V @ 10 mA cm 2, charge
potential = 1.94 V, and discharge potential = 1.19 V), and it was stable to cycling over
500 cycles. The irradiation increased the efficiency from 61.3% to 64.2%.



HO,
ORR in 6 M KOH
0,+H,0+2¢ ——= OH+HOy ORR

0,
OER in 6 M KOH OF> 0
40H" — 2H,0+0,+4e
o Nip,Ps@NCNT Niy,Ps

4

Figure 1.2. Schematic representation of a Zn-air battery under light illumination. Taken with permission
from Ref.??

1.2.3 Solar to Thermal: Solar Collectors

For solar-to-thermal conversion, the efficient, cost-effective utilization of solar
radiation by solar-to-thermal conversion relies on the advancement of artificial
collectors. There are four primary types of solar collectors: parabolic trough collectors,
linear Fresnel reflectors, power towers, and dish-engine systems (Figure 1.3).%3
Overall, these collectors produce local temperatures of 550 °C, 550 °C, >1000 °C, and
1200 °C, respectively.?* These systems utilize either an oil or a molten salt as a heat-
storage fluid to generate electricity. A common heat-storage fluid is a eutectic mixture
consisting of 60% by weight sodium nitrate and 40% by weight potassium nitrate,
commonly referred to as solar salt (Mpt = 220 °C). Then, the heat in the molten salt is
exchanged to produce steam, which is used to drive a turbine and generate electricity.
In 2018, solar thermal systems provided about 1.5 EJ (420 TWh) of electricity, 4.8%
more than in 2017.%

Solar thermal installations typically are located in regions with abundant direct
sunlight, such as desert areas in the southwestern United States, Australia, Morocco, or
southern Spain. It should be noted that the overall cost of solar thermal systems has not
experienced significant declines since the 1980s; on the contrary, relatively high

maintenance costs are required to upkeep engine moving parts (in solar dish/engines),



and parabolic mirrors are typically utilized rather than cheaper flat mirrors. As well,
new transmission lines would be necessary to deploy either photovoltaics or solar

thermal electricity-generating systems in remote regions with high direct insolation.

Figure 1.3. The parabolic trough power plant in California (left), a solar power tower in Nevada (center),
and a solar dish concentrator (right). Images taken from Ref.?*

1.2.4 Solar to Chemical Energy: Photocatalysis

In artificial photocatalytic solar to chemical energy conversion systems,
semiconductors or photosensitizers act as light harvesters and charge separators, while
catalysts facilitate the desired reactions. Upon photon absorption, electrons are excited
from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO), roughly, the equivalent energy levels in semiconductors
are the valence and conduction bands, respectively. Electrons and holes then migrate
to the semiconductor surface.?® The conduction band electrons eventually reduce
electron acceptors, while the holes oxidize electron donors. The relative positions of
the valence band (VB) and conduction band (CB) in the semiconductor determine the
redox potentials for oxidation and reduction reactions (Figure 1.4). For instance, in
water oxidation, with n-type semiconductors, the VB position must be lower than the
oxidation potential of water. In comparison, the CB position must be higher than the
proton reduction potential or the reduction potential of the catalyst. Photoreduction of
CO; is even more intricate, as the products can vary from CO to CHi, CH30H,
HCOOH, C;Hs, etc. (Table 1.1), and typically is carried out in a p-type
semiconductor.?’” Table 1.1 reflects the complexity of the CO, reduction reaction in
aqueous conditions at different potentials and the impact of H" on the final product of

the reduction. While photocatalytic systems hold promise for the large-scale production



of solar fuels, they face challenges of low efficiency and limited availability of band-

matched photocatalysis.
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Figure 1.4. Schematic energy diagrams show the electron flow using a photosensitizer (left) or TiO2

(right) for the reduction of COxz to prepare fuels.

Table 1.1. Selected CO2 Reduction Processes and Corresponding Standard Redox Potentials £ in

Aqueous Conditions at pH 7%

Reaction E° vs SHE
CO2+e - COx~ -1.85V
COx(g) +2 Ha0(l) + 2 & — HCOO- (1) + OH(I) 0.665 V
COxg) + 2 H20() + 2 ¢ — CO (g) + 2 OH () 0521V
COx(g) + 3 HaO(l) + 4 ¢ — HCOH (1) + 4 OH (I) 0485V
COx(g) + 5 HaO(1) + 6 ¢ — CH;OH (1) + 6 OH(1) 20399V
COx(g) + 6 HaO(l) + 8 & — CHa (g) + 8 OH(1) 0246V
2 H:0(l) +2 ¢ - 2 OH () 0414V

This section of the dissertation will discuss mainly the photocatalytic systems
in which discrete molecules instead of semiconductor materials carry out the light
absorption process. Primarily, the two main types of photocatalytic reactions addressed

here for storing solar energy into chemical bonds are the oxidation of water to form



hydrogen and oxygen, the so-called overall water splitting reaction (OWS), or the
reduction of carbon dioxide with protons and electrons (from water oxidation) to form

carbon monoxide and related fuels, the so-called CO» reduction reaction (CRR).

1.3 Solar Hydrogen

As stated above, solar energy can be stored by producing molecular hydrogen and
oxygen (Hz and O2) through the OWS. From many points of view, this is among the
most promising reactions to generate solar fuels (eq 1.1). Solar-generated H> could be
used as a feedstock to produce ammonia, fertilizers, and drug-like precursors
production, as well as in transportation. There is much study, for example, on
photoelectrocatalytic N> reduction to NH3. The NHj is utilized as a fertilizer, or it is
reformed to generate H after transport in ships and pipelines, or the NH3 is oxidized
directly in fuel cells or internal combustion engines. Alternatively, the solar H> can be
combusted in a fuel cell to generate heat, water, and electricity. In other words, energy
on demand.
2HO+4hv—>2H,+ 02 (1.1)

The OES typically is divided into oxidative and reductive redox reactions. The
oxidation of water to oxygen, protons and electrons is called the oxygen evolution
reaction or OER. This reaction is reviewed extensively, and this dissertation will focus
on molecular systems. Several molecular catalysts have been developed for the
oxidation of water to oxygen (called the oxygen evolution reaction, or OER). There are
several reviews published on this topic.?®* The first was reported by Thomas Meyer
in 1982, who disclosed a binuclear ruthenium complex that catalyzed the oxidation of
water with low performance (TOF = 0.004 s!) using Ce(IV) as the stoichiometric
oxidant.’® The key O-O bond forming step with this system likely proceeded by
coupling of two Ru(IIl)-oxide radical species (Scheme 1.1).

There are several reviews on the detailed mechanisms of the OWS.3"#! As an
example of recent development, the electrostatic coupling between Ru OER catalysts
of opposite charges was utilized to enhance the rate of the slow O-O bond-forming
reaction, increasing the TOF to 460 s*!, with Ce(IV) as oxidant.*> Many Earth-abundant

molecular OER catalysts also have been developed. A recent example is a homogenous



pentanuclear iron catalyst with tricoordinate oxide and 3,5-bis(2-pyridyl)pyrazole. This
complex catalyzed the electrochemical OER in acetonitrile/water (10:1 v/v) with TBAP

(tetrabutylammonium perchlorate), reaching TOF = 1900 s71.43
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Scheme 1.1. Structures of Ruthenium complexes for water oxidation. Ball-and-stick representations of
the molecular FesO structure, [FesFe™(u3-O)(u-Le)]*".

Photocatalysts also have been developed for the OWS reaction driven by visible
light. Several recent reviews have been written on this area.?3324433:35 A representative
recent example is a metal-free nanocomposite comprised of carbon nanodots (CDot)
and carbon nitride (C3N4), which is a photocatalyst for overall solar water splitting
(OWS). C3Ny is known to split water photocatalytically into hydrogen and peroxide,
while CDots promote the decomposition of peroxide to oxygen. While many OWS
photocatalysts operate at low quantum efficiencies (® < 0.1%), this CDot-C3Ny
nanocomposite operated at ® = 16%, 6.9%, 4.4% under 420, 580, and 600 nm light
irradiation, respectively. The overall solar-to-chemical conversion efficiency (nsrc)
with this nanocomposite is 2.0% (in this case solar-to-hydrogen).*> The challenges
encountered in this area of research include increasing the quantum efficiency in the
visible range (they are typically less than 0.1%), reducing the dependence on expensive
metals (e.g. Ru- and Ir-based photocatalysts), avoiding catalyst decomposition by
oxidation, increasing the kinetics to reduce the large overpotentials typically
encountered for OWS, and avoiding the formation of hydrogen peroxide.*®

In a recent summary, Lewis estimated the levelized H> (LCH) cost from a solar-
driven photoelectrochemical water-splitting system to be from $7 to $20/kg. In
contrast, the LCH produced by steam reforming of natural gas is only $2/kg.!! This

LCH of H; from steam reforming does not, however, include the worldwide detrimental
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costs of climate change brought on, in part, by CO; released by steam reforming and
by natural gas leaks in the well to the steam reformer infrastructure. A serious challenge
in the utilization of green hydrogen is the transport and storage of H>, which would

require extremely high pressures at room temperature.

1.4 Conversion of Solar Energy and CO: Fuels with
Photocatalysis

The photocatalytic reduction (or recycling) of carbon dioxide to produce energy-rich,
easily transported, and stored hydrocarbons, such as CO, C;Hs, CHs, CH30H, and
HCOOH, is a strong strategy for renewable energy storage. The combustion of these
fuels would, in principle, be net CO> neutral if the CO; was captured from the
atmosphere. Carbon dioxide reduction can be achieved by different means, such as
artificial photosynthesis, electrolysis using electricity provided by photovoltaics, and
thermal CO; hydrogenation using renewable H>. Typical artificial photosynthesis
systems include a redox photosensitizer that promotes a photochemical one-electron
transfer to a catalyst and the catalyst precursor that accepts electrons to reduce CO> to
fuel molecules. The details of how each operates will be discussed in separate sections
below. As well, this area has been reviewed heavily.*’->° Many reports utilize separate,
homogeneous Re(I) complexes as catalysts and Ru(Il)-polypyridyl complexes as
chromophores as photocatalytic systems for photochemical CO: reductions (Scheme
1.2.A).470

The first report of a supramolecular photocatalyst with the Ru and Re moieties
covalently linked (RuRe) was by Ishitani and co-workers.** The system consisted of a
[Ru(bpy)s]**-type photosensitizer and a fac-Re(bpy)(CO);Cl-type catalyst bonded by
4-methyl-bpy moieties bridged by various aliphatic and aromatic chains. The use
of -CH2CH(OH)CHz- as a linker and 1-benzyl-1,4-dihydronicotinamide (BNAH) as a
sacrificial electron donor reduced CO; to CO under visible light at 460 nm with
quantum yield (®¢ = 0.12) and TONco = 170 (Scheme 1.2.C).>! Ishitani and co-
workers have dedicated significant time and effort to RuRe photosystems. Their most

active system reached up to 3029 TONco and TOF = 35.7 min’!, in high selectivity " >
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99% in a COz-saturated DMF-TEOA (5:1 v/v) solution, under >500 nm light using a
Hg lamp as a source. The general formula of the photocatalyst was
[Ru(4,4’-Me:bpy)3]**-CH2CH,-[Re(bpy)(CO)(P(p-F-CsHa)3)2]* (Scheme 1.2.B), and
1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) was the sacrificial
electron donor.>? This result demonstrates that high turnovers, yields, and selectivity

can be obtained with supramolecular photocatalysts.

A
Z 2t
<
YN S 2y ¢
/N\Rl/N/ N R|/co
u (&
/N/l\N’I SN |\co
Mo & Co
N
P>

CONH,
[ ]
co,

hv +ne + SD BNAH

CcO + O* /

Scheme 1.2. Structures of Re(bpy)(CO):X- complexes and the reduction of CO»

A supramolecular photocatalyst employing a Mn active site was prepared with
one or two Ru polypyridine photosensitizers bridged through alkyl chains to a
fac-MnBr(CO)s3bpy-type active site. This type of CO; reduction catalyst is discussed in
more detail below. The ruthenium photosensitizers consisted of the [Ru(dmb)>(BL)]**
units (dmb: 4,4’-dimethyl-2,2’bipyridine, BL: 4-(4-(2-(6'-(2,6-dimethoxyphenyl)[2,2'-
bipyridin]-6yl)-3-methoxyphenoxy)butyl)-4'-methyl-2,2"-bipyridine) shown in Figure
1.5. These complexes photocatalyzed the reduction of CO, to HCOOH, CO and H»
(Figure 1.5) in a CO»-saturated DMF-triethanolamine (TEOA) (4:1) solution with 0.1
M BIH as a sacrificial electron donor. The reactions were irradiated at 546 nm (4.2x10"

8 einstein s!) for 6 h to give the results summarized in Table 1.2.5
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Figure 1.5. Ru-Mn photocatalytic system for CO2 Reduction.

Table 1.2. Photocatalytic CO2 Reduction with Ru—Mn complexes

Products (TON) I'coon (T'co) ®coon
Entry Complex
HCOOH (6[0) Ha> % (Pco) %
1 Ru-Mn 98 29 0.1 78 (21) 14 (0.64)
2 Ru2-Mn 33 18 0.5 65 (34) 5.4 (0.43)
3 Ru + Mn 90 11 0.03 89 (10) 11(0.24)

Light intensity: 546 nm (4.2x10°8 einstein s!)

Interestingly, the compound with two Ru photosensitizers (2nd entry) was less
effective than that with one (first entry) because the additional Ru centre is reduced
before Mn. The total TON (~127), selectivity for formic acid (78%), and the incident
light quantum yield (14%) for the mono-Ru species are appreciable for these types of
photocatalysts. It is noted, that these values were similar to those obtained with the Mn
catalyst and Ru sensitizer in discrete, separate molecules, suggesting that the
supramolecular structure did not provide any performance advantages in this example.

Both monomolecular and supramolecular earth-abundant systems with Mn(1),
Cu(I), and Fe(II) centres have been reported as photocatalysts for CO, reduction.’* As
an example of a high-activity system, the binuclear Cu complex [Cuz(P2bph),]** (P2bph
= 4,7-diphenylphosphinetetramethylene-1,10-phenanthroline) was utilized as a
photosensitizer with a variety of fac-Mn(X:bpy)(CO);Br catalysts (Xobpy = 4,4’-Xo-
2,2’-bipyridine, X = H or MeO) (Figure 1.6) for CO, photoreduction.>> The most
efficient of the catalysts studied with this photosensitizer was fac-

Mn((MeO)2bpy)(CO)3Br, which reduced CO; with an incident quantum yield = 57%
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(CO + HCOOH), TONco = 1300, and the CO selectivity was 95% (conditions: N, N-
dimethylacetamide-triethanolamine (DMA/TEOA) (4:1, v/v) solvent, 1,3-dimethyl-2-
phenyl-2,3dihydro-1H-benzo[d]imidazole (BIH; 10 mM) as a sacrificial electron
donor, 436 nm at 2.0 x 108 Einstein s*!, 24 h, [Mn] = 0.05 mM , [Cu] = 0.25 mM)).>
This latter example demonstrates that high TON and selectivity can be obtained with
Earth-abundant photosensitizers and catalysts, albeit with excess photosensitizer and

under relatively intense light.

hv (436 nm) ~ -
~ p p- “U Mn
) - - "e_:
\ }% 1A\ P ?r
R~ -~ \P / | "'-]/ = N-Mn"CO
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Figure 1.6. Cu-Mn photocatalytic system for COz reduction.

1.5 Conversion of Solar Energy and CO: Fuels with

Photoelectrocatalysis

The earliest report of photoelectrochemical overall water splitting dates back to 1972,
with a report by Honda and Fujishima.>¢ In that report, a TiO, photoanode catalyzed
the oxygen evolution reaction in an electrochemical cell when illuminated with UV
radiation. Carbon dioxide photoelectrochemical cells that utilize solar energy to drive
the kinetically and thermodynamically uphill conversion of CO; to hydrocarbons.>”-¢0
The first example of a molecular photocatalyst utilized in a photoelectrochemical cell
for visible-light-driven CO, reduction (using water as a reductant) was based on a
Ru(II)-Re(I) supramolecular complex immobilized on a NiO electrode (NiO-RuRe).*°
This photocathode generated CO in high selectivity I > 95% and TON = 32, under
radiation (12 h) at 460 nm light irradiation, with an applied bias of 0.7 V vs Ag/AgCl

in an aqueous solution. The faradaic efficiency was 64% (Figure 1.7).
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CO, reduction

Metal-complex hybridized
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Figure 1.7. Hybrid photocathode for CO» comprising a Ru(II)-Re(I) supramolecular catalyst on a NiO
electrode. Reproduced with permission from Ref. ©

A recently reported molecular-based photocathode integrates chromophore-
catalyst assemblies for long-term solar-driven CO; reduction in a stabilized polymeric
film structure. The assembly, abbreviated as NiO-Si-poly(Ru')-poly(Re'), includes a
silane  surface-anchoring  group, Ru(bpy);]*'-type  photosensitizer,  and
fac-[Re(bpy)(CO);Cl]-type catalyst (Figure 1.8). The silane group, Ru photosensitizer,
and Re catalyst were all functionalized with vinyl groups to allow their
electropolymerization. This photocathode was stable toward CO: reduction to CO for
over 10 h in a COs-saturated NaHCO3 (50 mM) aqueous buffer solution, at pH 7, with
a FE of 65%, at—0.7 V vs Ag/AgCl, and TON = 58, under visible light irradiation (100
mW cm2, A >400 nm). The long-term stability, current density was maintained for ~10

h, was attributed to the electro-polymerization of the components.!
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Figure 1.8. Possible surface assembly structures on NiO|Si—poly(RuH)-poly(ReI). Structures of
molecular precursors derivatized with vinyl functional groups.®!

A large amount of effort has been dedicated towards these academic-directed
demonstration systems. There remains a considerable distance between these studies
and large-scale commercial systems. Nevertheless, these studies have helped define the
parameters, mechanisms, and strategies that eventually will lead to commercial
photoelectrochemical systems for CO> reduction and water oxidation. This research
also has trained many new researchers in this important area. The utilization of
photoelectrochemical solar energy conversion into hydrocarbons or hydrogen will, in
principle, minimize climate change while fulfilling the energy and chemical

requirements of contemporary living and manufacturing.

1.6 Molecular Photosensitizers for Solar Energy Conversion

1.6.1 Ru(bpy)s** as a Photosensitizer for Solar Energy Conversion
As previous examples in this chapter illustrate, molecular photosensitizers are being
investigated as components of visible-light-driven catalytic systems to prepare solar
fuels. A molecular-based photocatalytic system typically possesses a photosensitizer
(PS), a molecular catalyst (cat), and an electron donor (D). The electron donor is,
typically, either an electrode or a sacrificial electron donor added to the solution.

The absorption of a photon initiates an electron transition within the
photosensitizer (PS), resulting in the formation of an excited state (PS*) with two singly

occupied molecular orbitals (SOMOs). Typically, the 'S excited state undergoes
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intersystem crossing (ISC) to form a lower energy, longer-lived 'T excited state. It is
the !'T excited state that undergoes the electron transfer reactions typically encountered
during solar fuel production. Precious metal photosensitizers, such as [Ru(bpy)s]**,
[Ir(bpy)(ppy)21F, Ir(ppy)s, and their derivatives, commonly were used in earlier studies
on photocatalytic fuel generation. 6267

Ru(bpy);** is the most studied transition metal complex for synthetic
photocatalysis and solar energy conversion. The mechanism of operation by this
chromophore is illustrative of how many operate in the literature. The absorption
spectrum of Ru(bpy)s;?* contains a strong, broad band centered at 452 nm in the visible
range. This absorption band corresponds to a metal-to-ligand-charge transfer (MLCT)
transition to form the 'S MLCT excited state with a high quantum efficiency (® ~ 1).
Because this characteristic absorption band is quite broad, a range of wavelengths of
visible light can produce the catalytically relevant photoexcited state.®® The 'S excited
state undergoes rapid intersystem crossing in (<20 fs), attributable to efficient spin-

orbital coupling (SOC) brought about by the presence of the heavy Ru atom, leading to
the long-lived 'T MLCT excited state (Figure 1.9).%°
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Figure 1.9. Simplified Jablonsky diagram related to energy transfer (ET), intersystem crossing (ISC)
and radiative and non-radiative de-excitation processes for Ru (II) polypyridyl complexes.

The 'T MLCT state serves as either an electron donor or an electron acceptor
in numerous intermolecular redox reactions.®®’! One pathway (Figure 1.10, path i)
involves oxidative quenching of the 'T MLCT state by electron donation from the

highest energy SOMO to an electron acceptor (e.g., COx through a catalyst) to yield the
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oxidized, d> Ru (III) complex [Ru(bpy)s]**. Then, complex [Ru(bpy)s]** is reduced
(e.g., by water through a catalyst) to regenerate the Ru(Il)-bpy ground state. An
alternative pathway (Figure 1.10, path ii) involves reductive quenching of the 'T MLCT
state by accepting an electron from a donor to generate the strongly reducing, anionic
Ru(Il) complex [Ru*(bpy)s]**, with an electron localized among the ©*-bpy orbitals.
This strongly reducing compound then donates an electron (e.g., to CO> via a catalyst)

to regenerate the Ru(Il)-bpy ground state.

A B Energy transfer path (iii)
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A Ru’(bpy)s** b
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Ru(bpy)s*
D,%\ /k
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Quenching Quenching

Figure 1.10. Ru(bpy):*" structure (A) and different energy transfer paths upon light excitation (B).

The low abundance of Ru and Ir limits their use in large-scale photocatalysis,
especially for the scales required for solar fuel production. Developing organic
photocatalysts offers more sustainable, cost-effective alternatives. This area has been
extensively reviewed.”>””> While the structure-property relationships are understood
well for metal-based complexes, the molecular design principles for organic dyes are
explored less. Recent reports highlight organic dyes for varied, specific catalytic

purposes, focusing on either powerful reducing or oxidizing properties. 77677

1.6.2 4CzIPN as a Photosensitizer for Solar Energy Conversion.

The metal-free photosensitizer, 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene
(4CzIPN) is a donor-acceptor chromophore, with the carbazolyl (Cz) groups as electron

donors and the dicyanobenzene (dcb) moiety as an electron acceptor. This class of
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organic chromophores has emerged as a powerful organic photocatalyst since their
discovery announcement in 2012.7> Their excellent redox windows (redox potentials
of the highest- and lowest-energy SOMOs in the T; excited state), good chemical
stability and broad applicability make 4CzIPN and related compounds attractive metal-
free photocatalysts and chromophores. The family of carbazolyl dicyanobenzenes
(CDCBs) was reported first as highly efficient light harvesters for organic light-
emitting diodes by Adachi and co-workers in 2012. This class of chromophore absorbs
visible light (~430 nm) to undergo a push-pull displacement excitation of an electron
mainly from a HOMO located on the carbazole rings to a m* LUMO centered on the
dicyanobenzene moiety. Steric crowding in these conformational restricted molecules
results in the dihedral angles between the carbazolyl- and dicyanobenzene rings to be
~60°, minimizing the overlap between the LUMO and HOMO (frontier) orbitals.
Density functional theory (DFT) calculations suggest there is a narrow energy gap
between S; and T excited states, facilitating ISC. The T state is relatively long-lived
(5.1 ps), and these molecules undergo efficient thermally activated delayed

fluorescence (TADF) (Figure 1.11).
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Figure 1.11. Energy diagram of a molecular chromophore illustrating fluorescence, phosphorescence
and thermally activated delayed fluorescence (TADF).

More specifically, they undergo thermally activated reverse intersystem
crossing (RISC) from T to Si, followed by relaxation through fluorescence from S; to

So. The distinct localization of the HOMOs and LUMOs allows independent

fine-tuning of both orbitals by modifying the electron donor and acceptor moieties on
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the cyanobenzene scaffold, enabling adjustment of the photophysical and
electrochemical properties of 4CzIPN (Figure 1.12).7

In addition to its cost-effective nature as an organic molecule, 4CzIPN presents
several key photophysical characteristics shared by Ru- and Ir-polypyridyl catalysts.
These include a prolonged excited state lifetime, a broad redox potential range, and a
high fluorescence quantum yield.”® Notably, 4CzIPN possesses oxidation and reduction
potentials similar to those of the Ir-catalyst Ir[dF(CF3)ppy]2(dtbpy)(PFs), making it an

exceptionally desirable photocatalyst.”

Figure 1.12. Structure of 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene (4CzIPN)

The exploration of 4CzIPN as a photocatalyst for organic reactions started in
2016.7° This area is reviewed, and only representative examples will be discussed here.
4CzIPN is, for example, an active photoredox cocatalyst for both the decarboxylative
arylation of carboxylic compounds by aryl halides and cross-couplings between
alkyltrifluoroborates and aryl halides, both catalyzed by Ni complexes (Scheme 1.3).%°
The proposed reaction mechanisms for these transformations involve generating alkyl
radicals through the oxidation of either an alkyl-carboxylate or an alkyl-trifluoroborate
by SET to the lowest energy SOMO of the 'T excited state of 4CzIPN. Such a step
requires that the redox potential of this SOMO is at least +1.35 V vs SCE.
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Scheme 1.3. Ni catalytic decarboxylative arylation of aryl halides driven by 4CzIPN.

Of relevance to the research in this dissertation is that 4CzIPN also has been
utilized as a photocatalyst for CO» transformations.®'~** For example, Konig and co-
workers reported ligand-controlled selective Markovnikov and anti-Markovnikov
hydrocarboxylation of styrenes with CO, under mild conditions (Scheme 1.4).%!
Specifically, irradiation of 4CzIPN under visible light yields the photoexcited state
*4CzIPN, which, via two single electron transfer (SET) steps, regenerated the catalytic
active Ni’L, species from Ni'L,, the entity directly responsible for the
hydrocarboxylation. 4CzIPN uses a HEH (Hantzsch ester) as the electron donor. The
reaction tolerates a wide range of functional groups and electron-poor, -neutral, and

electron-rich styrene derivatives, providing the desired products in moderate to good

yields.
4CzIPN (1mol%)
NiBr,-glyme (10 mol%) HClI . Ph ;
E1(E0mons) @M _COMH | P~ P
DMF, 24 h, rt. Ar iPh o (L1 P
AT BluetetD i d ppb(L1) pPh
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4CzIPN (1 mol%) HCI CO,H 7\ W,
NiBr,L2 (10 mol%) 2Mm) /Kz : =N N
K,COj3 (1 equiv.) Ar | HaC L2  CH,

DMF, 24 h, r.t.

Scheme 1.4. Scheme of catalytic hydrocarboxylation of styrene under CO2 with 4CzIPN/Ni. Adapted
with permission from Ref.®

Unlike metal-based chromophores, organic dyes are studied less in
photocatalytic CO; reduction systems. In 2020, Wang and co-workers developed an
earth-abundant photocatalytic CO; reduction system that is composed of a terpyridine—
Fe(Il) complex (FeTotpy) [10 puM] as a catalyst and 4CzIPN [50 puM] as

photosensitizer (Figure 1.13).%4
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Figure 1.13. Photocatalytic CO> reduction with 4CzIPN, FeTotpy and TEA. Reproduced with
permission from Ref.%

The system produced 2250 TON of CO in 99.3% selectivity at TOF = 60 min™!
under visible light irradiation (420-650 nm, 3 w LEDs) in DMF/H>0 (3:2 v/v) solution,
using 0.28 M of TEA [0.28 M] as the sacrificial electron donor. The presence of H>O
enhances the photocatalytic efficiency, presumably by acting as a proton source. The
ruthenium photosensitizer [Ru(bpy)s;]*" activity was low, TON = 20 under the same
conditions and timeframe. These results highlight the high activity of 4CzIPN as

chromophores in photocatalytic CO reduction, even in the presence of water.

1.7 Carbon Dioxide

CO; is a thermodynamically stable molecule (AG* =-396 kJ/mol) and the final product
of many combustion processes. The reverse process, the electrochemical conversion of
COsz into fuel or value-added molecules, requires a strong reducing potential, electrons,
and protons. Table 1.3 lists the formal reduction potentials vs NHE (Normal Hydrogen
Electrode) for the conversion of CO; into various hydrocarbon products, where E° is
the formal potential at 298 K, pH 7 and under 1 atm of pressure. According to this table,
thermodynamics strongly influences product accessibility since electrochemical CO»
reduction can follow multiple reduction routes. Note that, the single electron reduction

of CO; to CO:™ requires a very negative potential (—1.90 V vs NHE), This reaction is
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utilized often to explain the high overpotentials encountered during CO>
electroreduction. However, it is worth noting that solvated CO;™ is not formed during
the electroreduction of CO,. Instead, the species formed from the first one-electron
reduction is bonded to the electrocatalyst surface, likely through multiple bonds and,
perhaps, even stabilized by protonation by the solvent. As such, the often quoted —1.90
V potential for this step is of questionable relevance to a specific mechanism. In
contrast, proton-coupled multielectron reactions are kinetically and thermodynamically
more accessible. Still, significant overpotentials are encountered during experimental
COg; electroreductions, higher than most of the normal reduction potentials in Table
1.3, leading to the formation of multiple products, often with significant amounts of
hydrogen evolution as a common side reaction. Some products, like methanol or
methane, are highly desirable, as they act as both raw chemicals and as fuel (in fuel
cells and combustion engines).®> Thus, electrocatalysts are necessary to overcome the
inertness of CO: and to carry out the reductions selectively. Selective CO»
electroreduction catalysts are rare and typically operate through kinetic selectivity, not

thermodynamic.

Table 1.3. Thermodynamic Potentials of Competing Reactions for CO2 Reduction in Non-aqueous
Conditions. Reproduced with Permission from Ref.%

Reaction E® vs NHE
COx(1) +2H" +2 ¢ —» COq + H20 -0.53V
COx(l) + 2 H' +2 ¢ —» HCOOH 2061V
COx(l) + 4 H" + 4 & — HCHO + H20 048V
COx(1) + 6 H" + 6 e » CH30H + H20 038V
COx(1) + 8 H" + 8 ¢ » CH4 + H20 024V
COx(l) + & — COz" Z1.90 V

Additionally, the CO; reductions shown in Table 1.3 can be carried out through
catalysts driven by direct use of light (photocatalysis) or by preliminarily light
conversion into electricity in photovoltaic cells, followed by electrocatalysis or a
combination of both (photoelectrocatalysis).

One objective of the research described in this dissertation is to develop and
study earth-abundant catalyst-chromophore systems for the photocatalytic- and

photoelectrocatalytic reduction of CO2 employing chromophores based upon new
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derivatives of 4CzIPN. The next part of the dissertation will, therefore, discuss the

relevant homogeneous catalysts for CO; electroreduction.

1.8 Homogeneous Catalytic Systems for COz Reduction

Molecular catalysts are adaptable, well-defined systems to investigate the requirements
for fast kinetics and long-term stability during CO: reduction. Almost uniquely,
molecular catalysts offer direct observations and study of single, well-defined active
sites, sometimes during the operation in the catalytic cycle. Molecular catalytic systems
for CO> reduction are characterized and studied through electrochemistry. Studies on
the electrocatalytic CO; reduction reaction (CRR) with homogeneous electrocatalysts
typically are carried out in non-aqueous solvents, such as acetonitrile (MeCN) or
dimethyl formamide (DMF) solvents with an added proton source. These mixtures
provide three main advantages over an aqueous electrolyte: a broad potential window,
the solubility of CO» is higher, and the concentration of protons is controllable.®” For
example, the solubility of CO; in acetonitrile is 0.28 M (298.15 K under 101.325 kPa),
whereas in water it is lower than 0.03 M (298.15 K under 101.325 kPa).3”:# In a typical
electrochemical cell, a Glassy Carbon (GC) mounted on a rotating disk electrode (RDE)
functions as the working electrode (WE), a platinum gauze is used as a counter
electrode (CE), and for the reference electrode (RE) there are several options available
with its advantages and disadvantages, depending on the solvents used and the nature
of the catalytic system (Figure 1.14). The pseudo reference Ag/Ag" clectrode is
employed vastly for CO; reductions in organic solvents; it is calibrated with the internal
reference of the ferrocene reversible redox couple (Fc/Fc®). An electrolyte is added to
the solution with the catalysts to facilitate the electron transfer. Tetrabutylammonium
hexafluorophosphate (TBAPFs) has arisen as the electrolyte of choice; however,
variants of tetrabutylammonium with different anions (such as ClO47) or LiClO4 are still

scattered across the literature.?’
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Figure 1.14. Schematic representation of a three-electrode electrochemical cell

The CRR performance is evaluated by controlled potential electrolysis (CPE,
potentiostatic electrolysis) or by potentiodynamic experiments The Faradaic efficiency
(FE) is the ratio of the moles of electrons (n) that formed CRR product to the total
moles of electrons (eq 1.2, where F' is the Faraday constant, O is the charge in
Coulombs, and z is the number of electrons involved in the process). The overpotential
(n) = applied potential at a given current density (Eapp) — thermodynamic potential for
conversion (£°) (eq 1.3, usually obtained from potentiodynamic experiments).
Turnover number (TON) = moles of intended product/moles of catalyst (eq 1.4, usually
obtained from CPE experiments). Catalytic selectivity = moles of intended
product/(total moles of all products produced) (eq 1.5, from CPE). Turnover frequency
(TOF) = catalytic turnovers per unit of time eq 1.6).

FEprod (100%) = 100 x (zFnprod/ O) (1.2)
N = Eapp — E° (1.3)

TON = #prod/ Heat (1.4)

CS = nprod/ RH: + Mall products (1.5)

TOF = TON / Time (1.6)

Note that TON and TOF can be reported based upon the total amount of catalyst
precursor in solution, or they can be based upon the amount of active catalyst in the

diffusion layer near the working electrode. In the homogeneous catalysis CRR
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literature, the mechanisms most often are determined from cyclic voltammetric data
using the foot of wave analysis (FOWA) pioneered by Savéant et al.®®! The
fundamental components of the model are that the active catalyst (designated as Q) is
generated from a reversible electron reduction of the oxidized catalyst (P). The ratio of
Q to P is governed by the Nernst equation. As well, it is assumed that the [CO>] is
constant and equal to the bulk [CO:], in other words, the rate of CO; diffusion is very
high relative to the rate of reduction. Assumptions are then made regarding the
mechanism. For example, for an EECC mechanism (two electron transfer steps
followed by two chemical steps) in the first chemical step, the ratio of currents ica; to 7p
is given by eq 1.7. Here, i, is the maximum current for density for a reversible 1 e
redox couple of the catalyst. It can be determined by cyclic voltammetry of the catalyst
in the absence of CO», or by utilizing a redox process in the catalyst that does not
overlap with the catalytic wave in the cyclic voltammogram. The purpose of dividing
icat DY 7p 15 to normalize the data for the diffusion coefficient of the catalyst, electrode
surface area, catalyst concentration, and scan rate. Here icy is the maximum current
density measured during linear sweep voltammetry, i, is the current density in the
absence of COz, n is the number of electron transfers per mole of product per catalyst
(n =2 for CRR forming CO), n' is the catalyst equivalents required per turnover (n' =
1), v is the scan rate, R is the universal gas constant, T is the temperature, F'is Faraday’s
constant. From this equation, it follows that a plot of ica/i, vs 1/(1 + exp[(nF/RT)(E —
E%q) solves for the global rate constant kca. This global rate constant is typically an
expression of rate constants leading up to the rate-determining step, and it includes the
bulk [CO2]. The FOWA analysis is a more representative measurement of the global
rate constant because it is applied to the early stages of the CO; reduction peak in the
cyclic voltammogram before other processes, such as catalyst deactivation, depletion
of CO; near the electrode surface, etc., deviate the curve from ideal behaviour. The
maximum TOF of the catalyst under these conditions (i.e., at the Nernst potential when
all the catalyst is in the form of Q) is equal to kcar. The FOWA analysis is a relatively
recent development, and it is not applied commonly in the literature. A more common
approach is utilizing the plateau region currents. Using the maximum ic., i.¢., the region

in the catalytic CV where the current is maximized or plateaued, at the potential where
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all the catalyst precursor is converted to the active reduced catalyst, Q, eq 1.8 simplifies
to eq 1.9. Like eq 1.8, 1.9. is based upon the assumption that [CO;] in the active zone

near the electrode surface is equal to the bulk.

RT
. 2.24 /—n’kCat
i nFv
—<at — (1.7)

ip - 1+exp[(:—;)(E—Ecat/2)]

icat 1 f RT _,
= =— |—n'k 1.8
ip 04464 nFy = cat (1.8)

TOFmax = kcat (l 9)

The maximum turnover frequency of the catalyst is again = kcat, €q 1.9, which
includes the [CO:] and an expression of the rate constants up to and including the rate-
determining step eq 1.8. The complications attending the use of the plateau method
include catalyst deactivation, side reactions, and depletion of [CO2] at the maximum
currents. As such, FOWA is more accurate.

A note on comparing the catalytic activity of molecular electrocatalysts CRR in
the literature. In an attempt to compare literature catalyst performance for this
dissertation, all potentials were converted to Fc/Fc* whenever possible, and emphasis
was placed on product selectivity and Faradaic efficiencies. It is important to note that
variations in the reported systems including [catalyst], [additives], type of solvent, CPE
potentials, volumes, reactor size, number and type of side reactions, mechanisms, etc.,
render direct comparisons difficult, and the comparisons discussed here should be
treated as tentative. In summary, there is a need for standard and more rigorous

approaches across the literature.

1.8.1 Rhenium Electrocatalysts

The prototype Re complex for CO: electroreduction is fac-Re(bpy)(CO):Cl
(Figure 1.15). This area has been reviewed extensively. 892%* This complex is an
octahedral, d°, 18-electron selective electrocatalyst for the formation of CO. In their

pioneering 1984 study, Hawecker and co-workers first reported electrocatalytic

reduction of CO, using fac-Re(bpy)(CO)3Cl (1a) [0.9 mM] at —1.25 V vs NHE (or —
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1.97 V vs Fc/Fc™) in DMF/Water (9:1) mixture as a solvent, with high Faradaic
efficiencies (>98%), negligible amounts of Ha, with up to ~25 TON over 14 h.> Many
related compounds have been investigated since then (Tables 1.2-1.5).8692-4 The major
areas of research are the effects of variation of the electronic properties of bpy, the
presence of inter- and intramolecular proton sources, and highly delocalized

alternatives to bpy ligands.

Figure 1 15. fac-Re(bpy)(CO)s;Cl (1a).

The synthetic versatility of the bpy ligand means that catalyst properties can be
tailored to study and optimize activity. The Faradaic efficiencies (FE’s) for the
formation of CO by the series of compounds R= CH3O- (1b), -CHs- (1c¢), tBu-
(1d), -CF3 (1e), -CN (1f) (Scheme 1.5, Table 1.4) were evaluated through controlled
potential electrolysis (CPE) in CO;-saturated acetonitrile solutions with TBAPFs as the

electrolyte.

| N R: H -1a
2N, I O OCHs - 1b
s CH5-1c

Re 3
7/ Bu - 1d
7 IN | \CO CF3 -1e
PN co CN - 1f

Scheme 1.5. General structure of Re catalyst for COz to CO electrochemical reduction.
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Table 1.4. CPE Reduction of CO> to CO with a Series Of Re(R-bpy)(CO)3ClI Catalysts

Entry Catalyst | FEco (%) Ref
1 1la 99 9
2 1b 59 9
3 lc 99 9
4 1d 99 9
5 le 30 9
6 1f 18 93

FE determined after CPE for 1 hour in anhydrous CO:z-saturated MeCN with 0.1M TBAPFs and [Re] =
1 mM.

The FE's for R = ‘Bu (1d) and CH3s (1c¢) were both high and the same as that
reported in this publication for R = H, ~ 99 %. The Re(1/0) redox potentials for the
complexes with electron-donating substituents ‘Bu- (-2.17 V, 1d), and -CH3 (-2.18 V,
1c) were slightly more negative than the parent compound R= H (-2.16 V, 1a).
Interestingly, the methoxy is the most electron-donating group in this series (1b,
Re (1/0) =-2.21 V) but had the lowest FE among the electron-rich compounds (59 %),
suggesting that n- and o- electron donation have different effects on the FE for this
CRR, with o- electron donation being more beneficial. The FE's with the electron-
withdrawing ligands 1e and 1f were lower, 30 and 18 %, respectively. The Re(1/0)
redox potentials for compounds with electron-withdrawing groups (-CF3 (—=1.79 V, 1e)
and -CN (-1.60 V, 1f)) were more positive than 1a, consistent with the notion that c-
electron donation enhances the FE for CRR with these complexes. The catalyst
activities were investigated by comparing the cyclic voltammograms in MeCN with
and without being saturated with CO, (0.28 M, sweep rate = 100 mV s,
0.1 M TBAPFs, GC working, Pt counter, Ag/AgCl reference). The ratio of the plateau
currents ica to ip decreased in the order R = OMe (40.7) > Me (32.6) ~‘Bu (32.1) > H
(8.4) among the electron-donating series. The ratios were 15.0 (CF3) and 8.3 (CN)
among the electron-withdrawing series. Rate constants were estimated from these
plateau currents as well as from FOWA data, with considerable variation in the
constants obtained from the two methods. It is worth noting at this point that different

groups report different performance data for the same compound. For example, the FE
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for the CPE reduction of CO; to CO was reported recently to be 62% for 1a (R = H)
under nearly identical conditions.”® This variation in the literature data is common, and
groups have noted that electrode fouling is common in these systems; freshly polished
glassy carbon disk electrodes must be used for each measurement.”® Suffice it to say
that the study of the exact nature and activities of these compounds is still evolving in
the literature.

Another major contributor to CO: electroreduction with homogeneous
electrocatalysts is the addition of a Brensted acid. Re-bpy complexes have a second-
order dependence on protons for the electrocatalytic reduction of CO» to CO and H20.%’
To illustrate, the addition of phenol, PhOH (1M, pKa. = 29.1) to MeCN solutions of 1a
(R=H) reduced the overpotential for CO; reduction in CV experiments and did not
decrease the reported FE (96%) in CPE experiments.®>

In line with these observations, researchers have investigated catalysts modified
by the integration of an intramolecular proton source.”® In one study, the position of the
amine group (ortho-, meta-, and para-) was varied within an aniline ring situated on the
6-position of the 2,2’-bipyridine (Scheme 1.6). The Re(1/0) reduction within the meta-
substituted aniline derivative 2b occurs at a very similar potential to the parent,
unsubstituted compound 1a. In contrast, the Re(1/0) reduction potentials for 2a (ortho-
NHb») and 2¢ (para-NH) are more negative than the parent complex 1a by 70 mV and
90 mV, respectively (Table 1.5). As expected from electrophilic substitution results
with aniline and resonance models,”® the meta-aniline group has a small electronic
effect on Re. Cyclic voltammetry was used to investigate the performance of these
compounds towards CO> reduction in CO»-saturated MeCN with and without 4%
trifluoroethanol (TFE) as a proton source. The turnover frequencies (TOFs) were
estimated using eq 1.8 and 1.9. TFE increased the activity of all the compounds. The
order in the absence of TFE was 1a < 2¢ (para-NH») < 2a (ortho-NH>) < 2b (meta-
NHb»). The order in the presence of TFE was 1a < 2¢ <2a < 2b (Table 1.5). The meta-
substituted catalyst was more active than all the compounds in the series, both in the
absence and presence of TFE. A comparison of the Re (1/0) redox couples showed that
the meta-substituted NH> had little electronic effect on the Re centre. The CPE faradaic

efficiencies for CO formation were high (89-98%) for all the compounds in the
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presence of TFE. The corresponding FEs were significantly lower for all the
compounds except the meta-substituted aniline compound without TFE (Table 1.5).6
Taken together, these results show that the meta-NH>-substituted compound 2b was
superior and that the higher activity/selectivity does not result from a direct electronic
influence of the meta-NH> group on the Re centre. The most likely explanation is that
the second-sphere amine group is in the optimum position to hydrogen bond to the
carboxylate group ligand formed by the reduction of CO; at the Re centre of the
catalyst. This hydrogen bonding would, presumably, be stronger in the presence of
TFE, and it would increase the rate of CO: reduction by stabilizing this intermediate

and by facilitating C-O bond cleavage.

NH,

2a 2b 2c

Scheme 1.6. Structures of the catalyst studied with a local proton source.

Table 1.5. Summary of the Electrocatalysis in CO2 with fac-Re(nNH2Ph-bpy)(CO)3C1.%

Redox
. FEco (%) | FEco (%) TOF (s TOF (s
Entry | Catalyst | [Conc.] Potential vs
No TFE 4% TFE No TFE 4% TFE
Fc/Fc*
1 2a 0.5 mM 222V 38 89 31.7 123
2 2b 0.5 mM -2.14V 83 93 98.8 239
3 2¢ 0.5 mM 224V 52 98 30.1 109
4 1a 0.5 mM 215V 62 92 14.6 72.9

Redox potential measured at v=100 mV s’!. Glassy carbon disk working, platinum wire counter, and
silver wire quasi-reference electrodes. In CH3CN with TBAPFs, 1 hour. The CPE potential applied for
experiments with TFE is lower than no TFE conditions, ranging from 30 to 100 mV lower.

As another representative example of Re systems, the Portenkirchner group
reported the synthesis, structure, and spectroscopic characterization of
fac-Re(5,5°-bisphenylethylnyl-2,2’-bpy)(CO);Cl  (3a) Scheme 1.7).° Cyclic

voltammetry studies on the reduction of CO2 in MeCN showed that the onset potential
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for complex 3a was 300 mV more positive than for 1a (300 mV less overpotential).
The catalytic rate constants for 3a and 1a determined using eq 1.8 were 220 s'M™! and
60 s'M"!, respectively. The conjugation of the n-electron system is more extended in
3a is than in 1a, which may be a factor in the higher activity of 3a vs 1a. Additionally,
CPE experiments indicated that the FE of 3a (24—43%) was lower than 1a (50%) under
the conditions and times reported by the authors. Note that FE of 3a measured by gas
chromatography (43 %) was lower than that measured by Fourier Transform Infrared
spectroscopy (FTIR, 24%) (Table 1.6). Homogeneous catalysis has advantages over
heterogeneous catalysis, including more complete characterizations, easier
modifications of the catalyst, and investigation of reaction mechanisms. The
disadvantages to homogenous catalysis include possible solution-phase deactivation
processes such as dimer formation that the solvent required to dissolve the catalyst may
not be optimized for CO; reduction, or that isolation and reuse of homogeneous
catalysts is typically impractical. A method to overcome these challenges is to
immobilize the electrocatalyst on the electrode. The alkynyl-substituted Re complex
3a was immobilized by electropolymerization onto a Pt electrode (complex 4a, Scheme
1.7).1% The FE of the polymer film (33%, measured by GC) was reported to be lower
than that of the monomer in solution (43%), although the times and potentials of the
CPE experiments were different. As well, traces of formate and oxalate (FEs < 1%)
were formed by the polymeric catalyst. Cyclic voltammetric studies indicated that the
current increases faster with applied potential over the polymeric catalyst and that the

overpotential for CO2-to-CO reduction is also lower for the polymeric catalyst.
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3a

Scheme 1.7. Structure of fac-Re(5,5’-bisphenylethylnyl-2,2’-bpy)(CO);Cl 3a, and the putative structure
of the polymer.

Table 1.6. Summary of the Electrocatalysis in CO2 with fac-Re(5,5’-bisphenylethylnyl-2,2’-
bpy)(CO);ClI and The Polymer Film

Redox CPE Potential Time of FEco
Entry | Catalyst | [Conc.] Potential Applied (Eapp) Vs CPE %) TOF (s!) | Ref
vs Fe/Fc* Fc/Fc* (min)
1 3a 1 mM 239V 259V 25 43 220 9
2 3a 1 mM 239V 259V 25 24# 220 9
1.5x 107
3 4a mol/em? 224V 224V 60 33 NR 100
4 1a 1 mM 217V 259V 10 50 60 9

Redox potential under COz-saturated MeCN TBAPF6 solution. Pt was used as WE and CE, whereas
Ag/AgCl as RE. The electrolysis was carried out without stirring, and gas chromatography was used to
determine CO. *The method for detecting CO is FTIR, and the electrolysis was done with stirring. NR:
not reported.

As a final representative example of Re systems, the large, conjugated ligand
and redox-active moieties on the bpy ligand can serve as an electron reservoir for
catalysis. These ligands lead to lower energy of the LUMO on the Re complex,
decreasing the energy needed to reduce CO> into CO. Accordingly, an N-N bidentate
ligand with a high degree of conjugation was introduced to the tricarbonyl rhenium
complexes: dipyrido[3,2-a:2’,3’-c]phenazine (dppz). A series of Re(I) with substituted
dppz ligands with electron-donating (tBu) or electron-withdrawing (-CF3) and redox-

active (-NO») substituents have been evaluated as electrocatalysts for homogeneous
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COz reduction (Scheme 1.8, Table 1.7). Cyclic voltammetry studies on complexes 4a-
d showed the redox potential of the catalyst under N> was not affected significantly by
the different groups on the dppz, showing the Re (1/0) potentials ranging from —2.01 V
to —2.07 V vs Fc/Fc'. Complex 4¢ was the only 40 mV more negative overpotential
than complex 1a. In comparison, the cyclic voltammetry under CO> showed similar
reduction potentials and similar reduction current densities. With the addition of
phenol, under CO», the current density increased approximately double for complexes
4a and 4b, and for complex 4¢, the current density was six times higher, and complex
4d showed the highest current density (~14 mA c¢m), nearly five times higher than
complex 4a. The catalyst activity was evaluated by the ratio of the peak current in the
presence (icat) and absence of COz (ip). The ratio of i.. to i, increased in the order R: H
4a (1.8), 'Bu 4c (3.8), CF34b (4.2) and N>O 4d (4.7). Usage of these data allowed the
calculation of turnover frequencies. The TOF values were significantly higher for
phenol-assisted experiments, and the TOF values are consistent with the catalytic
current densities observed for cyclic voltammetry. Thus, 4d presented the highest TOF
(s1): 4.4, followed by CF3 (3.6), 'Bu (2.9) and H (0.7); however, it remains unclear how
the redox active group -NOz plays its role in the CO; catalytic cycle. Further studies
are required to understand its influence fully.

Additionally, the controlled potential electrolysis was performed at around —2.0
V vs Fc/Fc* for all complexes (4a—d), and PhOH (0.45 M) was added as a weak
Brensted acid in MeCN. GC confirmed CO as the product, and no other products than
CO were detected in the gaseous phase. The results suggest that the ligand modification
of dppz leads to a large conjugation and can aid in storing multiple electrons and lower
the energy barrier for CO; reduction. However, it did not demonstrate a straightforward
trend about the electron withdrawing/donating ability (CF3/'Bu) or the redox
active/inert (NO2/H) capabilities of the substituents in the 11-position of the dppz since
the FE did show substantial improvements with different groups.

Notably, the -NO; group 4d showed the highest FE (53%), whereas the -H
group 4a reached 48% under nearly the same conditions. Interestingly, under the same
conditions, the FE for the parent compound 1a, did show a low FE of 32%; another

research group reported up to 92% FE with 0.5 mM of the catalyst and 4% of TFE
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(Entry 5, Table 1.7).” These results highlight the importance of concentration and

proton source drastically affecting the catalytic performance of Re complexes.

R No ASUN CO  R=4a(H)
A Y
@ : ,Rle< 4b éCF3))
4c (tBu
N Z N
_ 1 co co 4d (NO,)

Scheme 1.8. Structures of Re(R-dppz)(CO)3Br catalysts for CO2 to CO electrochemical reduction

Table 1.7. Summary of Electrocatalysis of Re(R-dppz)(CO)sBr Catalysts for The COz to CO
Reduction.!%

Redox Potential | CPE Potential | TOF (s!) | TOF (s') | FE
Entry | Cat

under N2 Applied (Eapp) | No PhOH | with PhOH | (%)

1 4a -2.01V 2.0V 0.3 0.7 48

2 4b -2.03V -1.9V 1.5 3.6 19

3 4c -2.07V 2.0V 0.4 2.9 27

4 4d -2.02V 2.1V 0.3 4.4 53

5 1a® -03V 2.1V 1 - 32

All potentials reported vs Fc/Fc*. CV was recorded in 0.1 mM [cat] in MeCN with 0.1 M TBAPFs under
COz, at 100 mV s!. *Complex 1a, with -Br instead of -Cl.

1.8.2 Manganese Electrocatalysts

Re-based homogeneous CRR catalysts are excellent for academic research and a
fundamental understanding of the mechanistic and thermodynamic aspects of CO»
activation-conversion.”> More recently, transition metals from the first row of the
periodic table, namely Mn, Fe, Co, and Ni, have emerged as a response for sustainable,
affordable and efficient catalysts for CRR.2"192103 This area has been reviewed
extensively, and mainly manganese complexes catalysts similar to their rhenium
analogues, will be the focus of this section. In 2011, [fac-Mn(bpy)(CO)3Br] (5a,
Scheme 1.9) was found to be an active and selective catalyst for CO formation from
CO; reduction in organic solvents.!%* Like its Re counterpart, Bronsted acids increase
the activity of 5a towards the CRR. CPE studies (—1.79 V vs Fc/Fc*, CO»-saturated
acetonitrile, 0.1 M n-BusNClO4, | mM H>O) show the FE of 5a towards CO was 100 %
after 4 h. Further, the TONTot (based upon all the Mn in solution) was 13 (Entry 1,
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Table 1.8). The FE dropped, however, to 85 % (15 % Ha) after 22 h (Entry 2, Table
1.8). The dimethyl derivative [fac-Mn(dmbpy)(CO)3:Br] (5b, dmbpy = 4,4’-dimethyl-
2,2’-bipyridine) is more stable under CPE, with FEco = 100 % and TONtot = 34 after
18 h (Entry 3, Table 1.8).

N Br

P No,' | ’;sCO

Mn
Zand | \co
I] co

NS

Scheme 1.9. Prototypal [fac-Mn(bpy)(CO);Br] (5a) complex for electrochemical CO:2 to CO reduction.

Table 1.8 Summary of Electrocatalytic CO2 Reduction with Mn(R-bpy)(CO);Br Catalysts

CPE Potential Applied Proton Time Products
Entry | Catalyst (V vs Fc/Fch) source [M] (h) (%FE) Ref
- CO(100) |
1 5a 1.79 1 mM H20 4 Ha (0)
) CO (85) o4
2 5a 1.79 1 mM H20 22 Ha (15)
3 5b -1.79 1 mM H20 18 €O (100) 104

[cat]: 1 mM in COz-saturated MeCN solution with 0.1 M TBAP. GC was used as WE and Pt as CE,
whereas 10 mM Ag/Ag" as RE. The electrolysis was carried out with stirring, and gas chromatography
was used to determine CO.

Many synthetic strategies have been utilized to vary the structure of the bpy
ligand to study structure-activity relationships. Modifications on the bpy ligand, such
as placing electron-donating groups on positions 4,4’, typically enhance the catalytic
activity, such as in the case of the methyl groups on complex 5b discussed above. The
cyclic voltammetry studies of fac-Mn((‘Bu)2bpy)(CO);Br (5¢) (Table 1.9) were used to
investigate the performance of this compound towards CO; reduction in MeCN with
three different weak Brensted acids (H.O, MeOH and TFE ) as a proton source. The
catalyst activity was evaluated by the ratio of the peak current in the presence (icar) and
absence of CO: (ip). The ratio of ica to ip increased in the order 3.1 M H>O (25) > 5.8
M MeOH (26) > 1.6 M TFE (42). Usage of these data allowed the calculation of

turnover frequencies. The turnover frequencies (TOFs) were estimated using eq 1.8 and
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1.9 TOF increased the activity of 5¢ for all the acids used. The TOF increased in the
same order as the current density ratio, giving the highest 340 s-! for TFE.
Additionally, the CPE of 5¢ was carried out at —2.58 V vs Fc¢/Fc* in a CO»-
saturated acetonitrile solution, achieving 100% FE for CO in the presence of 0.8 M
TFE, sustaining stable current density for a period of more than 3 h. The catalyst
performance is likely due to the inhibition of the inactive Mn-dimer formation during

catalysis. This activity is comparable to Re analogues at similar conditions.

Table 1.9. Electrocatalytic CO2 Reduction with [fac-Mn(‘Bu-bpy)(CO)3Br] (5¢).1%

Controlled Potential Electrolysis
Proton source | TOF : ; -
M) () Time | Potential applied | Products
(h) (V vs Fe/Feh) (%FE)

Catalyst

None 0

3.1 M H20 120
CO

(100)

3 -2.58
5.8 M MeOH 130

1.6 M TFE 340

[5 mM] 5¢
[TFE]: 0.8 M for the CPE.

In another study, the CPE FEco (1 atm CO,, CH3CN, [Mn] = 1.0 mM, [H,0] =
1.0 mM, 1.88V) after 4 h for a series of Mn compounds substituted at the 6-position of
bpy with H (5a), 2-PhOH (5d), and 2-PhOMe (5e) were 75 %, 76 %, and 67 %,
respectively (Scheme 1.10, Table 1.10).19

Scheme 1.10. Structures of fac-Mn(R-bpy)(CO);Br complexes for the CO»-to-CO electroreduction.

37



Table 1.10. Electrocatalytic CO2 Reduction with [fac-Mn(R-bpy)(CO);Br] Complexes

CPE Proton .
Entry | Catalyst | Conc. [M] Potential source T(l}rlr)le P(r;(i:u];)ts F{Sl): Ref
Applied M] °
1 mM 3 1 mM 106
1 5d 1.88 V H,0 4 CO (76) -
1 mM 1 mM 106
2 Se -1.88V H0 4 CO (67) -
B 03M CO (98) 107
3 5f 0.5 mM 22V TFE 1.2 H: (0) 480
_ 1.4M CO (96) 107,108
4 5f 0.5 mM 1.6V TFE 24 H: (0) 5000
CO (35)
B 2.0M HCOOH 109
5 5¢ 1 mM 2.17V TFE 1 25) 7500
H> (31)
CO (4.8)
B 2.0M HCOOH 109
6 1 mM —2.17V TFE 1 1) 5000
Ha (6.4)
CO (6.9)
B 2.0M HCOOH 109
7 1 mM 1.77V TFE 1 (90) 180
Ha (7.3)
Sh CO (3.7)
B 03M HCOOH 109
8 1 mM 2.17V PrOH 1 (89) -
H2 (0.2)
CO (0)
B 1.0M HCOOH 109
9 1 mM 2.17V PhOH 1 (63) -
H2 (33)
CO (5.6)
. B 2.0M HCOOH 109
10 5i 1 mM 2.17V TFE 1 (70) 4000
H2 (5.9)

CPE (V vs Fc/Fc*), all CPE experiments were carried out in a CO2-saturated MeCN solution.
Neither compound was stable under these conditions. The TONToT was 1.2, 2.7,

and 0.9, respectively. The low overpotential (~onset) current densities in CV
experiments were higher for 5d than 5a or Sh. The higher TONtor and low
overpotential current densities lead the authors to hypothesize that intramolecular
H-bonding in 5d promoted the CRR.

Increasing the steric hindrance further by substituting the bpy ligand at the 6,6'-
positions with 2-mesityl groups, i.e. fac-Mn(6,6'-dimesityl-2,2’-bipyridine)(CO);Br
(5f) increased the turnover frequency of the catalyst. More specifically, the TOF was
5000 s! for 5f, compared to the previous best in class, fac-[Mn(‘Bu-bpy)(CO);Br] (5¢)

(TOF = 3000 s!) measured under the same conditions with the current plateau method.
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The CPE FEco (96%) was as also high for the mesityl complex (1.6 V vs Fc¢/Fc*, 24 h,
TONiwot = 30). As will be discussed in the mechanism section, a defining feature of this
class of CRR electrocatalysts is the formation of Mn(0)-Mn(0) dimer. The apparent
high activity of Sf may arise from inhibition of dimer formation, or from increased rate
of reduction of a Mn-carboxylic acid intermediate (see mechanism discussed below).
Taking the study of bulky substituents at the 6,6'-bpy positions further, a recent
report prepared the 2,2'-(6,6'-(N,N)-diethylbenzylamine-2,2’-bipyridine) derivative Sh.
Electrochemical studies with in-situ characterization showed that this compound also
does not form Mn(0)-Mn(0) dimers. And contrary to Mn-catalysts without amine
groups at the ortho position of benzylamine, the main CPE product (MeCN, CO»-
saturated, 0.2 M TBABF4, 2 M TFE) was formic acid (HCOOH). Two reaction regimes
were identified, depending upon the applied potential. At relatively low potentials, —
1.77 V vs Fc/Fc*, the FE for HCOOH was 90%, with CO and H» as minor products. At
higher potentials, —2.17 V vs Fc/Fc*, The FE for HCOOH was 71%, again with CO and
H: being minor products. DFT calculations and in situ NMR and IR observations led
the authors to propose that the active catalyst is a Mn(I)-hydride species, formed by
prior protonation of the pendant amine group, followed by protonation of the Mn
centre. It is proposed that the formate group is formed by a nucleophilic-type addition
of the hydride ligand to CO., followed by rearrangement to form a Mn-formate
intermediate. Catalytic CV studies on the CRR using plateau potentials, i.e., maximum
plateaued currents, suggest that the turnover frequency for the formation of HCOOH is
quite high, 7500 s'! at relatively high applied potentials, and 180 s in the lower

potential reaction regime.

1.8.3 Mechanism of Reduction for CO: with fac-M(bpy)(CO);:X
Catalysts

The cyclic voltammetry of these complexes is the subject of intense study. 110-937.111.112
Typically, the solvent is MeCN under an atmosphere of N». The parent, 18 e compound
Sa undergoes two successive irreversible reduction reactions in the cathodic sweep
(Complexes 1-3, Scheme 1.11). The first reduction at —1.65 V vs Fc¢/Fc* corresponds

to the reduction of the Mn(I) centre to form, after the rapid loss of Br’, the relatively
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unstable 17 e monomer [Mn(0)(bpy)(CO)s] (2). This species can undergo rapid
dimerization through formation of a Mn—Mn bond to give the relatively stable 18 e
dimer [Mn(0)(bpy)(CO)3]2 (2D). The second cathodic wave at —1.89 V vs Fc/Fc*
corresponds to a reduction of the dimer to form the anionic monomer [Mn(bpy)(CO)3]
(3). Interestingly, structural and DFT studies conclude that the more stable form of 3 is
comprised of a Mn(0) centre and a bpy~ anionic radical ligand, rather than the Mn(—
1)/neutral bpy alternative. Note that some groups propose an alternative pathway where
the reduction of the unstable 17 e Mn(0) monomer [Mn(0)(bpy)(CO)s] to
[Mn(bpy)(CO)3] is more rapid than the dimer formation at—1.65 V vs F¢/Fc', and
the resulting 18 e” anionic monomer 3 then undergoes a multi-step parent-child reaction
with excess 5a in solution to generate the Mn(0) dimer 2D. Indeed, studies on the
aforementioned compounds 5f and Sg, with large groups at the 6,6'-positions of the
bipy ligand, are prohibited sterically from forming Mn(0) the dimers corresponding to
2D. Instead, the unstable 17e Mn(0) monomers, formed by 1 e- reductions of 5f and
Sg undergo rapid 1 e reductions to form the anionic monomers corresponding to 3.
Scheme 1.11. shows these reductive processes. The prevailing conclusion in the
literature is that the anionic monomers with the same structure as 3 are the active

catalysts in these electrocatalytic CRRs.
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Scheme 1.11. Possible mechanism followed by M(bpy)(CO)sX catalyst for the reduction of COx.

The species [Mn’(bpy~)(CO)3(CO2)]" undergoes ligand-to-metal charge
transfer, followed by electron injection from the d orbitals on the metal into the m*
orbitals on the C-O bonds from CO> (Complex 5, Scheme 1.12). This species further
reacts with a proton, forming [Mn°(bpy)(CO)3(CO:H)] (Complex 6, Scheme 1.12). At
this point, the applied potential and the proton source can determine two possible
reaction pathways. Low overpotentials are responsible for a further protonation
(protonation-first), followed by loss of H,O and formation of [Mn!(bpy)(CO)4]*
(Complex 7, Scheme 1.12). High overpotentials are, instead, responsible for a further
electron reduction (reduction-first) (Complex 8, Scheme 1.12), followed by protonation
and subsequent H>O loss. Both scenarios lead to a further reduction and CO liberation
(Complex 9, Scheme 1.12). The main distinctive difference between manganese and
rhenium carbonyl complexes is the tendency of Mn® species to dimerize (Complex 2D,
Scheme 1.11) This dimerization occurs after the first reduction wave and is

accompanied by halide loss. To reduce the dimer to the catalytically active species
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[Mn(bpy~)(CO)3], a more negative potential is required than the potential required to
97,105,113

reduce the unimolecular Mn® species.
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Scheme 1.12. Reaction mechanism proposed for the catalytic reduction of COz catalyzed by
[M(bpy")(CO)s] in the presence of weak Bronsted acids.

Despite all these findings, molecular catalysts are considered less durable than
solid catalysts because only a few of them can convert CO» in aqueous conditions, and
due to the lack of examples capable of reducing CO; beyond the two-electron reduction
products (i.e., CO and HCOOH), research has been moving towards immobilization of

catalyst.

1.9 Heterogeneous Systems for CO2 Reduction

To combine the selectivity of molecular catalysts with heterogeneous systems,
electrode surfaces have been modified with molecular catalysts to obtain selective and
robust heterogeneous systems for electrochemical CO; reduction. Ultimately, the
source of electrons and protons for the reduction of CO; to fuel molecules will be water
oxidation to oxygen, protons, and electrons, the oxygen evolution reaction (ORR).
Given that ultimate condition, any CO» reduction photocatalyst must have a component
that also effects the ORR or is heterogenized to the cathode surface of an
electrochemical or photoelectrochemical cell with the ORR occurring at the anode.

Heterogenization of CRR catalysts to electrodes is likely the easier of the two routes.
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As well, heterogenization offers advantages such as avoiding catalyst dimerization,
direct electronic connection between the catalyst and electrode, long-term stabilization,
avoiding rate limitations from catalyst diffusion; catalyst loadings are not limited by
solubility, and operating in solvents where the isolated catalyst would otherwise be
insoluble.!'* 116 Also, grafting molecular catalysts onto surfaces presents an
opportunity to create a tailored synthetic environment around the catalytic site,
allowing for the modification of its properties through secondary interactions.

The field of heterogenization of molecular electrocatalysts and photosensitizers
is vast and has been reviewed. Apart from those examples previously discussed in this
chapter, only representative examples will be discussed in this section. Surface
functionalization of carbon surfaces with rhenium CRR catalysts is a common
approach. For a recent example, a graphite-conjugated catalyst-rhenium species was
prepared by condensation of fac-Re(phen-(NH2)2)(CO)3;Cl with o-quinone moieties on
the surface of glassy carbon. The glassy carbon was anodized in aqueous acid to
generate the surface o-quinone groups. The catalyst performance was evaluated
through controlled current electrolysis (CCE). The CCE at 1.0 mA/cm? in acetonitrile
with 0.1 M TBAPFs as the supporting electrolyte over 1.4 h produced CO in 96% FE
(Scheme 1.13, left). Proton sources were not added to these solutions. Based upon the
moles of Re on the electrode surface, the TON was 12000, a substantially higher value
than that observed during CPE experiments with homogeneous Re complexes in
solution (140). While the TOF (2.5 s’!), was not as high as that estimated by FOWA
analysis of homogeneous systems in diffusion layers, the utilization (TONiy) and
stability of the catalysts were significantly higher upon heterogenization.!!”

In another representative example, Re(4-NH»-2,2’-bpy)(CO);Cl onto graphene
oxide electrodes was anchored covalently to graphene-oxide electrodes via diazonium
electrografting. The resulting system was investigated for syngas production in a CO»-
saturated MeCN that was 3.1 M in H,O as the proton source (Scheme 1.13, center).
This system is an example of a Re-type CRR electrocatalyst operating in the presence
of high amounts of H2O. CPE with this heterogenized catalyst resulted in the generation
of syngas (CO/Hy) in a ratio of 7:5, TOF = 4.44 s’!, TON = 8000, and FE = 25% at —
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1.766 V vs NHE.!'* This result again illustrates the high TON that is achieved by
heterogenization.

In another example, the bis(diazonium) compound [Re(5,5'-(N2)2-2,2’-
bpy)(CO):Cl1](BF4)2 was electrografted first to carbon paper, TiO2, FTO, or even gold,
and then electropolymerized (Scheme 1.13, right). CO; electroreduction by CPE at —
2.25 V vs F¢/Fc* for 2 h in acetonitrile (0.1 M TBAPF) produced CO with FEco =
99%, TONco = 3606, and TOF = 0.5 s'1,'!6 again illustrating the significantly higher
TON that can be obtained by heterogenizing this class of CRR electrocatalyst.

Glassy
Carbon
Electrode

Graphene Oxide Electrode

|( e )n Electrode |

Carbon, TiO,, FTO, Gold

Scheme 1.13. Structures of Re catalyst for the CO2 to CO electrochemical reduction.

In an example employing Mn, fac-Mn(bpy)(CO):Br was entrapped within
Nafion on a GC electrode (Scheme 1.14, left). CPE CO; electroreduction in a relatively
rare example of an aqueous pH 7 phosphonate buffer electrolyte at —1.7 V vs Fc/Fc*
formed CO with TONco = 471, and FEco = 51% after 4 h.!!8 Thus, higher TONs were
obtained, and an aqueous electrolyte could be utilized by heterogenizing the
homogeneous electrocatalyst.

In another example, a fac-Mn(bpy)(CO)3;Br-type catalyst was immobilized on

multi-wall carbon nanotubes (MWCNT) via electrostatic interactions through a pyrene

44



anchoring group present as a substituent on the bpy ligand (Scheme 1.14, right).
Through this modification, it was possible to control the catalyst loading on the surface
of the electrode, and different loadings led to the different major products from CPE
COg; electroreduction. CO was the main product (FE = 30%) at relatively high catalyst
loadings (I" > 30 nmol cm?) at —1.5 V (vs Fc¢/Fc¢*) with TONco > 1000 in aqueous 0.5
M KHCO;3 solution saturated with CO,. H> and HCOOH were the major products at
lower loadings (I' < 20 nmol c¢m?) with TONgcoon > 3000) (Scheme 1.14). The
difference in selectivity was attributed to Mn-Mn dimer formation on the surface at
higher loadings of Mn.!!® This result again illustrates heterogenizing the homogeneous

electrocatalyst results in higher TON and allows the use of aqueous electrolytes.

Nafion

Glassy Carbon Electrode

MWCNT

Scheme 1.14. Representation of structures of Mn catalysts immobilized on electrodes through
electrostatic interactions.

Early studies have described the integration of Co (phthalocyanines and
porphyrins) on carbon surfaces for CO; electroreduction. One of the most active
immobilized abundant CRR electrocatalysts was prepared by first anodizing glassy
carbon, followed by a reaction of the surface carboxylic acid groups with SOCl. Then,
the resulting surface acyl chlorides were amidized by a reaction with 4-aminopyridine,
followed by coordination of the py ligands to Co(II)-tetraphenylporphyrin (CoTPP)
(Scheme 1.15). Remarkably, this catalyst effected the CPE reduction of CO> to CO at
—0.5 V vs RHE with TONco = 107, and FEco: > 90 % under aqueous conditions
(phosphate buffer, saturated with CO», pH 6).!2°

45



Glassy Carbon Electrode
Scheme 1.15. Structures of CO> reduction Co catalysts immobilized on electrodes.

Taken together, these results demonstrate that substantial TONs and FE's can
be obtained from immobilizing CRR electrocatalysts. As well, the CRR reactions can
be carried out under aqueous solvents, which is more compatible with the oxygen

evolution reaction as a large-scale source of protons and electrons.

1.10 Research Objectives

According to the literature, the field of solar CO2 conversion and utilization is
too extensive to be addressed by a single project; thus, the research of this dissertation
project is focused on the design and synthesis of molecular architectures of selective
and efficient systems. Early studies are based on the most common photosensitizer
Ru(bpy)s**, coupled to the most well-studied CRR catalysts, Re(bpy)(CO)sCl, for
benchmarking. The evidence in the literature suggests that supramolecular systems are
more efficient for photocatalytic CO> reduction, as found in Section 1.4.

Chapter 2 addresses the synthesis and catalytic performance evaluation of the
RuRe supramolecular system as a homogeneous photocatalyst. In consideration of the
large disconnection between TON obtained from CPE, and TOF obtained from FOWA
and the plateau current analysis found in the literature (Section 1.8), the Ru-Re
heterogenization is studied as a strategy to overcome this inconsistency. Additionally,
the difficulty of synthesizing RuRe in solution, poor solubility, and stability, also led
to a stepwise Ru-Re assembly, via diazonium anchorage, on various semiconductor

surfaces (GC, NiO, TiO) for the photochemical and photoelectrochemical CRR
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comparison. This heterogenization aims to increase the TON, avoid the use of a
sacrificial electron donor, and may allow for water oxidation to obtain the electrons for
CRR, as is explored in Chapter 3.

To emphasize the transition from Ru(bpy)s>* to Earth-abundant components for
CRR, Chapter 3 focuses on developing 4CzIPN derivatives since it has been proven a
strong alternative as a photosensitizer. Some examples include imidazole-3CzIPN,
imidazolium-3CzIPN and NHC-3CzIPN, followed by the integration to the
semiconductor surfaces, specifically (TiO2). The surface chemistry of the 4CzIPN
derivatives, via  diazonium, or NHC-H bonding to TiO2 or
polymerization/heterogenization on GC are studied. The photoactivity of
NHC-3CzIPN on TiO; electrodes is evaluated as well.

The demonstration of the photocatalytic activity of 4CzIPN derivatives on TiO:
is the first step towards a sustainable solar-driven CRR system. To continue in this
direction, the 3CzIPN-imidazole compound is coordinated with the Earth-abundant
complex, fac-Mn(bpy)(CO)3Br. Chapter 4 describes the synthesis, and homogeneous
photocatalytic activity evaluation for CO; reduction of 3CzIPN-imidazole-Mn and
steady-state and time-resolved photoluminescence for a better understanding of the

electron transfer processes.
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Chapter 2

Solid-Phase Synthesis and Photoactivity of Ru-
Polypyridyl Visible Light Chromophores and RuRe
Photocatalyst Bonded through Carbon to
Semiconductor Surfaces’

2.1 Introduction

Anthropogenic climate change is the greatest challenge faced by our society.! Intense,
worldwide efforts are underway to develop energy sources that do not emit greenhouse
gases.?? The amount of solar energy that strikes Earth in one hour equals the amount
of energy consumed by humankind in one year.*> In principle, solar energy can fulfill
most of humankind's energy requirements, but it is intermittent and diffuse. Efficient,
large-scale energy storage, that also delivers the stored energy on demand, is required
for the widespread adoption of solar and renewable energy.>®

A promising method to store solar energy is artificial photosynthesis of either
hydrogen from water and sunlight, or hydrocarbons from CO», water, and sunlight. >3
In essence, solar energy is stored in the resulting fuel (and O2). Hydrocarbons have
enormous gravimetric energy densities, and they can deliver vast amounts of energy
over extended periods.®!® Hydrocarbons made by artificial photosynthesis are ideally
suitable for applications with these requirements (e.g., transportation, large-scale

),7%1% and their utilization would be net CO, emission neutral.

storage for power or heat
In principle, the CO; emissions from a conventional power plant can be captured and
converted back into hydrocarbons in a zero-emission, solar-fuel cycle.®! Carbon
dioxide also can, in principle, be removed from the atmosphere and converted into solar
fuels or commodity chemicals.

Artificial photosynthesis often is carried out in a photoelectrochemical cell.!!

Water splitting occurs at the photoanode to produce oxygen, protons, and electrons,

' Amiri, M.; Martinez Perez, O.; Endean, R. T.; Rasu, L.; Nepal, P.; Xu, S.; Bergens, S. H. Solid-Phase
Synthesis and Photoactivity of Ru-Polypyridyl Visible Light Chromophores Bonded through Carbon to
Semiconductor Surfaces. Dalton Trans. 2020, 49 (29), 10173-10184.
https://doi.org/10.1039/DODT01776K.

59



either protons are reduced to hydrogen or CO; and protons are reduced to hydrocarbons
at the photocathode. A potential typically is applied to prevent back transfer at the
electrodes. Systems based upon Z-schemes that operate without applied bias by
transferring electrons from the conductance band of the photoanode to the valence band
of the photocathode are also under investigation.!?

Photocatalytic water splitting was reported first by Fujishima and Honda in
1972, who utilized TiO; as a photoanode to oxidize H,O to form O, protons, and
electrons under UV irradiation.!*> Narrow band gap semiconductors, such as
CuWO4/CoPi,'* and TasNs/KTaO3'> have been studied as photocatalysts for water
splitting that absorb in the visible light range.'® Dye-sensitized photoelectrochemical
cells (DSPECs) are an alternative to using one material for both light absorption and
water-splitting catalysis.’ In DSPECs, the light-absorbing material (dye or
chromophore) and the catalyst are typically different materials.!” Thereby, both can be
optimized for their specific function independently to tune and understand the overall
performance of the DSPEC better. !

The chromophores that have been investigated in DSPEC’s include Zn, Os, Ir,
or Ru metal complexes.?’2* Ru-polypyridyl compounds are the most studied®*2’
because they possess relatively strong, tunable metal-to-ligand charge transfer
absorbances in the visible range, and their triplet excited states are relatively long-
lived.?®? Further, the ligands can be varied to tune relevant characteristics, such as
chemical stability, the rates of injection and back electron transfer, excited state
potential, and light-absorption range.’*3! Ru-polypyridyl chromophores typically are
attached to semiconductor (SC) electrodes through phosphonate- or carboxylate-SC
linkages in DSPECs. While these linkages are stable under acidic conditions, they
undergo rapid hydrolysis at pHs above 7 and 5, respectively.’? Basic pHs are more
desired because most earth-abundant catalysts are stable under these conditions.?* Also,
kinetics favour CO; reduction to H» evolution at higher pH values.’* Atomic layer
deposition of AlbOs or TiO: has improved the stability of chromophore/catalyst
assemblies.’®> A common method to graft a desired organic compound through a
covalent bond to an electrode is via electrografting of the corresponding diazonium

27,4445

salt.3¢* Several groups, including our own,*® have reported that Ru- polypyridine
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chromophores grafted to various surfaces by diazonium ions demonstrate good stability
under basic conditions.

The majority of Ru-polypyridyl chromophores undergo one electron processes
under light, whereas the reduction of CO., and related reactions require multiple
electron transfers. Dinuclear Ru(Il) polypyridyl complexes, such as
[(phen)2Ru(tatpq)Ru(phen),]** (phen = 1,10-phenanthroline, and tatpq = 9,11,20,22-
tetraazatetrapyrido[3,2-a:2°3°¢:3°,2”’-1:2°",3°>’-n]-pentacene-10,21-quinone),*’  or
tetranuclear Ru(I) complex [(Ru(phen),)s(ditatpp)]®* (ditatpp = dimer of 9,11,20,22-
tetra-aza-tetrapyrido[3,2-a:2'3'-c:3",2"-1:2"",3""]-pentacene linked by a carbon—carbon
bond along the central benzene ring)*® can store up to 4 electrons upon irradiation with
visible light in presence of triethylamine (Et;N) as the sacrificial electron donor. Each
one-electron reduction of the bridging ligand is accompanied by protonation to prevent
the build-up of negative charge. As well, chromophores with multiple Ru and other
metal centers absorb light deeper into the visible range than monomeric
chromophores.*-*° Multinuclear chromophores often have poor solubility, however,
hampering their purification, characterization, activity measurements, and attachment
to electrode surfaces.>!->2

A modular synthesis of complex chromophores/catalysts in a step-by-step
manner with the starting group covalently bonded to the surface, much like solid-phase
synthesis,>® would simplify the construction of complex systems on electrode surfaces.
Specifically, insolubility is not a limitation because the target is bonded already to the
electrode, and it is constructed by a sequence of reactions with smaller components
dissolved in solution. This simplification of the procedure would allow for rapid
optimization by varying the reactants in each step of the sequence. Another advantage
of attaching a small component molecule to the semiconductor surface first is that
higher surface coverages may be obtained than if the larger molecule was attached to
the surface in one step.>

In a recent publication in our group, it was established the stepwise synthesis of
a  SC-[(phen)Ru(bpy)2]*" photoanode (SC = semiconductors, phen =
1,10-phenanthroline), with the ruthenium-polypyridyl chromophore covalently bonded
to the semiconductor at C5 of the phen ligand. The bond between the SC and C5 was
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more robust under neutral and basic conditions than phosphonate- or carboxylate
linkages.*® This chapter describes the preparation of a series of monomeric- and dimeric
Ru-polypyridine chromophores to demonstrate the versatility of this synthetic strategy

2+/3+ redox

(Scheme 2.1-2.4). As well, it describes the light absorption range, Ru
potential, and the photoactivity of the resulting photoanodes towards the
photoelectrochemical oxidation of hydroquinone or triethylamine under a wide pH,
wavelength, and potential range. Include here the CO; reduction and photochemical

CO; reduction with RuRe.

2.2 Results and Discussion

The diazonium derivative of 1,10-phenanthroline-5-amine was used to electrograft
phenanthroline to flat FTO or TiO2 nanoparticles pasted on FTO (referred to here as
Ti0») electrodes using cyclic voltammetry (CV), as was reported previously (1 mM
phen and 2 mM NaNO> in 0.1 M H2SO4,-0.20 t0 0.15 Vvs SCE, 50 mV s, five cycles)
(Scheme 2.1).4¢% Figures 2.1A and 2.1B show the deposition voltammograms. The
high cathodic current in the first cycle, followed by the significantly lower values in
the remaining cycles indicates that the majority of the electrochemically active sites are
occupied after the first cycle. As expected, the cathodic deposition current over the

higher surface area TiO; electrode was ~10 larger than over flat FTO.

“ “ “ “
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Scheme 2.1. Route for the solid-phase synthesis. Electrografting of 5-diazo-1,10-phenanthroline cation
on the surface of various semiconductors.
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Figure 2.1. Cyclic voltammogram of the (A) FTO, and (B) TiO: electrodes in 0.1 M H>SOs solution
containing 5-amino-1,10-phenanthroline (1 mM) and NaNO: (2 mM), scan rate 50 mV s

The high-resolution XPS spectra (Figure 2.2) show the N1s region (~400 eV)
of FTO, TiO2, FTO-phen, and TiO2-phen. The N1s peaks at 400 eV for FTO-phen and
TiO2-phen, confirming that nitrogen is only present after electrografting, and indicating
that the nitrogen is sp?-hybridized in an aromatic phen-type structure.’® Additionally,
the cyclic voltammogram (CV) (Figure 2.3) of FTO-phen shows that sweeping to a
lower potential limit than during the electrografting (0.1 M NaSOs, 0 to —1.0 V vs
SCE, 50 mV s!). Similar to ITO-phen reported previously,* the cathodic peak at about
—0.85 V in the first cathodic sweep is absent in subsequent sweeps. This peak is
attributed to two proton-coupled, electron transfers to phen, forming species
resembling 1,4-dihydro-1,10-phenanthroline grafted at C5 to the electrode surfaces.>>>’
Charge integration of this peak estimates the electrochemically accessible surface
coverage to be 3.8 x 107! mol cm™. As expected, this charge is slightly less than those
for the corresponding electrografting by reduction of the diazonium (equivalent to 4.45
x 10 mol cm™ assuming it involves 1 e~ transfer). Specifically, it is reasonable to
expect that a portion of the phen radicals formed during the electrografting of the

diazonium does not bond to ITO or TiO; at electrochemically accessible sites.
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Figure 2.2. XPS survey scan (A and C), and high-resolution N 1s region spectra (B and D) of bare and
phen-modified FTO and TiOz, respectively.

J (uA/cm?)

4]
8
_12__
1 —FTO
| — FTO-phen
16 4
I T I I T T I
1.0 -0.8 -0.6 04 -0.2
E (V) vs SCE

Figure 2.3. Cyclic voltammograms of the bare FTO and 1,10-phenanthroline modified FTO electrodes
in N2-saturated 0.1 M Na2SOs solution and scan rate of 50 mV s™'.
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The heterogeneous ITO-phen, FTO-phen, and TiOz-phen ligands react to
completion over 4 h at 70 °C with either cis-[Ru(Mebpy),(CH;CN),](BF4)2 (MeBpy =
4,4’-methyl 2,2’-bipyridine), cis-[Ru(‘Bubpy),(CH;CN),](BF4)> (‘Bubpy = 4,4’-tert-
butyl 2,2’-bipyridine), or cis-[Ru(PhenO)(bpy)(CH;CN),](OTf), (PhenO = 1,10-
phenanthroline-5,6-dione; bpy = 2,2’-bipyridine) dissolved in THF/CH>Cl, (5:1) by
displacing the CH3CN ligands to form the corresponding surface-bound, heterogeneous

SC-[(phen)Ru(polypyridyl):]** complexes (Scheme 2.2).46

SC

L1=L2 or L1=L2 or L1 L2

Scheme 2.2. Metalation of SC-Phen with different Ru polypyridyl complexes.

The precursor cis-[Ru(PhenO)(bpy)(CH;CN),](OTf), was prepared by first
reacting cis-RuCly(PhenO)(DMSO), (DMSO = dimethylsulfoxide) with bpy in DCB
(reflux for 12 h) to prepare cis-RuClx(PhenO)(bpy), followed by reaction with AgOTf
in CH3CN to form the target. The synthesis for this complex was complicated to
develop, mainly due to solubility issues of the precursors as well as the products,
multiple products/isomers formation, and product isolation issues. Scheme 2.3 shows
the  synthesis of  frans-Ru(PhenO)(DMSO),Cl,,  which  started  from
trans-Ru(DMSO0)4Cly, a commercially available complex. The displacement of DMSO
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in CHCls at 60 °C for 18 h is reported to proceed in 55% yield.>® I found however that
88% yield was obtained with EtOH as solvent at 100 °C for 16 h.

Ru(DMSO0),Cl, +

Conditions: 1. CDCl3, 60 °C, 18 h
2. EtOH, 100 °C, 16 h

Scheme 2.3. Reaction and conditions for the synthesis of trans-Ru(PhenO)(DMSO).Clz

The displacement of the DMSO ligands from Ru(PhenO)(DMSO).Cl, by bpy
was reported previously by Pinczewska et al.® Scheme 2.4 shows the reaction and the
conditions explored for the synthesis of trans-Ru(PhenO)(bpy)Cl,. Unfortunately, the
literature procedure (DMF, 160 °C, 4 h) failed to provide the desired product in the
reported yield and purity. By changing the solvent to 1,4-dichlorobenzene (DCB) and
heating for 16 h at 160 °C, the desired product was obtained in 95% yield. The product

is an orange solid that can be used further after washing with hexanes.

S
N
= N, 0
+ _—
N~ [0)

Conditions: 1. NO3;CHj3, 100 °C, 24 h
2. DMF, 160 °C, 4 h
3.DCB, 160°C, 16 h

Scheme 2.4. Reaction and conditions for the synthesis of Ru(PhenO)(bpy)Cl2

Once the trans-Ru(PhenO)(bpy)Cl> complex was synthesized, it was only
necessary to replace the CI anions with acetonitrile ligands. That reaction was carried
out with AgOTf simply because the counterion ("fOTf) makes the complex more soluble
in DCM (as compared to "BF4 or “PFg), a solvent that is employed in the metalation of

the ITO-Phen electrodes (vide infra). Scheme 2.5 shows the reaction for the synthesis
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of [trans-Ru(PhenO)(bpy)(CH3CN),]**(-OTf),, the product was synthesized in 98%
yield in acetonitrile, at 75 °C for 2.5 h.

7 N Cl I N 7 | N I S
NS N "»,' | o N 7~ O N 5 NS N "o,' | o N ~ O
R + 2AgOTf ————> “Ru
\N/l Nz o MeCN, 75 °C \N/I Nz o
| | 2.5h | I
= Cl S Z N S

Scheme 2.5. Synthesis of [trans-Ru(PhenO)(bpy)(CH3CN)2]* ("OTf)e.

Figure 2.4 shows the CVs of ITO, ITO-phen, and the ITO-
[(phen)Ru(polypyridyl)>]** photoanodes recorded in CH3CN (0.1 M NBu4PFe, —1.75
to 1.4 V Fc*/Fc (Fc = ferrocene; 100 mV s™!, from here on all potentials are referenced
vs Fc*/Fc, unless otherwise stated, Ag wire as a reference electrode). The first sweep
is in the positive direction, starting at 0 V Fc*/Fc. The ITO was a low specific surface
area transparent film on a glass slide. The CV of bare ITO contained only the onset of
solvent oxidation at potentials >1 V.>® The CV of ITO-phen contains a strong anodic
peak at ~0.45 V that is assigned to a largely destructive oxidation of SC-Phen.>> The
CVs of the ITO-[(phen)Ru(polypyridyl),]** photoanodes contain large anodic peaks
ranging from 0.75 to 0.96 V in the first positive-going sweep with much smaller
cathodic peaks. There are no corresponding large cathodic peaks, showing that these
oxidations are irreversible. These are in the range of known potentials for the
Ru(II)/(IIT) oxidation for Ru-polypyridyl chromophores, both in solution and as we
reported previously for ITO-RuPhen.?*3! It is well-known that the oxidation of Ru(II)
to Ru(Ill) is largely destructive for Ru-polypyridyl compounds under these
conditions.*® The peak current potentials for ITO-RuMePhen, ITO-Ru'BuPhen, and
ITO-RuOPhen were 0.75, 0.83, and 0.96 V, respectively. The CV of ITO- RuOPhen

contained evidence of PhenO ligand redox peaks (vide infra).
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Figure 2.4. Cyclic voltammograms of the ITO-based electrodes in Na-saturated CH:CN (0.1 M
NBusPFs, 100 mV s!; the first sweep is in the positive direction, starting at 0 V Fc¢'/Fc).

We also found that the PhenO carbonyl groups in the ITO-RuPhenO
photoanode readily undergo solid-phase condensation with the amine groups in
[Ru(bpy)2(phendiamine)]*"  (phendiamine = 1,10-phenanthroline-4,5-diamine)
dissolved in ethanol after 1 h at 80 °C to form the dimeric chromophore bridged by a
tetrapyrido[3,2-a:2°,3’-c:3”,2”-h:2°”,3*”-j]phenazine (tpphz) ligand grafted to ITO
(Scheme 2.6). The charge under the Ru(II)/Ru(Ill) redox peak in the CV of ITO-
[(phen)(bpy)Ru(tpphz)Ru(bpy)2]*" (denoted as SC-RuRu) is ~2x that of the monomeric
Ru chromophores. The estimated £1/2 is 0.85 V. Similar to ITO-RuPhenO, there appear
to be redox peaks from the bridging tpphz ligand in the CV of ITO-RuRu.
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EtOH

SC

Scheme 2.6. Condensation of second nuclei on SC-[(phen)Ru(PhenO)(bpy)]?* chromophore forming
SC-[(phen)(bipy)Ru(tpphz)Ru(bpy)2]*".

Similarly, the solid-phase condensation with the amine groups in
Re(CO)s(phendiamine)Cl  (phendiamine =  1,10-phenanthroline-5,6-diamine)
following the same conditions as for the dimeric chromophore formed the SC-
[(phen)(bpy)Ru(tpphz)Re(CO);CI]*" (denoted as SC-RuRe), which is grafted on ITO,
Scheme 2.7.

]2+ (OTf),

ocC co

Scheme 2.7. Condensation of second nuclei on SC-[(phen)Ru(PhenO)(bpy)]** chromophore forming
SC-[(phen)(bpy)Ru(tpphz)Re(CO);CI]*".

Figure 2.5 shows the expanded CVs of the free ligand PhenO (a), of ITO-RuPhenO
(b), and of ITO-RuRu (b) in MeCN. The CV of the ITO-RuPhenO electrode contains two
redox peaks at —0.62 and —1.43 V. This CV was measured with Einitiat = 0 V and with
the first sweep in the cathodic direction to avoid the destructive oxidation that occurs
at higher potentials. These peaks likely arise from two 1-electrons redox processes at
the carbonyl groups of the PhenO ligand, sequentially and reversibly forming the semi-
quinone and then the catecholate derivatives. These redox processes are known for the

free- and palladium-coordinated PhenO ligand.®® The presence of these peaks in the
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CV of ITO- RuPhenO is more evidence for the successful metalation of ITO-phen by
cis-[Ru(PhenO)(bpy)(CH;CN),]*>*. Consistent with the observations of Yellowlees,®

coordination to Ru shifts these peaks to more positive potentials from those of the free

ligand PhenO (Figure 2.2A).
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Figure 2.5. Cyclic voltammograms of the (A) 2.5 mM PhenO; and (B) ITO-RuPhenO and ITO-RuRu
electrodes in Na-saturated CH3CN solution containing 0.1 M NBu4PFs, scan rate: 100 mV s\,

The expanded CV of ITO-RuRu electrode contained two redox peaks at —0.53
and at —1.36 V (Figure 2.2.B). As for ITO-RuPhenO, the CV of ITO-RuRu was
recorded with Einitial = 0 V and with the first sweep in the cathodic direction to avoid
the destructive oxidation that occurs at higher potentials. These peaks likely result from

two 1-electron redox processes at the nitrogen centers of the pyrazine group. These

70



redox processes are known for related pyrazine ligands both free- and bonded to
ruthenium in solution.®® Converting the carbonyl groups on the PhenO ligand into a
bridging pyrazine group shifted the peaks to less negative values.

Figure 2.6 shows the cathodic CV of SC-RuRe attached to the ITO electrode.
The CV shows the first two cathodic sweeps, it shows two redox peaks at —0.8 V and
at —1.2 V. These peaks likely arise from the two 1-electron reduction processes. At
—0.8 V the peak is likely the reduction at the nitrogen centers of the pyrazine group, as
seen before for SC-RuRu, and the peak at —1.2 V also likely is associated with the
reduction of Re(I) to Re(0), as has been reported previously.®! As can be noticed from
the initial sweep, it is a non-reversible 1-electron reduction process. Although the
reduction of the pyrido unit on the phenazine ligand also can be associated with this
potential, it can be seen from the second sweep that the prominent peak around —1.2 V
has decreased significantly, showing that even after the initial reduction of phenazine
it is possible that the complex experience ligand-to-metal charge transfer (LMCT) thus
reducing the Re center. Additionally, from this CV it can be seen that the presence of
CO: in the solution did not increase the current generated, which may be attributed to
the lack of a proton source to facilitate the electron transfer to the CO2 adduct formed

with Re.

SC-RuRe
10
_,—-fﬂﬁ
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Figure 2.6. Cyclic voltammograms of ITO-RuRe electrodes in N2- and COz-saturated CH3CN solution
containing 0.1 M LiClOs, scan rate: 100 mV s\,
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Figure 2.7 shows the CVs of the chromophores attached to TiO> nanoparticles
(pasted onto FTO slides). The electrochemically accessible surface area of the TiO; is
notably higher than that of the ITO or FTO films. Potentials below —0.2 V were avoided
to prevent the reduction of the TiO; substrate. The CVs of both TiO2 and TiOz-phen
are quite featureless over the potential range. The first sweep started at 0 V and was in
the positive-going direction. The large peaks in the first positive going sweep in the
CVs of the TiO>-[(phen)Ru(polypyridyl),]** electrodes are substantially larger and
better defined than those over flat ITO. As well, although the Ru(II)/Ru(IIl) oxidations
were destructive, there was clear evidence of a smaller cathodic peak in the reverse
sweep. Ei for (in increasing order) TiO>-Ru'BuPhen, TiO2-RuMePhen, TiO2-RuRu,
and TiO2-RuOPhen were 0.67, 0.75, 1.04, and 1.09 V, respectively.

10.1 mA cm?

TiO,-RuRu

%iOZ-RutBuPhen

J (uA/cm?)

TiO,-RuOPhen

TiO,-RuMePhen

TiO,

0.0 0.5 1.0 1.5
E (V) vs Fe/Fc¢*

Figure 2.7. Cyclic voltammograms of the TiO:-based electrodes after each step of chromophore
synthesis in Nz-saturated CH2Clz solution containing 0.1 M NBu4PFs, scan rate: 100 mV s\,
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A study of related Ru chromophores attached by phosphonic acid to TiO» found
the E1» was similar for Mebpy and ‘Bubpy.*® The more positive E1,» for the PhenO-
Bpy complex is consistent with these ligands being less electron donating than the Me-
and '‘Bubpy derivatives. This order is expected based on the relative electron-donating
ability of these ligands/groups. Using integration of the oxidation peak, the surface
coverages (geometric surface area) of Ru were estimated to be 5.2 x 107, 5.2 x 107,
1.1 x 108, and 5.1 x 10" mol cm™, respectively. As expected, there is roughly twice as
much Ru in TiO2-RuRu.

Figure 2.8 shows the Ru 3d and C 1s region of the high-resolution XPS of the
FTO and TiO;-based photoanodes. The binding energies of C 1s and Ru 3d sometimes
overlap in the 280-290 eV range. The Ru 3ds. peak, however, is located easily at 281.4
eV and is assigned to ruthenium in the 2+ oxidation state.’> As expected, this peak is
absent in the XPS spectra of the phen controls. Deconvolution of the C 1s peak reveals
the Ru 3ds» peak at 285.5 eV (peak separation = 4.1 eV), a position also consistent with
Ru being present in the 2+ oxidation state.®®> The atomic ratios of N:Ru in all the
photoanodes except TiO>-RuRu (ratio ~7) were estimated from XPS to be ~6,
indicating  that the majority of the SC-phen reacted with the
cis-[Ru(polypyridyl)>(CH3CN),]** precursors during the metalation step.* The XPS
peaks centered at 285.0 and 286.1 eV (C 1s region) can be attributed to C-C/C-H and
C-N bonds, respectively.
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Figure 2.8. High resolution C 1s and Ru 3d region XPS spectra of (A) FTO-[(phen)Ru(Mebipy)2]**; (B)
TiO:z-[(phen)Ru(Mebipy)2]**; © FTO-[(phen)Ru(pheno)(bipy)]**; (D) TiOz-

[(phen)Ru(PhenO)(bipy)]**; (E) FTO-[(phen)Ru(‘Bubipy)2]*; (F) TiO:-[(phen)Ru(‘Bubipy)2]*"; (G)
FTO-[(phen)(bipy)Ru(tpphz)Ru(bipy)2]**; and (H) TiO:-[(phen)(bipy)Ru(tpphz)Ru(bipy)2]*'electrodes.

Figure 2.9 shows the solid-state UV-vis absorption spectra from 400—-700 nm
of the Ru-polypyridyl photoanodes using TiO> as the blank. The insets show the molar
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extinction coefficient vs. wavelength spectra of the corresponding Ru-polypyridyl

chromophores (containing phen as a model for SC-phen) dissolved in CH2Cl..
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Figure 2.9. UV-vis spectra of (A) TiO2-RuMePhen; (B) TiO2-RuOPhen; (C) TiO2-Ru'BuPhen; and (D)
TiO2-RuRu electrodes with TiO:2 absorption subtracted. (Insets are € vs. wavelength plots for
homogeneous chromophores in CH2Cly).

The solid-state UV-vis spectra resemble those of the model chromophores
dissolved in solution. There is typically a slight blue shift and broadening of the peaks
in the spectra of the SC-chromophores. These shifts and broadening likely result from
interactions between the surface and the chromophore bonded at C5. An investigation
into the nature of these interactions is beyond the scope of the present study. The
UV-vis spectra of Ru(Il)-polypyridyl chromophores are well-understood. The major
absorptions in the visible region are due to metal-to-ligand charge transfer (MLCT),
with lesser contributions from ligand-to-ligand charge transfer (LLCT), and ligand-
centered (LC) transitions.®® The molar extinction coefficients for the MLCT of the
monomeric analogs dissolved in CH2Cl» were similar. Perhaps not surprisingly, the

molar extinction coefficient of RuRu was ~2x those of the monomeric analogs. As well,
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the absorptions of RuRu and RuPhenO extended to longer wavelengths than the
others.**-¢7
The surface coverages (I') of the Ru-based chromophores on the photoanode
were estimated using the ~450 nm molar extinction coefficient measured for the
dissolved chromophore analogs and eq 2.1.%8

['=A/(10°x &) (2.1)

Where A, is the absorption at a specific wavelength (L), and &) is the molar
extinction coefficient at the same wavelength in M™! cm!. The " was calculated to be
5.6 x 107, 5.7 x 10, 5.9 x 10, and 5.6 x 10 mol cm™ for TiO,-RuMePhen, TiO»-
Ru'BuPhen, TiO>-RuOPhen, and TiO2-RuRu, respectively. These values are consistent
with the coverages estimated from their CVs, indicating that most of the SC-phen sites
reacted with the cis-[Ru(polypyridyl)2(CH3CN),]*" precursors and that most of the
resulting  SC-[(phen)Ru(II)(polypyridyl)2]** chromophores were electrochemically
accessible.

ICP-MS analysis of the Ru solutions obtained by digesting the photoanodes in
aqua regia showed that the coverage of TiO: (geometric surface area) by the
chromophores was 5.8 x 10, 5.8 x 10, 5.1 x 10, and 5.7 x 10" mol cm™ (considering
2 Ru for each chromophore) for the TiO>-RuMePhen, TiO»>-Ru'BuPhen, TiO:-
RuOPhen, and TiO2-RuRu electrodes, respectively. These loadings are consistent with
coverages obtained using CV and solid-state UV-vis absorption.

Taken together, the results from the CV, solid-state UV-vis absorption, XPS,
and ICP-MS analyses show that the SC-phen ligands were converted into the target
monomeric- and dimeric-Ru(Il)-polypyridyl chromophores. As well, control
experiments show that 1-naphthylene grafted with diazonium chemistry passivates the
TiO, surface towards reaction with the Ru-bis(acetonitrile precursors) under our
conditions. The chromophores are anchored by a covalent bond to C5 at
electrochemically accessible sites on the semiconductor.

In addition to the characterization of ITO and TiO:-based electrodes, the
photoelectrocatalytic activity of ITO-RuRe was briefly explored. Specifically, the
photoelectrocatalytic CO> reduction under controlled potentials with ITO-RuRe was

investigated. As discussed in Chapter 1, the photocatalytic and photoelectrocatalytic
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reduction of CO; (usually to CO) by fac-Re(bpy)(CO);Cl and related complexes has
been studied extensively.®*7> As discussed in Section 1.4, supramolecular complexes
comprising Ru and Re centres are excellent candidates to demonstrate the advantages
of combining the chromophore and catalyst attached to a semiconductor surface.”>~"’
Since ITO-RuRe is anchored to the surface via covalent bonding (O-C bond), it is
expected to promote fast electron injection into the LUMO orbital of the Ru complex
upon light excitation (m* orbitals on bpy). It is noted that ITO is an N-type
semiconductor, and a better match would utilize a p-type; nevertheless, the in-hand
ITO-RuRe was investigated for this preliminary study in 0.1 M LiClO4 MeCN solutions
saturated with CO». As discussed in Section 1.4, the negative going sweep in the CV
of ITO-RuRe contains cathodic waves at —0.8 and —1.2 V, assigned to the reduction of
the pyrido bridging group and the reduction of Re! to Re?, respectively. Two potentials
were initially investigated for the photoelectrocatalytic CO; reductions, —0.65 V and at
—0.9 V. These potentials were chosen because they are not sufficiently reductive to
affect the pyrido®-! and Re!? redox transformations in the dark. The light used was a
simple white LED flashlight (~4.6 mW cm™?) with 400 and 900 nm cut-off filters.
Figure 2.10. Under similar conditions, when a commercial flashlight is employed to
excite the Ru chromophore, there is a sudden change in the current density, about 10
HA cm2 It is surprising to note that the light intensity was sufficient to produce the
same current density increments independent of the voltage applied, whether —0.9 V or
—1.1 V (Scheme 2.8). Despite these preliminary results, it is necessary to analyze the
gas phase to confirm the CO presence and quantify the number of moles to be able to
estimate the TON (turnover numbers). Controlled light sources and additives were not
investigated for this preliminary study. Attempts to prepare the free dinuclear complex
(phen)(bpy)Ru(tpphz)Re(bpy)(CO)3Cl in solution produced mixtures that were
difficult to purify. This project was abandoned in favour of the development of more

stable, active, and abundant photosensitizers and electrocatalysts.
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Figure 2.10. Controlled potential photoelectrolysis of CO2 with ITO-RuRe in COz-saturated 0.1 M
LiCIO4 MeCN solution. Using a commercial flashlight (~4.6 mW/cm?), using >400, <900 nm filters.

2.3 Conclusions
This chapter described an adaptable, stepwise, solid-phase type synthesis of several
semiconductor-chromophore assemblies. The prepared chromophores were attached to

the semiconductor by a direct covalent bond to C5 of a phen ligand, presumably to an
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oxygen atom in the semiconductor. This attachment has appreciable stability in basic
conditions, providing a means to study to base-stable, abundant metal catalysts for
water splitting and CO» reduction. The chromophores were well-characterized, and
they largely are situated at electrochemically accessible sites on the semiconductor. In
general, more electron-donating ligands (i.e. methyl and tert-butyl) to Ru decreased the
redox potential of the chromophores relative to the unsubstituted bipy parent complex,
while replacing a bpy with phendione ligand and causing a potential shift to higher
values. An interesting future direction would be to vary the structure of the ligands
within the dimer systematically and investigate the effect on hole transfer between the
Ru centres and the overall photoactivity of the bonded chromophore. Detailed
photophysical studies are required to determine the origins of the differences in
photoactivity between these systems. As well, this solid-phase synthesis can, in
principle, be used to prepare high molecular weight chromophores with multiple, mixed
metal centers in a controlled, stepwise manner, while avoiding difficulties arising from

insolubility.

2.4 Experimental

Materials

Chemicals were used without any further treatment unless mentioned otherwise. The
following compounds were purchased from Sigma Aldrich: 1,10-phenanthroline-5-
amine (97%), NaNO, (=97.0%), TiO, nanoparticles (anatase, nanopowder <25 nm
particle size, 99.7% trace metals basis), TiCls (>99.995%, trace metals basis),
2,4-pentadione (>99%), hydroquinone (ReagentPlus, >99.5%), NaClO4 (ACS reagent,
>98.0%), sulfuric acid (99.999%), triethylamine, distilled (EtsN, >99.0%),
tetrahydrofuran, distilled (ACS reagent, >99.0%), dichloromethane, distilled (ACS
reagent, >99.5%), triply distilled water; dichloromethane, distilled (Sigma Aldrich,
ACS reagent, >99.5%); hexanes, distilled (Caledon, ACS); acetonitrile, distilled
(>99.5%); methanol (Sigma  Aldrich, ACS reagent, >99.8%); silver
trifluoromethanesulfonate (Sigma Aldrich, 99%); silver tetrafluoroborate (Sigma
Aldrich, 98%); tetrahydrofuran, distilled (Sigma Aldrich, ACS reagent, >99.0%).
Ru(COD)CI: (Strem Chemicals, polymer, >97%); 4,4’-methyl 2,2’-bipyridine (Sigma
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Aldrich, 99%); 4,4 -tert-butyl 2,2’-bipyridine  (Sigma  Aldrich, 98%);
1,10-phenanthroline (Sigma Aldrich, >99%); Ru(DMSO)4Cl; (Sigma Aldrich, 96%);
Hydrochloric acid (Caledon, 37%); diethyl ether (Anachemia, >99.0%);
1,10-phenanthroline-5,6-diamine (Shanghai Uchem, >98%); 1,10-phenanthroline-5,6-
dione (Sigma Aldrich, 97%); dimethylformamide (Fisher Chemicals, 99.9%).
Anhydrous ethanol, Triton X-100, and perchloric acid were purchased from
Commercial Alcohols, EMD Millipore Corporation, and GFS Chemicals (ACS
reagent, 70%), respectively. Triply distilled water was used in the preparation of

aqueous solutions.

Instrumentation

Electrochemical studies were done using Solartron SI 1287 Electrochemical Interface
controlled by CorrWare for Windows Version 2-3d software (without iR
compensation). The X-ray photoelectron spectroscopy (XPS) measurements were done
using a Kratos Axis 165. A monochromatized Al Ka source (hv = 1486.6 eV) was used
at 12 mA and 14 kV, while the pressure in the sample analytical chamber was <1 x 10
? torr. Survey scans covered the binding energy of 1100 to 0 €V, with 160 eV analyzer
pass energy and 0.3 eV steps. For deconvolution, the spectra are calibrated by C-C
binding energy at 285.0 eV. UV-vis spectra were collected using a Cary 5000 UV-vis
spectrometer for chromophores dissolved in CH2Cl or on TiO; (with TiO2 absorption
subtracted). Inductively coupled plasma—mass spectrometry (ICP-MS) was performed

to obtain the surface coverage of each chromophore using Perkin Elmer Elan 6000.

Fabrication of FTO/TiO: Electrodes

Fluorine-doped tin oxide slides (FTO, Sigma Aldrich, surface resistivity ~7 €/sq, cut
into 1 x 2.5 ¢cm?) were sonicated in ethanol, followed by water for 15 min each. Then
they were heated in 50 mM TiCls solution at 70 °C for 30 min. TiO» paste was prepared
following the reported literature procedure.*'*¢ The paste was applied on FTO surfaces
using the doctor-blade technique (4 layers of scotch tape and TiO: thickness of
~10 um). After drying in air, the electrodes were heated at 500 °C for 2 h in a muffle
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furnace, followed by treatment in 50 mM TiCls solution at 70 °C for 30 min. They were
rinsed thoroughly with water and heated at 450 °C for 30 min.

Electrochemical Grafting of 1,10-phenanthroline

Electrochemical grafting of 1,10-phenanthroline onto FTO (or indium doped tin oxide
slides (ITO, Sigma Aldrich, surface resistivity 8-12 Q/sq, cut into 0.8 x 2.5 ¢cm?)) or
FTO/TiO; slides (referred to here as TiO») was done following our previous report,*¢
adapted from Ekinci and Belanger studies.’>*”78 FTO (or ITO) electrodes were
cleaned by sonication in ethanol and water, for 15 min each before the experiments.
Briefly, 0.1 M H2SO4 solution (10 mL) containing 1 mM 1,10-phenanthroline-5-amine
(1.9 mg) was bubbled with N> for 15 min. Once 2 mM NaNO; (1.4 mg) was added,
~1 ¢cm? of the FTO slide was immersed into the solution as the working electrode. The
potential was swept between 0.15 and —0.20 Vsce at 50 mV s for five cycles using
cyclic voltammetry technique. Coiled platinum wire and saturated calomel electrode
(SCE) were used as counter and reference electrodes. Phen electrografted electrodes
(referred to as SC-phen; SC = FTO, ITO or TiO,) were rinsed with abundant water

followed by ethanol and dried in air.

Synthesis of Ru(MeBpy):Cl, and Ru(‘Bubpy).Cl, Complexes

A literature procedure with slight modification was used to prepare both
Ru(MeBpy)2Cl> and Ru(‘Bubpy):Cl> complexes.” Ru(COD)Cl (1 equivalent) and
ligand (2 equivalents) were weighed into a 100 ml side-arm flask. Then the flask was
connected to a Schlenk line, and then evacuated and refilled with N> (3 cycles). 1,2-
Dichlorobenzene (0.04 M based on [Ru(COD)CI;]), bubbled with N> for 30 min, was
added to the flask, then connected to a condenser. The flask was placed in an oil bath
preheated to 140 °C and stirred overnight. During the reaction, the colour of the solution
turned to dark purple with precipitate forming. After 16 hours, the flask was cooled to
room temperature, 20 mL of hexane were added and allowed for precipitates to settle
down. The dark purple product was collected by filtration through a Buchner funnel
and by washing with copious amounts of hexane. The yield of the product after drying

under suction was >90% with some 1,2-dichlorobenzene present, which was used for
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the next step without further purifications. The 'H NMR data were consistent with the
reported values:®°

Ru(Mebpy):Cl> TH NMR (399.978 MHz, CD,Cl,, 27.0 °C): 2.41 (s, 6H), 2.61
(s, 6H), 6.72 (d, 2H, J = 5.0 Hz), 7.39 (d, 2H, ] = 4.9 Hz), 7.47 (s, 2H), 7.82 (s, 2H),
7.95 (s, 2 H), 10.12 (d, 2H, J = 4.8 Hz).

Ru(‘Bubpy):Cl> 'TH NMR (498.119 MHz CDCl3, 27.0 °C): 1.31 (s, 18H), 1.51
(s, 18H), 6.95 (d, 2H, J=4.5 Hz), 7.55-7.59 (m, 4H), 7.95 (d, 2H, J= 1.5 Hz), 8.09 (d,
2H,J=1.0 Hz), 10.17 (d, 2H, J = 3.9 Hz).

General Procedure for the Synthesis of [Ru(bpy)2(CH3CN).](BF4): Complexes

Both Ru(bpy)2Cl> (1 equivalent) and AgBF4 (2 equivalents) were weighed into a
100 mL side arm flask inside the glove box. The flask was wrapped in aluminum foil,
connected to a Schlenk line, and then evacuated and refilled with N (three cycles).
Then, freshly distilled MeCN (0.02 M based on Ru(bpy).Cl>) was added using a gas-
tight syringe and the resulting suspension was stirred at room temperature overnight.
After 20 h, the stirring was stopped, and the precipitates were allowed to settle down.
After an hour, the orange-reddish solution was transferred into another side-arm flask
by cannula filtration. The greyish-white precipitate was washed with additional MeCN
(2 x 10 mL), and the filtrate was transferred to the same flask. The combined filtrate
was concentrated using rotavapor, and a reddish-orange product was obtained,
dissolved using minimum DCM. Upon dissolving in DCM, a greyish-white precipitate
(AgCl) started to form again, which was removed by filtering through a Celite plug.
Additional DCM was passed until no more orange/reddish colour was observed on the
Celite plug. The filtrate was then concentrated again using rotavapor and purified by
crystallization with DCM/Et;0.

[Ru(MeBpy)2(CH3CN):](BF4)2 :!H NMR (498.121 MHz, CD3CN, 27.0 °C): § 2.26
(6H, s, CH3), 2.45 (6H, s, CH3), 2.69 (6H, s, CHs), 7.08 (2H, dd J = 5.5 Hz, aromatic
CH), 7.37 (2H, d, J = 6.0 Hz, aromatic CH), 7.66 (2H, d, J = 5.5 Hz, aromatic CH),
8.21 (2H, s, aromatic CH), 8.35 (2H, s, aromatic CH), 9.09 (2H, d, /= 6.0 Hz, aromatic
CH). BC{H} NMR (125.686 MHz, CD3CN, 27.0 °C): 8 3.5 (CH3), 20.1 (CHz3), 20.4
(CH3), 124.2 (CH), 124.5 (CH), 125.4 (C), 127.4 (CH), 128.2 (CH), 150.4 (C), 150.7

82



(C), 151.0 (CH), 152.5 (CH), 156.7 (C), 157.6 (C). HRMS (ESI) m/z Calcd. for
CasH30Ng'?Ru (M?*): 276.0782. Found: 276.0787. Figure 2.11 shows the 1H NMR

spectrum and Figure 2.12 shows the 13C spectrum for this compound.
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Figure 2.11. '"H NMR spectra of [Ru(Mebpy)2(CH3CN)2](BF4)..
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Figure 2.12. 3C NMR spectra of [Ru(Mebpy)2(CH3CN)2](BF4)2.

[Ru(‘Bubpy)2(CH3CN),](BF4): :'H NMR (498.121 MHz, CDsCN, 27.0 °C): & 1.34
(18H, s, CHs), 1.55 (18H, s, CHs), 2.29 (6H, s, CHs), 7.26 (2H, dd, J = 6.0 Hz,
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J=2.0 Hz aromatic CH), 7.42 (2H, d, J = 6.0 Hz, 2 aromatic CH), 7.83 (2H, dd,
J=6.0Hz, J= 2.0 Hz, 2 aromatic CH), 8.34 (2H, d, J = 1.5 Hz, 2 aromatic CH), 8.48
(2H, d, J = 1.5 Hz, 2 aromatic CH), 9.18 (2H, d, J = 8.1 Hz, 2 aromatic CH). BC{'H}
NMR (125.685 MHz, CDsCN, 27.0 °C): & 3.5 (CHz), 29.4 (CHs), 29.6 (CH3), 35.2
(aliphatic C), 35.5 (aliphatic C), 120.8 (CH), 121.1 (CH), 123.6 (CH), 124.5 (CH),
125.3 (C), 151.3 (CH), 152.7 (CH), 156.9 (C), 157.8 (C), 162.7 (C), 163.1 (C). HRMS
(ESI) m/z Calcd. for C40HsaNg'>Ru (M?*): 360.1712. Found: 360.1724. Figure 2.13
shows the 'H NMR spectrum and Figure 2.14 shows the 3C NMR spectrum.
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Figure 2.13. '"H NMR spectra of [Ru(‘Bubpy)2(CH3CN)2](BF4)z.
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Figure 2.14. 3C NMR spectra of [Ru(‘Bubpy)2(CH3CN)2](BF4)2.
Synthesis of Ru(1,10-phenanthroline-5,6-dione)(bpy)Cl,

Following a literature procedure,>® Ru(PhenO)(DMSO).Cl, (590.2 mg, 1.1 mmol, 1
equiv.) and 2,2’-bipyridine (194.1 mg, 1.2 mmol, 1.1 equiv.) were added to 30 mL of
DCB under N> atmosphere in a dry Schlenk flask. The yellow suspension was refluxed
at 160 °C for 12 h under N; and minimum exposure to light by covering the reaction
mixture with aluminum foil. After cooling the reaction mixture to room temperature, a
dark purple solid precipitated. Then, the solvent was removed using a cannula and the
solid was thoroughly washed with hexanes (3 x 20 mL), followed by diethyl ether (3 x
20 mL) and dried under high vacuum. The dark purple microcrystalline solid needed
no further purification (560.6 mg, 95% yield), the "H NMR data confirmed the product.
The TH NMR data is as follows and consistent with reported values: (ppm, in DMSO-
ds, 599.929 MHz, J-values in Hz): 7.12 (t, 1 H, J = 6.6), 7.28 (dd, 1 H, J = 6.0), 7.49
(d,1H,J=6),7.71 (t, 1 H, J=17.8), 7.81-7.79 (m, 1 H), 7.95 (dd, 1 H, J = 5.4),
8.10—-8.04 (m, 2 H), 8.42 (d, 1 H, J="7.8), 8.50-8.46 (m, 1 H), 8.65(d, 1 H, J=17.8),
9.99(d, 1 H,J=5.4),10.06 (d, 1 H, J=5.4). (ppm, in CD3CN, 399.98 MHz, J-values
in Hz): 10.09 (d, 1 H, J=5.2),7.05 (t, 1 H, J=5.6), 7.20 (dd, 1 H, J = 6.0, 1.6),
7.70—7.66 (m, 2 H), 7.74 (t, 1 H, J=6.4), 7.89 (dd, 1 H, J= 6.0, 2.0), 7.95 (d, 1 H,
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J=5.6), 8.03-8.08 (m, 2 H), 8.25 (d, 1 H, J=8.0), 8.44 (dd, 2 H, J = 7.2, 6.4), 10.28
(d, 1 H, J=4.8). Figure 2.15 shows the '"H NMR in DMSO-db6.
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Figure 2.15. 1H NMR spectra of [Ru(bpy)(PhenO)]Cl2 in DMSO-d6.

Synthesis Ru(PhenO)(bpy)(CH;CN),|(OTf),

Ru(PhenO)(bpy)Cl, (165.0 mg, 0.3 mmol, 1 equiv.) and AgOTf (181.1 mg, 0.7 mmol,
2.3 equiv.) were dissolved in 10 mL acetonitrile, forming a black-purple solution, and
refluxed for 16 h under N». After cooling to room temperature, the red brick solution
was cannula filtered into a different flask to separate it from the white precipitate, AgCl.
The mixture reaction was passed through a Celite column into a dry and clean flask
three times. The last Celite filtration column was washed with DCM to collect all
remaining products. Then, the solvents were removed using high vacuum. The red-
brown solid was washed with ether (3 x 30 mL) and vacuum-dried again. The solid
was recrystallized from acetonitrile/diethyl ether (249.0 mg, 98% yield). The 'H NMR
data is as follows: (ppm, CD3CN-d3,498.121 MHz, J-values in Hz): 2.29 (s, 3 H), 2.31
(s,3H),7.30(t, 1 H,J=12.9),7.47 (dd, 1 H,J=6.0,2.0), 7.76 (d, 1 H,J=5.5), 7.83
(d, 1 H,J=15.0),7.87 (t, 1 H, J=6.0), 7.98 (t, 1 H, J=17.5), 8.10-8.04 (m, 1 H), 8.31
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(t, 1H,J=17.5),841(t,2H,J=28.5),8.56 (d, | H,J=28.0),8.71 (d, 1 H,J=28.0), 9.33
(d, 1 H,J=5.5),9.53 (d, 1 H, J = 5.5). BC{'H} NMR (ppm, CDsCN-ds, 125 MHz):
6 =175.2,158.0, 157.9, 157.2, 156.9, 153.6, 152.7, 138.7, 138.4, 136.5, 136.2, 128.8,
127.8,127.6, 126.7, 124.0, 123.7, 117.4, 3.5, 3.4. Figure 2.16 shows the 'H NMR and
Figure 2.17 shows the 3C NMR spectra.
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Figure 2.17. 3C NMR spectra of [Ru(Bpy)(PhenO)(CH3CN)2](OT1):
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Synthesis of Ru(bpy)z(5,6-diamino-1,10-phenanthroline)(OTf):

Inside a glove box, [Ru(CH3CN)a(bipy)2](OTf), (made following the procedure
reported in our previous paper, 199.5 mg, 0.2514 mmol) and 1,10-phenanthroline-
5,6-diamine (52.8 mg, 0.251 mmol, 1 equivalent) were weighed into a 500 mL Schlenk
flask. The flask was sealed with a 24/40 septum, brought out of the box, and attached
to an Argon Schlenk line. A minimum volume of anhydrous, bubbled MeOH was
added, and the solution was transferred through a double-ended needle to a triply
evacuated and refilled screw-top Schlenk flask. The flask was heated to 75 °C under
Argon bubbler line pressure. The flask was sealed, and the temperature was set to 70 °C.
The reaction was stirred for 3 days, cooled to room temperature, and solvent was
removed under reduced pressure. The crude product was sonicated in DCM, and the
black liquid was removed via filtration through a double-ended needle to leave a
reddish-orange solid (129.6 mg, 56.0 %).

TH NMR (399.796 MHz, CD30D, 27.0 °C): 6 7.30 (ddd, J=7.6, 5.6, 1.1 Hz, 2H), 7.50
(ddd,J=17.6,5.6, 1.1 Hz, 2H), 7.56 (d, J= 5.6 Hz, 2H), 7.63 (dd, J= 8.7, 5.1 Hz, 2H),
7.84 (d, J=5.1 Hz, 2H), 7.91 (d, J= 5.6 Hz, 2H), 8.03 (ddd, /= 7.9, 7.6, 1.4 Hz, 2H),
8.13(ddd,J=17.9, 7.6, 1.4 Hz, 2H), 8.66-8.71 (m, 6H). 3C{!H} NMR (125.688 MHz,
CDCl3, 27.0°C): 6 125.4, 125.5, 125.6, 128.7, 128.8, 131.0, 138.9, 139.0, 143.2, 148.5,
152.5, 152.8, 158.6, 158.8. HRMS (ESI) m/z: Calcd for C33H6F3NgOs3RuS [M]*:
773.0847. Found: 773.0835. Figure 2.18 shows the "TH NMR and Figure 2.19 shows the
3C NMR spectra.
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Figure 2.18. 'H NMR spectra of [Ru(Bpy)z(phendiamine)](OTf)z.
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Figure 2.19. 3C NMR spectra of [Ru(Bpy)2(phendiamine)](OT1)z.

Synthesis of Ru(PhenO)(Phen)Cl,

Ru(PhenO)(DMSO),Cl, was prepared according to a reported procedure.’®
Ru(PhenO)(DMSO),Cl (1 equivalent) and phen ligand (1 equivalent) were weighed
into a 100 mL side-arm flask. The flask was then connected to a Schlenk line,
evacuated; and refilled with N (three cycles). 1,2-dichlorobenzene (0.016 M based on
Ru(PhenO)(DMSO0),Cl») bubbled with N> for 30 min was added to the flask, and the
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flask was connected to a condenser. Then the flask was placed in an oil bath preheated
to 150 °C and stirred overnight. During the reaction, the color of the solution turned
brownish black with precipitate forming. After 18 h, the flask was cooled to room
temperature, and 20 mL of hexane was added, and the precipitates were allowed to
settle down. The dark purple product was collected by filtration through a Buchner
funnel and by washing with copious amounts of hexane. The yield of the product after
being dried under suction was >85% with some 1,2-dichlorobenzene still present,
which was used for the next step without further purifications: "H NMR (498.120 MHz,
DMSO, 27.0 °C): 6 7.14 (1H, dd, J = 6.0 Hz, J = 6.0 Hz, aromatic CH), 7.50 (1H, dd,
J=5.4Hz, J= 5.5 Hz, aromatic CH), 7.69 (1H, d, J = 5.5 Hz, aromatic CH), 7.86 (1H, d
J=15.1 Hz, aromatic CH), 7.98-8.00 (2H, m, aromatic CH), 8.14 (1H, d, J = 8.9 Hz,
aromatic CH), 8.19 (1H, dd, J = 5.3 Hz, J = 5.3 Hz, aromatic CH), 827 (1H, d,
J=28.8 Hz, aromatic CH), 832 (1H, d, J = 8.0 Hz, aromatic CH), 8.46 (1H, d,
J=7.1Hz, aromatic CH), 8.70 (1H, d, J = 7.8 Hz, aromatic CH), 10.15 (1H, d,
J=4.8 Hz, aromatic CH), 10.20 (1H, d, J = 4.7 Hz, aromatic CH). BC{'H} NMR
(125.686 MHz, DMSO, 27.7 °C): 6 124.4, 124.9, 126.1, 126.2, 127.1, 127.5, 129.5,
129.6, 130.4, 130.6, 130.7, 132.1, 132.8, 134.0, 148.9, 150.2, 153.1, 153.9, 156.0,
157.0, 157.8, 159.4, 174.8, 175.0. HRMS (ESI) m/z Calcd. for C2sH14CI1oN4O2!%2Ru
(M"): 561.9532. Found: 561.9529. Figure 2.20 shows the 'H NMR and Figure 2.21
shows the 13C NMR spectra.
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Synthesis of [Ru(PhenO)(Phen)(MeCN):](BF4):

Both Ru(PhenO)(phen)Cl (1 equivalent) and AgBF4 (2 equivalents) were weighed into
a 100 ml side arm flask inside the glove box. The flask was wrapped in aluminum foil,
connected to a Schlenk line, and then evacuated and refilled with N (three cycles).
Then, freshly distilled MeCN (0.02 M based on Ru-(bis-bipyridine),Cl) was added
using a gas tight syringe, and the resulting suspension was stirred at room temperature.
After 48 h, the stirring stopped, and the precipitates were allowed to settle down. After
an hour, the dark reddish-brown solution was transferred into another side arm flask by
cannula filtration. The grayish-white precipitate was washed with additional MeCN (2
x 10 mL), and the filtrate was transferred to the same flask. Combined filtrate was
concentrated using rotavapor, resulting in a dark brown product, which was dissolved
using minimum MeCN and passed through a Celite plug. Additional MeCN was passed
until no further brown color on the Celite plug was observed. The filtrate was
concentrated again using rotavapor, and purified by crystallization with MeCN/Et,0 to
give 83% of the target compound: '"H NMR (498.120 MHz, CDsCN, 27.0 °C): § 2.19
(3H, s, CH3), 2.35 (3H, s, CH3), 7.30-7.33 (1H, m, aromatic CH), 7.62-7.65 (1H, m,
aromatic CH), 7.68 (1H, d, J= 5.3 Hz, aromatic CH), 8.08-8.12 (2H, m, aromatic CH),
8.19-8.23 (2H, m, aromatic CH), 8.31 (1H, d, J = 8.8 Hz, aromatic CH), 8.35 (1H, d,
J= 7.8 Hz, aromatic CH), 8.55 (1H, d, J = 8.1 Hz, aromatic CH), 8.76 (1H, d,
J=7.7Hz, aromatic CH), 8.88 (1H, d, J = 8.1 Hz, aromatic CH), 9.63 (1H, d,
J=5.1 Hz, aromatic CH), 9.67 (1H, d, J = 5.1 Hz, aromatic CH). 3C{lH} NMR
(125.685 MHz, CDs;CN, 27.0 °C): & 3.5 (2 CHa), 125.3, 126.2, 126.4, 126.7, 127.7,
127.8, 127.9, 128.7, 130.1, 130.6, 131.0, 136.1, 136.6, 137.4, 137.7, 147.8, 148.5,
153.5, 154.2, 156.7, 157.4, 158.3, 175.2, 175.4. HRMS (ESI) m/z Calcd. for
C2sH20N602!2Ru (M?*): 287.034. Found: 287.034. Figure 2.22 shows the "H NMR and
Figure 2.23 shows the *C NMR spectra.
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Figure 2.23. 3C NMR spectra of [Ru(Phen)(PhenO)(CH3CN)2](BF4)s.
Synthesis of [Ru(PhenO)(Phen)(Bpy)|(BF4)2

[Ru(PhenO)(phen)(MeCN)2](BF4)2 (31 mg, 0.0402 mmol) and bpy ligand (6.1 mg,
0.0402 mmol) were weighed into a 15 mL side arm flask. Then the flask was connected

to a Schlenk line, evacuated, and refilled with N> (three cycles). To the flask, 3.0 mL
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of absolute ethanol and 1.0 mL of distilled water (both solvents were bubbled with N»
before use) were added and then connected to a condenser. The content in the flask was
refluxed overnight under N> atmosphere. After 16 h, the heating was stopped, and the
reaction mixture was cooled down. The content was concentrated under reduced
pressure using rotavapor, giving a reddish-brown solid product.

TH NMR (498.120 MHz, CDsCN, 26.9 °C): 4 7.25 (1H, t J = 6.4 Hz m, aromatic CH),
7.43 (1H, dd, J = 5.7 Hz, J=5.7 Hz, aromatic CH), 7.49 (1H, t, J = 6.6 Hz aromatic
CH), 7.57 (1H, d, J = 5.4 Hz, aromatic CH), 7.61-7.63 (1H, m, aromatic CH), 7.67
(1H, dd, J = 5.8 Hz, J = 5.7 Hz, aromatic CH), 7.76-7.79 (2H, m, aromatic CH),
7.98-8.04 (2H, m, aromatic CH), 8.10-8.16 (4H, m, aromatic CH), 8.22 (1H, d,
J=17.9 Hz, aromatic CH), 8.44-8.45 (2H, m, aromatic CH), 8.52-8.58 (3H, m,
aromatic CH), 8.66 (1H, d, J= 8.1 Hz, aromatic CH), 8.74 (1H, d, /= 4.5 Hz, aromatic
CH). BC{'H} NMR (125.685 MHz, CDsCN, 27.7 °C): & 121.6, 124.3, 124.4, 125.3,
126.1, 126.2, 127.5, 128.6, 128.7, 130.6, 130.7, 131.2, 135.8, 135.9, 137.3, 137.4,
138.1, 138.3, 139.5, 147.4, 147.5, 148.1, 152.1, 152.5, 152.7, 153.0, 156.3, 156.6,
156.7, 156.8, 157.0, 157.3, 175.3, 1754. HRMS (ESI) m/z Calcd. for
C34H2oN602!2Ru (M2%): 324.0418. Found: 324.0415. Figure 2.24 shows the '"H NMR
and Figure 2.25 shows the *C NMR spectra.
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Figure 2.24. '"H NMR spectra of [Ru(phen)(PhenO)(bpy)](BFa)2.
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Figure 2.25. 3C NMR spectra of [Ru(phen)(PhenO)(bpy)](BFa)2.

Metalation of Chromophore onto SC-phen.

[Ru(Mebpy),(CH;CN),]** (6.0 mg, 0.007 mmol), [Ru(‘Bubpy),(CH;CN),]** (6.0 mg,
0.006 mmol), or [Ru(PhenO)(bpy)(CH;CN),]*>* (6.0 mg, 0.006 mmol) were weighed
out into a screw cap Schlenk tube inside the glovebox. Distilled dichloromethane
(0.8 mL) and THF (4.0 mL) were added to the Schlenk tube. SC-phen electrodes were
placed in the Schlenk tube after being kept in the nitrogen flow for a minute. Schlenk
tube was heated at 70 °C for 4 hours using a paraffin oil bath. The Schlenk tube was
removed from the oil bath and allow to cool down to room temperature. The electrodes
were rinsed by cannulating ~5 ml CH2Cl: into the flask and repeated two more times.
The metalated electrodes were kept under N> and in the dark and tested within 24 h.
The prepared electrodes in this manner are labelled SC-[(phen)Ru(Mebpy).]**, SC-
[(phen)Ru(‘Bubpy),]**, and SC-[(phen)Ru(PhenO)(bpy)]**, which contain Mebpy,
‘Bubpy, or PhenO ligands (hereon denoted as SC-RuMePhen, SC-Ru'BuPhen, and SC-
RuOPhen), respectively.

Synthesis of dimeric chromophore onto SC-RuOPhen.
4.8 mL anhydrous ethanol containing [Ru(bipy)2(phen-diamine)]** (phen-diamine =

1,10-phenanthroline-5,6-diamine; 5.0 mg, 0.006 mmol) were cannulated into a screw
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cap Schlenk tube with SC-RuOPhen electrodes. The flask was heated at 80 °C for 1h.
Then, the electrodes were rinsed with anhydrous ethanol (~5.0 mL each) three times

after the flask cooled down to room temperature.

Photoelectrochemistry.
For photoelectrochemistry studies, a 0.1 M HClO4 solution containing hydroquinone
(pH = 1.0), or a 0.1 M NaClO4 solution containing either hydroquinone (pH = 7.0) or
EtsN (pH = 12.6) were used. Synthesized TiO2-Ru-polypyridyl electrodes were the
working electrode. Photoanodes were synthesized and tested at least 2—3 times for each
medium (except for SC-Ru'BuPhen under basic conditions due to its poor
performance), and the results presented here are illustrative. The reference and counter
electrodes were saturated calomel electrode (SCE) and platinum gauze, respectively. A
homemade 100 mL four-neck quartz flask with a flat window was used as the reaction
flask. The electrolyte was stirred using a magnetic bar at 500 rpm throughout the
measurements. Prior to each measurement, the solution was purged with argon for
30 min, followed by maintaining an argon blanket on top of the solution. The light
source was a Newport QEPVSI-b system (300 W Xe lamp with Cornerstone M 260
monochromator), and the incident light intensity was measured with a Thorlab S121C
light meter, eq 2.2 was used for calculating the IPCE at any specific wavelength:8!-82
IPCE (%) = (1240 x i) / (P x A) (2.2)
where i is the obtained photocurrent density (mA ¢cm2), P is light power density (mW

cm?), and A is the specific wavelength (nm).
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Chapter 3

N-Heterocyclic Carbene Organic Dyes Derived from
2,4,5,6-tetra(9H-carbazol-9-yl)isophthalonitrile
(4CzIPN) Bonded to TiO; Surfaces’

3.1 Introduction

One hour of solar illumination of the planet contains the same amount of energy that
Earth's population consumes in one year.! Solar energy is diffuse, intermittent, and
must be stored for practical applications. Dye-sensitized photoelectrochemical cells
(DSPEC) are being developed as solar energy conversion devices where sunlight is
stored in chemical bonds through artificial photosynthesis.”!! The photoelectrodes in
DSPECs typically consist of a photosensitizer (also called chromophore or dye), an
electrocatalyst, and a semiconductor. These components operate together at the DSPEC
photoanode to utilize solar energy to oxidize water, forming oxygen, protons, and
electrons (OER = oxygen evolution reaction). Photocathodes in DSPEC typically
convert the protons and electrons into hydrogen, or they utilize them to reduce CO»
(COR = CO; reduction reaction).> ! An ideal DSPEC operates with high efficiencies
in the visible light range, as this range makes up ~44% of the solar spectrum.!>!3

Ru-polypyridyl complexes are among the most studied molecular chromophores in
photoelectrochemical applications because they have strong, tunable metal-to-ligand
charge transfer absorbances and because their excited singlet states undergo
intersystem crossing (ISC) to form triplet states with useful lifetimes and redox

14716 Organic chromophores offer metal-free alternatives that are composed

potentials.
of abundant, less-toxic elements.!”!® Molecular chromophores typically are bonded to
semiconductor surfaces via carboxylate- or phosphonate anchor groups.'! These

bonds are stable at pH below 5 and 7, respectively, but hydrolyze under alkaline

2 Martinez-Perez, O.; Amiri, M.; Rasu, L.; Bergens, S. H. N-Heterocyclic Carbene Organic Dyes
Derived from 2,4,5,6-Tetra(9H-Carbazol-9-Y1)Isophthalonitrile (4CzIPN) Bonded to
TiO 2 Surfaces. ECS J. Solid State Sci. Technol. 2023, 12 (10), 105006. https://doi.org/10.1149/2162-

8777/acfff4.
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conditions.!” The rates of the OER and COR can be higher under alkaline conditions
than they are in acid.?’ As well, a wider range of earth-abundant electrocatalysts are
more stable under alkaline and neutral conditions than they are in acid.?>** Thus,
developing earth-abundant chromophores that are stable under alkaline conditions is an
important strategy for constructing efficient, low-cost, visible light-driven OER- and
COR-photoelectrodes.

Electrografting diazonium-modified chromophores to semiconductors has been
reported by several groups.?** Our group reported a stepwise construction of
photoelectrodes that begins with electrografting 5-amino-1,10-phenanthroline (phen-
NH») to semiconductor surfaces using standard diazonium electrochemistry. For
example, TiO, was decorated with phen in this matter to prepare TiOz-phen. The
reaction between TiO,-phen and dissolved cis-[Ru(bipy)(MeCN),]** (bipy = 2,2-
bipyridine) proceeds by displacement of the MeCN ligands to form the photoelectrode
TiO»-[(phen)Ru(bipy):]**, with the Ru-polypyridyl chromophore bonded to the
semiconductor surface through the C5 carbon in the phen ligand.??” This chapter
describes the complex chromophore-semiconductor photoelectrodes containing
multiple metal centers by utilizing linking groups in a manner like the solid-phase
synthesis of proteins.?” This methodology avoids difficulties such as preparing and
purifying insoluble, high molecular-weight chromophores before they are attached to
semiconductor surfaces. The photoanodes prepared by diazonium electrografting were
more stable under alkaline conditions (pH 12) than those constructed with phosphonic

acid linkages, Scheme 3.1.27

2+

O\
_P
— |
(6}
0 / | / |
I
0-P.
—O0
TiO, TiO,
Hydrolyze under basic conditions Stable under basic conditions (pH: 12)

Scheme 3.1. Structures of [Ru((POs;H2-CH2)bpy))(bpy)2]*" and [Ru(phen)(bpy)2]** on TiO: electrodes.
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The recently developed organic chromophore 2,4,5,6-tetra(9H-carbazol-9-
yl)benzene-1,3-dicarbonitrile (4CzIPN) absorbs visible light to form a singlet excited
state that undergoes facile intersystem crossing (ISC) to a triplet state.?®? The triplet
state has sufficient lifetime and energy to undergo energy transfer and redox organic
photoreactions.’** Also, the facile ISC between the singlet and triplet excited states
of 4CzIPN derivatives is being investigated as a method to overcome the 1:3 ratio of
singlet to triplet states formed by ion-ion annihilation in organic light emitting diode
(OLED) displays.*® 4CzIPN and related chromophores had not been incorporated into
photoelectrodes until our group recently reported a simple procedure to prepare
4CzIPN derivatives with one carbazole ring functionalized by an amine group at C4.%
The in-situ prepared diazonium derivative of this amine is electrografted readily to
semiconductors to prepare base-resilient earth-abundant photoelectrodes. For example,
the derivative 4-NH>Cz-3CzIPN was able to functionalize the surface of ITO or carbon
electrodes, forming ITO-4CzIPN or Carbon-4CzIPN, respectively. These
heterogenized dyes are also high turnover number photocatalysts for Dexter energy-
transfer trans- to cis-olefin photoisomerization reactions.*¢

NHCs are molecules featuring a ring structure with at least one nitrogen atom
and contain a divalent carbon atom with a six-electron valence shell (Scheme 3.2),
which originally were incorporated as ligands in catalytically active transition metals.
Tailor-made NHCs were designed for highly sophisticated catalytic reactions such as
the ruthenium-catalysed olefin metathesis.>’>* More recently, NHC have found many
applications across chemical sciences, ranging from organocatalysis, earth-abundant

transition metal catalysis, main group chemistry to on-surface chemistry.*

Backbone o Withdrawing T Donating'
structure (inductive) (mesomeric)
o

) Ring size
" n
N X @

.o Heteroatoms
Substitution

Steric
Shielding

Scheme 3.2. Key structural features of N-heterocyclic carbenes (NHCs).
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Additionally, NHCs are intrinsically reactive entities, presenting many
structural features contributing to their kinetic and thermodynamic stability as well as
to their characteristic reactivity and binding patterns. In this regard, four distinctive
features contribute (Scheme 3.2): (1) the presence and location of heteroatoms (N and
others); (2) substituents at proximal positions; (3) backbone structure (e.g.,
unsaturation); (4) ring size. Adjacent nitrogen atoms, due to high electronegativity,
withdraw electron density from the non-bonding lone pair at the carbenic carbon
(HOMO, o-electron withdrawing), while the available lone pairs can overlap with the
empty p-orbital (LUMO, m-electron-donating). Steric bulk on the N-substituents
protects the reactive center from dimerization or other decomposition processes. The
presence of unsaturation on the cyclic backbone can contribute to the aromatic
character of the heterocyclic system and offer enhanced thermodynamic stability.

The development of NHCs has inspired new avenues toward the modification

of surfaces (Scheme 3.3).40-4

Surface modification
by NHCs

Scheme 3.3. Surface modification by NHCs.

Particularly, research has aimed at broadening the understanding of NHCs
binding modes on metallic surfaces and other applications. NHC-coordinated surfaces
can form stable self-assembled monolayers with promising electrochemical and
biosensing applications.*** Among the different binding modes, vertical is found for
classical NHC complexes, and a flat-lying or tilted arrangement have been proposed.
Also, NHCs have been investigated as supported nanoparticles, nanorods, and
clusters. % Although early studies on NHC-modified surfaces in catalysis were

focused on the stabilization of these surfaces, more recently, research has been directed
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toward an activating effect that NHCs can offer for supported catalysts, as
demonstrated for the improved Faradaic efficiency and current density in CO>
reduction by Cao et al.>!->2

This chapter describes the first high-yield route to N-heterocyclic carbene
(NHC) derivatives of 2.4,5,6-tetra(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile
(4CzIPN). The NHC-dye was studied in solution by NMR, infrared- and UV-vis
spectroscopy, cyclic voltammetry, and photoluminescence. The NHC group bonds to
the surface of TiO» forming a semiconductor/chromophore system that was
characterized by cyclic voltammetry, XPS, infrared and UV-vis spectroscopy, as well
as photoluminescence. The bonding between the NHC group and TiO; is quite stable
towards the photooxidation of sacrificial electron donors under alkaline conditions

without applying any protective layers.

3.2 Results and Discussion

Scheme 3.5 shows the synthesis of (1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-
dicarbonitrile)-3-benzyl-1,3-dihydro-2H-imidazol-2-ylidene (6). Our group previously
reported that the displacement of the fluorides at the 2,4,6-positions of
tetrafluoroisophthalonitrile by three equivalents of sodium carbazolate in THF is facile
and selective at low temperatures.>>>-5% This chapter describes that the remaining
fluoride in 5-fluoro-2,4,6-tris(carbazole-9-yl)benzene-1,3-dicarbonitrile (2) is replaced
by the imidazolate anion generated in MeCN solution by deprotonation of imidazole
with Cs:CO3 to give 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-
imidazole in 95% yield (3, 3CzIPNIm). Reaction with neat benzyl bromide at 120 °C
then gives the target imidazolium 4 in 95% yield. Imidazoliums like 4 are reported to
undergo deprotonation to form the corresponding N-heterocyclic carbene.’® We found
that the bromide 4 is deprotonated by strong bases (KO'Bu, KN(Si(Me)3). at low
temperatures in THF to generate the target NHC-dye 6 (Scheme 3.4).
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Scheme 3.4. NHC formation from the corresponding imidazolium deprotonation in THF.
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Scheme 3.5. Synthetic route of (1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-
1,3-dihydro-2H-imidazol-2-ylidene (6).
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It was found, however, that any excess of base, even transient excesses that
result from the relatively low solubility of 4 in THF, decompose the NHC target. To
address this limitation, the bromide counterion was exchanged with BF4 (giving 5 in
98% yield) using AgBF to increase the solubility in THF. Further, a more convenient
and reliable method to deprotonate 5 is by stirring over excess (10 equivalents) KH in
THF for 3 h at 0 °C. The target NHC-dye, 3CzIPN-NHC 6, is prepared by this latter
method with 99% NMR vyield. The excess KH can be removed by simple filtration.
While the dark red NHC-dye 6 cannot be isolated without decomposition, THF
solutions of 6 were stable for long periods at temperatures below ~0 °C.

Figure 3.1A shows the aromatic region in the "H NMR spectrum of imidazolium
4 and highlights the signal for the proton at the 2-position of the imidazolium ring (5
9.24 ppm). gHSQC NMR correlation experiments show that this hydrogen is coupled
directly to the signal at 137.1 ppm in the 3C NMR spectrum, which we assign to C2 of
the imidazolium ring (Figure 3.11). Figure 3.1B shows the aromatic region in the
BC{'H} NMR spectrum of 4. As stated above, the yellow imidazolium 4 can be
deprotonated by one equiv. of ‘BuOK or KN(SiCHj3); to form the red NHC compound
6 at low temperatures in THF-ds. Upon deprotonation, the aromatic signals in the 'H
NMR spectrum shift, and the signal at 9.24 ppm corresponding to the hydrogen on C2
of the imidazolium group disappears (Figure 3.1C). Similarly, the 3C {'H} NMR signal
at 137.2 ppm (corresponding to C3 in imidazolium 4) shifts to 219.2 ppm upon
deprotonation to form the NHC dye 6. This chemical shift is typical for NHC carbene
carbon centers (Figure 3.1D).57->8 Typically, *C chemical shifts for the carbenic carbon
appear ranging from 158 to 182 ppm, depending on the electron-donating ability of the
carbon. For instance, the 1,3-bis(2,4,6-trimethylphenyl)-1,3-dihydro-2H-imidazole-2-
ylidene presents a '3C chemical shift at 177.2 ppm.>® These NMR experiments provide
conclusive evidence for the formation of the NHC dye 6. The dissolved NHC dye 6

was stable at 0 °C but attempts to isolate it as solid resulted in decomposition.
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Figure 3.1. 'H (A, C) and 3C NMR (B, D) spectra of 4 (A, B) and 6 (C, D).

To our surprise, the red NHC dye 6 bonds to the surface of anatase TiO:
nanoparticle electrodes. Specifically, the reaction between TiO: and 6 dissolved in THF
was complete after 1 h at 0 °C, forming TiO2-6 as a yellow solid. To our knowledge,
this is the first observation of bonding between an NHC group and the surface of TiO».
Figure 3.2 shows the cyclic voltammogram (CV) of the pale yellow TiO2-6 electrode
recorded in dichloromethane (0 to 1.6 V vs. Fc¢/Fc' (ferrocene; all non-aqueous
potentials in this manuscript are reported vs. a Fc/Fc¢* internal standard, 100 mV s, 0.1
M nBu4PFs). The first sweep was in the positive-going direction because TiO> is
reduced at lower potentials, resulting in large currents that obscure any redox peaks
from 6. Figure 3.2 also shows the baseline CV of the bare TiO> electrode, which did
not contain prominent features over this potential range. The CV of TiO»-6 contains an
anodic wave that begins at ~0.6 V, followed by a strong, largely irreversible anodic

peak starting at ~0.99 V due to oxidation of the carbazole rings.’!-*> Using the charge
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under oxidation of the carbazole rings, a very rough estimate of the surface coverage

of TiO, by 6 is 4.4 x 10 mol cm™.
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Figure 3.2. CVs of blank TiO2, 3CzIPN-Imidazolium[BF4] 5 (0.1mM) and of the TiO2-6 electrodes in
Ne-saturated DCM (0.1 M nBu4PFg). Inset: CV of 3CzIPN-NHC 6 (0.1mM) using a glassy carbon as
working electrode in Na-saturated THF containing (0.1 M nBusPFs). Scan rate 100 mV.

For comparison, Figure 3.2 also shows the CV of the imidazolium 5 in CH>Cl»
solution recorded with a TiO, working electrode. The CV contains an anodic wave
onset at 0.8 V, followed by a strong irreversible peak at 1.15 V assigned to the oxidation
of carbazole rings (Scheme 3.6).%

The positive going sweeps contain peaks that are like those in the CV of TiO»-
6, suggesting that the dye is present on the surface of TiO; in a form similar to 5. Figure
3.2 (inset) also shows the CV of the free NHC-dye 6 dissolved in THF solution,
recorded with a glassy carbon working electrode at 0 °C under the strict absence of air
(N2 atmosphere). Solution CVs of free NHCs are uncommon in the literature.>>-> The
CV of 6 contains a new irreversible anodic peak at 0.4 V, which is characteristic of the
one-electron oxidation of the NHC carbene center to form a radical cation. Similar

NHC-based radical cations are reported to undergo rapid dimerization to form
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dications. (Scheme 3.7). 3 The oxidation peaks for the carbazole rings in 6 at 1.1 V

and 1.4 V occur at slightly more cathodic potentials than the corresponding peaks in

the imidazolium 5, as expected for an electron-rich species. A comparison of the

solution-phase CVs of 6, 5, and Ti0O,-6 suggests the structure of the NHC group bonded

to TiO, resembles 5.

Scheme 3.6. Electrochemical oxidation of the carbazole in 3CzIPN-Imidazolium[BFa].
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Scheme 3.7. Proposal for the NHC dimerization process.
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Figure 3.3 shows the N1s region of the XPS high-resolution spectra of the blank
TiO and Ti0,-6 electrodes. Deconvolution of this region indicates there are three types
of N peaks in the XPS spectrum of TiO2-6. There is a peak in the region for aromatic
N atoms at ~400 eV3-860 that likely arises from the carbazole rings, there is a peak
that arises from imidazole-type N atoms at ~401.5 eV that likely arises from the NHC
group, and there is a peak at ~399.6 eV that likely arises from the nitrogen atoms in the
nitrile groups.®®! The ratio of the pyridine to imidazole nitrogen signals is ~2:3 for the
Ti02-6 electrode, as expected for the structure of 6. The XPS spectrum of the TiO2
blank did not contain peaks in this region. In the experimental section, Figure 3.16
shows the high-resolution XPS spectra in Ols region for the TiO» and TiO2-6
electrodes. Deconvolution indicates there are peaks at ~530, 531, and 532 eV in the
XPS spectrum of TiO2-6 that can be ascribed to oxygen in a metal oxide (TiO»), in a
metal hydroxide group,®'~%3 and bonded to carbon (C-0),%67 respectively. The signal
from O bonded to C is present in the TiO, blank, however, and it is likely due to

adventitious impurities, perhaps present in the air.
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Figure 3.3. The high-resolution XPS spectra in N1s region for bare TiO2(A) and grafted TiO2-6 (B)
electrodes.

Figure 3.4A shows the solid-state and UV-vis absorption spectrum of TiO2-6 in
the 350-800 nm range using TiO> as the blank. The inset shows the solution UV-vis
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spectrum of the parent imidazolium 5 in CH»Cl, and of the free NHC-6 in THF solution

under Na.
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Figure 3.4. (A) UV-vis spectra of TiO>-NHC-6 with TiO» absorption subtracted (Inset is molar
extinction coefficient vs. wavelength plots for homogeneous solutions of the imidazolium 5 (in CH2Cl2)
and the free NHC-dye 6 in THF. (B) Infrared reflectance spectra of TiO2-6 electrode with TiO: as blank,
and the IR transmittance spectrum of the free NHC-dye 6 in THF solution.

The solid-state UV-vis spectrum of TiO»-6 resembles more that of the
imidazolium 5 in solution, apart from broadening and a slight blue shift (about 25 nm)

that it does of the free NHC 6. The maximum absorbance wavelength of the free NHC-
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6 is blue-shifted from both 5 and TiO:-6, and it contains an extra broad peak with a
maximum at ~540 nm. Conclusive speciation of TiO2-6 is not possible from these UV-
vis spectra alone. The surface coverage (I") of TiO2 by 6 is, therefore, only roughly
estimated as 3.7 x 10 mol cm™ using the molar extinction coefficient of 5 dissolved
in CHxCl.

The estimated coverage obtained from the UV-vis measurement is higher than
that estimated from the CV data. A similar trend was reported for Ru-bipyridyl

chromophores bonded to TiO> through phosphonate groups®*-63

and indicates that only
a portion of the NHC-dye attached to the TiO> surface is electrochemically accessible.
The difference in estimated surface coverages, based on solid-state UV-vis and CV
measurements, was much smaller in our previous reports of chromophores attached to

surfaces by diazonium electrografting.?6-27-6¢

We expect that the diazonium-
chromophore binds in the vicinity of the electrochemically accessible sites on the TiO2
surface during electrografting, while the reaction between NHC-6 and the TiO, surface
is less specific.

Figure 3.4B shows the solid-state reflectance infrared spectrum of TiO2-6 and
the solution spectra of the parent NHC 6. There are similarities between the spectra,
including in the C-H, the C=Y, and C-Y vibration regions (Y= N, C). Perhaps the most
indicative similarity is the C=N stretches at 2220 and 2193 ¢cm™! for TiO,-6, and NHC
6, respectively. The corresponding peak in the solution spectrum of the imidazolium 5
occurs at 2239 cm! (Figure 3.15, in the experimental section). The C=N stretching
frequency for 5 is closer to TiO2-6 than to the free NHC 6. As well, the order of
stretching frequencies (5 > Ti02-6 > 6) shows that there is more electron density in the
Ce ring in 6 than in 5 or TiO2-6. The greater electron density in 6 undoubtedly results
from deprotonation of the cationic imidazolium group in 5 to form the NHC group in
6. As a final comparison, the corresponding CN stretch in the IR spectrum of the

tetracarbazole dye 4CzIPN is 2233 ¢cm™,*’ closer to 5 and TiO:-6, and higher than the

free NHC 6. Figure 3.5 summarizes the differences in stretching frequencies.
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Figure 3.5. Comparison of the —C=N stretching frequencies and electron densities in the
dicyanobenzene moieties of the dicyanocarbazoles.

Figure 3.6 shows the photoluminescence spectra of TiO2-6, the imidazolium 5,
and the free NHC 6. TiO2-6 has an intense yellow-orange emission with a maximum at
568 nm. The wavelengths of the maximum excitation and emission peaks, the Stokes
shifts, and their intensities in the spectrum of TiO2-6 resemble those of the imidazolium
5 more closely than of the NHC 6. Interestingly, the maximum absorption peak of the
NHC 6 is shifted to higher energies than § and Ti02-6 (400 vs 421 nm), and the Stokes
shift for 6 is also quite a bit smaller (57.5 nm) than 5 (159 nm) and TiO»-6 (146 nm).
Although these absorptions and emissions cannot be assigned with certainty without
detailed study, based on comparisons to carbazole dicyanobenzenes-carbazoles in the
literature,®” we tentatively assign the absorbances between 400 and 421 nm to the So
— Si intermolecular charge transfer between the highest energy occupied natural
transition orbital (NTO) centered on the carbazole rings to the lowest energy
unoccupied NTO centered on the dicyanobenzene moiety (Scheme 3.8). The relatively
small Stokes shift for NHC 6 suggests that the intramolecular rearrangement that occurs
between So and S is more restrained in the free NHC 6 than they are in the imidazolium

5 and Ti0»-6.%7
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Figure 3.6. Photoluminescence spectra of TiO2-NHC, 3CzIPN-Imidazolium[BF4] and 3CzIPN-NHC
(6).
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Scheme 3.8. Simplified energy diagram illustrating energy transfer (ET) processes upon light excitation
of 4CzIPN derivatives like 5, 6, and TiO2-6.

The CV, solid-state IR, XPS, UV-vis, and photoluminescence data for TiO»-6
all resemble the solution data of imidazolium 5 more than they do of the free NHC 6.
Taken together, we propose that bonding between the free NHC 6 and the TiO: involves
hydrogen bonding between the NHC carbon and a protic hydrogen within an -OH, or
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H>O group on the TiO» surface.>* Scheme 3.9 shows the proposed structure. It is well-
known that NHC groups engage in hydrogen bonding with protic hydrogen atoms.®3-6?
It is also well-known that water and O-H groups exist on the surface of TiO,.”° This
bonding would result in the formation of a partial negative charge at oxygen in the
hydroxyl group, forming a partial ion pair between the NHC-6 and the surface hydroxyl
group (Scheme 3.9). Another possibility is the direct coordination of the NHC group to
a Ti centre in TiO,. This second mode seems less likely because the Ti centres are not
easily accessible in TiO>. More study is required, however, to determine the exact
nature of the bonding between TiO; and 6. Attempts to measure the solid-state 'H NMR

of TiO,-NHC were inconclusive because of the low amounts of 6 present on the surface

of TiO; as well as the inhomogeneity of the surface sites on TiO2 nanoparticles.
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3CzIPN-NHC (6) TiO,-6

Scheme 3.9. Functionalization of TiO2 with 3CzIPN-NHC (6) for the formation of TiO2-6.

Figure 3.7A shows the incident photon to current conversion efficiencies
(IPCEs) and the photoelectrochemical activities of TiO»-6 and TiO» under neutral
conditions with hydroquinone (H2Q) as the sacrificial electron donor (E =0 Vscg, 0.1 M
NaClOs, 0.02 M H,Q, pH = 7.0). The TiO»-6 photoelectrode was photoactive at
wavelengths below <540 nm, reaching 1.6% and 0.9% efficiency at 400 and 420 nm,
respectively. Figure 3.7B shows the potentiostatic photocurrent response of TiO-6 and
TiO; under illumination at 450 nm at 0 Vsce. The initial photocurrent from the TiO»-6

photoanode was 4.6 pA cm, and it was appreciably stable, decreasing to 4.1 nA cm™

120



(89%) after 1000 s. The blank TiO> electrode showed very little photoactivity (1.1 pA
cm2), which dropped to 72% of its original value after 1000 s.
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Figure 3.7. The IPCE measurements (A and C) and photoelectrochemical responses (B and D) of TiO2
and TiO2-6 electrodes in 0.1 M NaClOs containing 0.02 M H2Q (pH = 7.0) (A and B) at a constant
potential of 0 V or containing 0.5 M EtsN (pH = 12.6) at a constant potential of 0.2 V (C and D),
illumination of 450 nm, under Ar atmosphere.

Figure 3.7C shows the IPCE activities of the TiO»-6 and TiO> photoanodes in
the visible range (400-700 nm) under basic conditions, with Et;N as the sacrificial
electron donor (pH = 12.6, 0.5 M Et3N, 0.1 M NaClOs, E =—-0.2 Vscg) (Scheme 3.10).
The Ti0O»-6 electrode was quite a bit more active under alkaline conditions with EtsN
as an electron donor than under neutral conditions with H>Q as a donor. The IPCE
increased as the wavelength decreased under alkaline conditions, reaching 3.6% and
4.8% at 420 and 400 nm, respectively. The photoanode was not significantly
photoactive at wavelengths >550 nm, in agreement with the UV-vis spectra of TiO»-6,

and 5 (in solution).
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Scheme 3.10. Photooxidation of H2Q under neutral conditions (left) and EtsN under basic conditions
(right) with the TiO2-6 electrode.

Figure 3.7D shows the potentiostatic photocurrent responses of the TiO2-6 and
TiO2 photoanodes under irradiation at 450 nm towards the light-driven oxidation of
EtsN. The TiO> photoanode was not noticeably photoactive under these conditions
(photocurrent of a mere 0.3 pA cm2). The TiO»-6 electrode was appreciably active and
stable, giving a photocurrent density of 23.4 pA cm, with ~97% retention over 1000
s irradiation at 450 nm. The increase in IPCE, photocurrent, and stability of the TiO»-
6 photoelectrode with the increase in pH is interesting and somewhat unprecedented.
Factors such as differences in the nature of the sacrificial electron donors (kinetics or
overpotentials)®* or changes in the quasi-Fermi level of semiconductor (TiO>) caused
by variation of pH likely play a role in the change in activity.®® The apparent stability
under such high pH, without protective oxide layers (e.g., Al2O3 ALD), suggests that
systems like TiO2-6 should be explored for photo-driven OER under these conditions.

Table 3.1 compares the IPCE (%), and photoelectrochemical activities (LA cm”
2) of wvarious electrodes functionalized with comparable Ru- or Ir-polypyridyl
chromophores and TiO»-6 in neutral and alkaline conditions. The IPCE value for the
photoelectrooxidation of H>Q under neutral conditions (1.6%) was modest over TiO»-

6. The IPCE value for the photoelectrooxidation Ets;N under alkaline conditions (pH
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12.6) over TiO2-6 was among the highest (4.8%), while generating relatively high
photocurrents. The relatively high performance under alkaline conditions may lead to
systems that operate with a wider range of earth-abundant electrocatalysts than under

acidic conditions.

Table 3.1. IPCE and Photocurrent Density for Different Electrodes under Neutral and Alkaline
Conditions.26:27:35

pH7 pH 12.6
Electrode IPCE Ph(()ltocgrrent IPCE Photocqrrent
(%) ensr[-}; ) (%)° densn_}; )
(A cm) (A cm?)

TiO,-(phen)Ru(bpy),>* 55 25 3.8 4.2
TiO»-(phen)Ru(dmbpy),** 12.7 224 6.6 4
TiO>-[Ru(bpy): ((4,4’-PO;H,):bpy)** 5.6 35 0.5 1
TiO>-[(phen)Ir(ppy)2]” 4 15 2 2.5
1TO-4CzIPN - - 3.5 15
Ti0,-6 (this work) 1.6 4 4.8 23.4

2IPCE for the photooxidation of H>Q under neutral conditions [0 Vsck, 0.02 M H2Q, 0.1 M NaClO4, 400
nm)]. ® Photoactivity measured under the illumination of 450 nm light. ¢ IPCE for the photooxidation of
TEA under basic conditions [0 Vscg, 0.1 M NaClOs, 0.5 M TEA, 400 nm].

3.3 Conclusions

The purpose of this discovery report is to detail the preparation and characterization of
the first 4-CzIPN chromophore functionalized with an NHC ligand. As well, the
manuscript details the bonding of an NHC group to the surface of TiO>. To our
knowledge, this is the first report of this type of bonding. Steady-state
photoluminescence studies show that the light absorption properties of the ligand are
maintained upon coordination to TiO2. As well, preliminary studies show that the TiO»-
6 surface functions as a visible-light-driven photoanode for the oxidation of sacrificial
electron donors under neutral and alkaline conditions, demonstrating that this new
system has applications in the fundamental study of solar fuel processes. The range of
practical applications of this new ligand-type and bonding mode (e.g., solar fuels,
photocatalysis, OLED displays, photodynamic therapy) is under investigation in our

research group.

123



3.4 Experimental

Materials

Chemicals were used without any further treatment, unless mentioned otherwise.
Following chemicals were obtained from Sigma Aldrich: TiO2 nanoparticles (anatase,
nanopowder <25 nm particle size, 99.7% trace metals basis), TiCl4 (=99.995%, trace
metals basis), 2,4-pentadione (>99%), NaClO4 (ACS reagent, >98.0%), hydroquinone
(ReagentPlus, >99.5%), triethylamine, distilled (EtsN, >99.0%), tetrabutylammonium
hexafluorophosphate (NBu4PFs; for electrochemical analysis, >99.0%), acetonitrile,
distilled (MeCN for HPLC, gradient grade, >99.9%), dichloromethane, distilled (DCM;
ACS reagent, >99.5%), tetrahydrofuran, distilled (THF; ACS reagent, >99.0%),
potassium tert-butoxide (95%), potassium hydride (from 60% oil suspension, THF
washed, dried). FTO (surface resistivity ~7 €/sq, 10 x 10 cm pieces). Triton X-100 was
purchased from EMD Millipore Corporation. Triply distilled water was used to prepare
aqueous solutions. Tetrafluoroisophthalonitrile (>98.0%) and imidazole were obtained
from TCI and Baker, respectively. When possible, the liquid reagents were distilled
before use. The solvents DCM (CaH>), acetonitrile (CaH»), toluene (CaH), and
tetrahydrofuran-ds/tetrahydrofuran (Na/benzophenone) were distilled from the
appropriate drying agent under N». Argon or N> gas was bubbled through solvents for

a minimum of 30 min before use unless noted otherwise.

Instrumentation

Electrochemical studies were carried out using a Solartron SI 1287 Electrochemical
Interface. The X-ray photoelectron spectroscopy (XPS) measurements were done using
a Kratos Axis 165. A monochromatized Al Ka source (hv =1486.6 eV) was used at 12
mA and 14 kV, while the pressure in the sample analytical chamber was maintained <1
x 107 torr. Survey scans ran in the binding energy of 1100 to 0 eV, with analyzer pass
energy of 160 eV and 0.3 eV steps. For deconvolution, the spectra are calibrated by C—
C binding energy at 285.0 eV. UV-vis spectra were collected using Cary 5000 UV-vis
spectrometer for chromophores dissolved in CH2Clz or on TiO» (with TiO; absorbance
subtracted). 'H NMR spectra were acquired using 400 MHz and 500 MHz Varian
Inova, and Varian DD2 M2 400 MHz NMR spectrometers. *C NMR spectra were
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acquired using a Varian VNMRS 500 MHz NMR spectrometer. The °F NMR spectra
were acquired on a 400 MHz Varian DD2 MR spectrometer. The chemical shifts are
reported in parts per million relative to TMS with the solvent as internal standard.
Abbreviations used in reporting NMR data are s (singlet), d (doublet), t (triplet), q
(quartet), dd (doublet of doublet), dq (doublet of quartet), and m (multiplet). HRMS
spectra were acquired using either electrospray ionization in an Agilent 6220 ao TOF
mass spectrometer, or electron ionization on a Kratos Analytical MS50G double
focusing sector mass spectrometer. Powder X-ray diffraction (pXRD) patterns of the
ground samples were collected on a Bruker D8 Advance powder diffractometer,
equipped with a SSD160 detector and a Cu Ka radiation source operated at 40 kV and
40 mA. The Scanning Electron Microscope (SEM) images were recorded with a Zeiss
Sigma 300 VP-FESEM.Photoluminescence spectra were collected using a Horiba-PTI
QM-8075-11 Fluorescence System.

Fabrication of FTO/TiO: Electrodes

The electrodes were fabricated according to a previous publication with minor
modifications.’®> Shortly, FTO coated glasses (1 x 2.5 cm piece) were sonicated in
ethanol for 15 min followed by water for another 15 min, and rinsed with water. They
were heated in a 50 mM TiCls solution at 70 °C for 30 min and washed with water
thoroughly. In order to make TiO; paste, 0.5 g nanoparticles, 50 pl Triton X-100 (as
surfactant), and 50 pl 2,4-pentanedione were mixed in a 3 ml ethanol/water 1:1 for 2 h
and sonicated for 30 min using the doctor-blade method (four layers of scotch tape),
the paste was applied on FTO slides (~10 um thickness). After the slides were dried in
air, they were heated at 500 °C in a muffle furnace for 2 h, followed by treatment in 50
mM TiCly solution at 70 °C for 30 min. The slides were rinsed thoroughly with water
and heated at 450 °C for 30 min. Slides were transferred from the oven at 90 °C into the

glovebox to keep them dry.

125



Synthesis of 5-fluro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile (2)

Carbazole (2.505 g, 15 mmol) and NaH (60% dispersion in

Y mineral oil, 0.9 g, 22.5 mmol) were weighed into a flask that

NC CN was evacuated and refilled with argon 3x, cooled to —80 °C,

0 and charged with 30 mL of freshly distilled, dry THF
N N “

O F § (30 mL). The cooling bath was removed, and the reaction

mixture stirred for 30 min upon reaching room temperature.
The flask was cooled to —80 °C, and a solution of tetrafluoroisophthalonitrile (1.02 g,
5 mmol) in 15 mL of freshly distilled, dry THF was added slowly at —80 °C. Additional
THF (10 mL) was used for quantitative transfer of tetrafluoroisophthalonitrile. The
reaction mixture was stirred at temperatures between —60 °C and —40 °C. An aliquot
after 2 h showed (NMR) the presence of 1 with no starting materials remaining. The
reaction was stopped after 3 h by adding distilled water (3 mL) drop wise under argon,
then warming to room temperature, and stirring for an additional 30 min. The
precipitate that formed during the addition of water was removed by filtration. The
precipitate was washed with an additional 40 mL of THF. The combined filtrates and
washings were concentrated under reduced pressure using a rotavap to yield 2 as a
fluffy yellow solid. The solid was dissolved in 100 mL of DCM and washed with water
(3 x 50 mL), saturated NaCl (1 x 50 mL), and the organic layer was dried over
anhydrous Na;SO4 and concentrated using a rotavap to give a yellow oily product.
Then, the oily product was dissolved in the minimum amount of DCM and precipitated
with diethyl ether to give the tricarbazole-fluoride (2) as a yellow powder in 90% yield.
TH NMR (498.120 MHz, CD3CN, 26.9 °C): § 7.44-7.50 (6H, m), 7.62—7.69 (10H, m),
7.75 (2H, d, J= 8.2 Hz), 8.24 (4H, d, /= 7.7 Hz), 8.28 (2H, d, J = 7.8 Hz). F NMR
(468.664 MHz, CDsCN, 26.9 °C): § —-116.07 (IF, s). BC{'H} NMR (125.686 MHz,
CD3CN3, 27.0 °C): 6 110.3, 110.8, 111.7 (d, “Jor = 3.4 Hz), 115.8 (d, *Jcr = 3.4 Hz),
120.9,121.0, 122.1, 122.3, 124.0, 124.3, 127.0, 127.2, 135.5 (d, 2Jcr = 15.2 Hz), 139.4,
140.2, 142.5 (d, *Jcr = 4.4 Hz), 155.6 (d, 'Jcr = 262.2 Hz). HRMS (ESI) m/z Calcd.
for C44H24FNs (M+Na)": 664.1908. Found: 664.1909. Figure 3.8 (a), (b), and (c) show
the 'H, *C, and 'F NMR spectra of (2).
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Figure 3.8. 'H NMR (a) of 5-fluro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile (2) in MeCN-
ds.
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Figure 3.8. '*C NMR (b) of 5-fluro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile (2) in MeCN-
ds.
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468.641 MHz F19 1D in cd3cn
temp 26.9 € > actual temp = 27.0 €, autoxdb probe

116.030

Figure 3.8.F NMR (c) of 5-fluro-2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile (2) in MeCN-
ds.

Synthesis of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)imidazole
(&)

Imidazole (106.1 mg, 1.56 mmol) and Cs>CO3 (1.52 g, 4.67
mmol) were weighed into a side arm flask, evacuated, and

refilled with argon for three cycles. Then, acetonitrile

; j?[ : (30 mL, dried over molecular sieves and bubbled with N>

for 30 min) was added into the flask and the resulting

suspension was stirred at 50 °C for 30 min. A solution of

3CzFIPN (2, 1.06 g, 1.56 mmol) in 10 mL of CH3CN and was added slowly into the

flask containing imidazole and Cs,COj3 at room temperature. CH3CN (10 mL) was used
for quantitative transfer of the 3CzFIPN. The reaction was stirred at 50 °C. An aliquot
showed (NMR) that the reaction was complete after 3 h. The reaction was allowed to
cool to room temperature and then filtered using 100 mL of CH3CN for transfer and
washing. The combined filtrates were concentrated under reduced pressure using a

rotavap to give a yellow solid. The crude product was dissolved in DCM (50 mL) and
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the organic layer was washed with water (3 x 50 mL), brine, and dried over anhydrous
NayS0;s. Filtration and concentration using a rotavap gave the imide 3 as a yellow
powder in 95% yield. '"H NMR (499.789 MHz, CD3CN, 27.7 °C):  6.11 (1H, s), 6.21
(1H,t,J=1.3Hz), 6.73 (1H, s), 7.39 (4H, t, J= 7.5 Hz), 7.49-7.55 (6H, m), 7.62 (4H,
d,/J=8.1 Hz),7.73 (1H, dt,/=8.0 Hz, J= 1.1 Hz), 7.86 (1H, d, /= 8.2 Hz), 8.17 (2H,
d, J=7.8 Hz), 8.30 (2H, d, J = 7.8 Hz). BC{'H} NMR (125.685 MHz, CD3;CN, 27.7
°C): & 110.1, 110.6, 111.8, 117.8, 118.2, 120.8, 121.0, 122.1, 122.4, 123.9, 124.2,
126.9,127.1,129.3, 135.4,137.3, 139.4, 139.7, 143.2, 145.3. HRMS (ESI) m/z Calcd.
for C47H27N7 (M+H)*: 690.2401. Found: 690.2404. Figure 3.9 (a) and (b) show the 'H
and *C NMR spectra of (3).

498.120 MHz H1 1D in cd3cn
temp 26.9 C -> a
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Figure 3.9. 'H NMR (a) of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)imidazole (3) in
MeCN-d;.
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Figure 3.9. 3C NMR (b) of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)imidazole (3) in
MeCN-d;.

Synthesis of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-

Imidazolium Bromide (4)

The imidazole (3, 400 mg, 0.58 mmol) was weighed into a

15 mL side-arm flask that was evacuated and refilled with

argon 3 times. Distilled benzyl bromide (2 mL) was added

using a gas-tight syringe under argon, and the resulting

0 1 H suspension was immersed into a 120 °C oil bath. The
NG

52 imidazole dissolved upon heating, then a yellow precipitate
Ph

formed over the next two hours. The yellow solid was
collected by filtration and washed with 50 mL of Et;O (2 x 25 ml) to give the
imidazolium bromide 4 in 95% yield. '"H NMR (499.789 MHz, DMSO, 27.7 °C):
4.90 (2H, s), 6.29 (2H,d,J=7.3 Hz), 7.12 (1H, t,J=1.7 Hz), 7.16 (2H, t,J = 7.5 Hz),
7.22 (1H, t,J = 1.6 Hz), 7.25 (1H, t, J = 7.4 Hz), 7.40 (4H, t, J = 6.9 Hz), 7.45-7.57
(6H, m), 7.71 (2H, t, J = 7.8 Hz), 7.87 (4H, d, J = 8.2 Hz), 7.95 (2H, d, J = 8.1 Hz),
8.24 (4H, d,J= 7.8 Hz), 8.35 2H, d, J= 7.8 Hz), 9.24 (1H, s). BC{'H} NMR (125.686
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MHz, DMSO, 27.0°C): 6 51.9, 111.3, 111.9, 117.3, 121.5, 121.7, 122.9, 123.8, 124.1,
124.2, 124.3, 127.1, 127.4, 128.8, 129.2, 133.6, 133.8, 137.1, 139.2, 139.8, 144.2,
148.0. HRMS (ESI) m/z Calcd. for CssH3sN7 (M)*: 780.2870. Found: 780.2870.

Figure 3.10 (a) and (b) show the 'H and '3C NMR spectra of (4), Figure 3.11 show the
H1 gHSQCAD correlations.

499.789 MHz H1 1D in dmso (ref. to DMSO @ 2.49 ppm)
temp 27.7 C -> actual temp = 27.0 C, colddual probe
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Figure 3.10. 'H NMR (a) of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-
Imidazolium bromide (4) in DMSO-ds.
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125.686 MHz C13{H1} 1D in dmso (ref. to DMSO @ 39.5 ppm)
temp 27.7 C -> actual temp = 27.0 C, colddual probe
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Figure 3.10. 3C NMR (b) of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-
Imidazolium bromide (4) in DMSO-ds.

, Exp_78_in_DMSO_j1xh_200
499.789 MHz H1 gHSQGAD in dmso (ref. to DMSO @ 2.49/39.5 ppm)
temp 27.7 G -> actual temp = 27.0 C, colddual probe
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Figure 3.11. H1 gHSQCAD correlations for 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-
3-benzyl-Imidazolium bromide (4) in DMSO-ds with the C2-H correlation highlighted.
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Synthesis of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-

imidazolium Tetrafluoroborates (5)

The imidazolium bromide salt (4, 400 mg, 0.46 mmol) was
weighed into a 30 mL side-arm flask and evacuated and

NC | CN refilled with argon three times. Using a gas-tight syringe 10
’ N:@EN Q mL of freshly distilled acetonitrile were transferred into the
<—N7 flask to disperse the dye (poorly soluble). The AgBF4

BF,~ | (108.5 mg, 0.55 mmol) was weighed inside the glovebox in a

Ph Schlenk flask, and then connected to a Schlenk line. The silver

salt was dissolved in 3 mL of acetonitrile and cannula transferred to the imidazolium
salt, and extra 2 mL of solvent were used for quantitative transfer. The reaction mixture
was stirred at room temperature for 1 h, an aliquot (NMR) showed that the reaction was
complete. The yellow solution was filtered through a celite plug and concentrated under
reduced pressure. The yellow solid was washed with diethyl ether (2 x 25 mL) to give
the imidazolium tetrafluoroborate in 98% yield. 'H NMR (498.120 MHz, CDsCN, 26.9
°C): 6 4.65 (2H, s), 6.45 (2H, d, J= 7.5 Hz), 6.67 (1H, t, J= 1.9 Hz), 6.74 (1H, t, J =
1.9 Hz), 7.24 (2H, t,J=7.5Hz), 7.34 (1H, t,J= 7.5 Hz), 7.46—7.53 (4H, m), 7.54-7.58
(10H, m), 7.56 (2H, t, J =7 Hz), 7.77 (2H, d, J= 1.0 Hz), 8.12 (1H, s), 8.20 (4H, d, J
=7.5 Hz), 8.31 (2H, d, /=7 .9 Hz). 13C {{H} NMR (125.686 MHz, CD3CN, 27.0 °C):
0519, 111.3, 111.9, 117.3, 121.5, 121.7, 122.9, 123.8, 124.1, 124.2, 124.3, 127.1,
127.4,128.8,129.2, 133.6, 133.8, 137.1, 139.2, 139.8, 144.2, 148.0. HRMS (ESI) m/z
Calcd. for Cs4sH34N7 (M)*: 780.2870. Found: 780.2870. Figure 3.12 (a) and (b) show
the 'H and '*C NMR spectra of (5).
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498.120 MHz H1 1D in cd3cn
temp 26.9 C -> actual temp = 27.0 C, autoxdb probe
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Figure 3.12. 'H NMR (a) of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-

imidazolium tetrafluoroborate (5) in CH;CN-d3.

125.685 MHz C13{H1} 1D in cd3cn
temp 27.7 C -> actual temp = 27.0 C, colddual probe
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Figure 3.12. 3C NMR (b) of 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-

imidazolium tetrafluoroborate (5) in CH;CN-d3.
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499.790 MHz H1 gHSQCAD in cd3cn
temp 27.7 C -> actual temp = 27.0 C, colddual probe
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Figure 3.12. H1 gHSQCAD correlations (c) for 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-
dicarbonitrile)-3-benzyl-imidazolium tetrafluoroborate (5) in CH3CN-d3.

Low T NMR-scale Deprotonation of the Imidazolium 3 by KN(SiMe3): or KO'Bu
to Form 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-1,3-
dihydro-2H-imidazol-2-ylidene (6)

The imidazolium 4 (15 mg, 0.0174 mmol) and base (0.0174

mmol, 1 equiv.) were weighed into separate NMR tubes and

NC CN sealed with septa inside a glove box. Freshly distilled, dry
N:@N THF-ds (0.4 mL) was added into each NMR tube under argon
O [N) Q atmosphere. The imidazolium 4 did not dissolve. After
N) immersing the NMR tubes in a —80 °C (dry ice/acetone) cold

Ph bath, the solution of base was transferred to the NMR tube
containing 4 through double ended needle under argon pressure. The reaction was
monitored by NMR from —80 °C to 0 °C, which showed that deprotonation to form the
NHC 6 was complete at =30 °C, which is roughly the temperature at which 4 partially

dissolved. The THF solutions of the NHC were stable at temperatures below 0 °C.
Figure 3.13 shows the 'H and !3C NMR spectra of NHC 6 at —30 °C.
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399.949 MHz H1 1D in thf
temp -27.0 C -> actual temp = -30.0 C, sw400 probe
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Figure 3.13. 'H NMR (a) of the free NHC 6 formed by the reaction between 3CzIPN-Imidazolium[Br]
4 and KO'Bu in THF-ds.

100.578 MHz C13{H1} 1D in dmso (ref. to DMSO @ 39.5 ppm)
temp -27.0 C -> actual temp = -30.0 C, sw400 probe
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Figure 3.13. 3C NMR (b) of the free NHC 6 formed by the reaction between 3CzIPN-Imidazolium[Br]
4 and KO'Bu in THF-ds.
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Deprotonation of 3CzIPN-Imidazolium|[BF4] with KH to form 1-(2,4,6-tri(9H-
carbazol-9-yl)benzene-1,3-dicarbonitrile)-3-benzyl-1,3-dihydro-2H-imidazol-2-
ylidene (6)

The 3CzIPN-Imidazolium[BF4] 5 (30 mg, 0.035 mmol) and KH (13.9 mg, 0.035 mmol,
10 equiv.) were weighed into a 30 mL Schlenk flask and sealed with septa inside a
glove box. Then, the Schlenk flask was moved to a Schlenk line and placed into an ice-
water bath. Freshly distilled, dry, at 0 °C, THF (10 mL) was added into the Schlenk
flask under argon atmosphere. The imidazolium 6 did not dissolve completely. The
suspension was stirred for 3 h at 0 °C, under Argon bubbler pressure. The original
yellow suspension became red, an aliquot taken showed (NMR) that the carbene was
the only product present. 99% yield by 'H NMR. 'H NMR (399.949 MHz, THF-ds, 0
°C): 64.42 (2H, s),5.93 (1H, s), 6.13-6.19 (3H, m), 6.99-7.05 (3H, m), 7.23-7.31 (4H,
m), 7.34-7.42 (6H, m), 7.48 (4H, d, J= 8.1 Hz), 7.60 (2H, t, J= 7.8 Hz), 7.78 (2H, d,
J=8.2Hz),8.09 (4H, d,J=7.7 Hz), 8.23 (2H, d, J= 7.8 Hz). 3C{!H} NMR (100.576
MHz, THF-ds, 0.0 °C): 6 53.2,103.8.4,110.1, 111.3,117.1, 119.2, 119.5, 119.7, 120.0,
120.1,120.7,121.1,121.7,124.2, 124.4, 126.0, 126.5, 126.6, 127.9, 137.6 139.6, 139.9,
140.9, 142.9, 143.4, 219.1. Figure 3.14. show the H1 gHSQCAD correlations at 0 °C.
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Figure 3.14. H1 gHSQCAD correlations for 1-(2,4,6-tri(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile)-
3-benzyl-1,3-dihydro-2H-imidazol-2-ylidene (6) in THF-d8.
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Immobilization of the Chromophores onto TiO:

The imidazolium tetraborate 5 (31.2 mg, 0.0359 mmol) and 14.6 mg of KH
(0.36 mmol, 10 equiv.) were weighed into a 30 mL side arm flask inside a glovebox.
The flask was sealed with a rubber septum, transferred to a Schlenk line, and cooled to
0 °Cin an ice bath. 16 mL of freshly distilled, N2-sparged THF cooled to 0 °C was then
slowly cannula transferred into the flask charged with 5 and the KH. The resulting
suspension was stirred at 0 °C for 3 h under N; -bubbler pressure to form an intense-
red solution of the NHC 6. In the meantime, in a separate 30 ml Schlenk tube, TiO:
electrodes were immersed in the ice-water bath. The homogeneous solution of the NHC
6 was transferred through a cannula into the flask containing the TiO; electrodes and
the resulting suspension was stirred at 0 °C for 1 h. After an hour, the solution
containing the excess NHC 6 was cannula-removed and the TiO2-6 electrodes were
washed with 60 mL of THF (3 x 20 mL). The resulting TiO2-6 electrodes were then
dried under vacuum for 1 h and stored under Na. Figure 3.15 shows the FT-IR ATR
spectrum of the TiO»-6 electrode and 5. Figure 3.16 shows the high-resolution XPS
spectra of the TiO; and TiO»-6 electrodes.
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N-H
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Figure 3.15. IR reflectance and transmittance of TiO2-6 electrode and 3CzIPN-Imidazolium[BF4].
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Figure 3.16. The high-resolution XPS spectra in Cls (A, B) and Ols (C, D) region for bare (A, C) TiO:
and TiO2-6 (B, D) electrode.
Photoelectrochemistry
For photoelectrochemical studies, 0.1 M NaClOs solution (50 mL) containing either
0.02 M hydroquinone (pH = 7.0) or 0.5 M EtsN (pH = 12.6) was used. The reference
and counter electrodes were saturated calomel electrode (SCE) and platinum gauze,
respectively. The reaction flask was a 100 mL four-neck quartz round bottom container
with a flat window on the side. Before photoelectrochemical measurement, the solution
was bubbled with argon for 30 min. An argon blanket was maintained on top of the
solution during the studies. The electrolyte was stirred at 500 rpm throughout the
measurements using a magnetic bar. The light source was a Newport QEPVSI-b system
equipped with a 300 W Xe lamp and Cornerstone M 260 monochromator. The incident
light intensity was measured with a Thorlab S121C light meter after the measurements
and incident photon to current conversion efficiency (IPCE) at any specific wavelength
was calculated using eq 3.1:

IPCE (%) = ((1240x 1) / (P x X)) x 100 (3.1)
where I is the obtained photocurrent density (mA cm), A is the specific wavelength

(nm), and P is light power density (mW c¢m).
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The XRD patterns for the TiO> nanoparticles (Figure 3.17) were the same
before and after the deposition of the NHC surface layer. This is an expected result
because the formation of an NHC monolayer (or near monolayer) on the surface of
TiO2 would not appreciably impact the bulk structure of the nanoparticles and thereby

the diffraction pattern would not change.

—— TiO,-NHC

Can)
[72)
=
o
S JL U A
e k i A A .
8 -
- o
-4: —
[72] .
2 ——Ti0,
Q&
£
N o — ™ © o -
— O N — N AN — N oM

\_J_.JL LJJ\L—AM,‘

10 20 30 40 50 60 70 80 20
20 (deg.)

Figure 3.17. XRD pattern of TiO2 and TiO2-NHC electrodes (NPs in anatase form).

SEM images showed no change in the morphology or topography of the TiO>
nanoparticles before and after the formation of the NHC surface layer. As expected, the

surface layer of the NHC on TiO> did not affect the interior structure, morphology, or

topography of the nanoparticles.
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Figure 3.18. SEM images TiO: electrode a) Top view and c) sectional view. TiO2-NHC b) Top view
and d) sectional view.
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Chapter 4

Visible-Light Driven CO; Photocatalysis with A
Manganese-Imidazole-3CzIPN Complex.

4.1 Introduction

Anthropogenic carbon dioxide emissions are a primary driver of global climate change.
Atmospheric CO; levels increased from 315 to 420 ppm over the last 60 years,! and in
2021, anthropogenic activities emitted more than 37124 megatons of carbon dioxide
(MtCO,) into the atmosphere.? Tragically, the annual global emissions of
anthropogenic CO> continue to increase rather than level out or decline, reaching a
global increment of 1.25 °C.? The development of renewable energy technologies is a
promising method to reduce greenhouse emissions.

Solar energy is widely accessible and inexhaustible.*> Solar energy is, however,
diffuse, and intermittent and must be stored for long-term, high-power applications. An
approach to achieving sustainable and perdurable solar energy utilization is through
artificial photosynthesis, which mimics the natural process of photosynthesis to convert
solar into chemical energy. This approach offers several advantages, such as mild
operating conditions and the potential to convert atmospheric or trapped CO; into
hydrocarbon fuels, including CO, CH4, and CH3;OH. The utilization of these solar fuels
in applications, including long-range transportation or air travel would, in principle,
provide large amounts of energy over long periods with zero net gains of atmospheric
COz.

Several types of photocatalytic and photoelectrochemical systems that produce
solar fuels are being studied.*® As discussed in Chapter 1, systems that consist of
molecular catalysts and chromophores offer direct insight into the fundamental
processes that occur during solar fuel production by utilizing well-defined components
that can be tailored individually and studied as they operate either on their own, or as
part of the system. For example, the catalyst must facilitate the multielectron-proton
transfer reduction of CO» and prevent parasitic reactions, like hydrogen evolution.!%-12

As discussed earlier in Sections 1.2.4, 1.4 and 1.6, the thermodynamic redox potentials
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and kinetics from the photosensitizer and catalyst must align to promote effective
electron transfer between them.!?

Re(bpy)(CO)3Br (bpy is 2,2'-bipyridine) and related complexes are well-studied
electrocatalysts for the electroreduction of CO; to CO, as previously discussed in
Section 1.8.2. They catalyze the reaction with high selectivity (I' > 99%) and with
turnover numbers (TONs) reaching 3000.'*'7 As well, [Ru(bpy)2(CO)2](PFs)2

complexes are active for the reduction of CO, to CO and HCOOH production.!®!

2024 a5 well as Co- and Fe-

Recently, Co- and Ni-phthalocyanines compounds
porphyrins?>~27 have proven active electrocatalysts towards the reduction of CO, to CO.
Mn(bpy)(CO)3:Br and related complexes have been investigated to complement the
studies of Re compounds.?®3° A crucial factor to consider is the abundance (Re is
0.0007 ppm in the continental crust, in contrast to Mn at 1060 ppm),*! hence
affordability, particularly given the need for large-scale deployment. Unlike rhenium
(Re), a noble transition metal, Mn is inexpensive (1635 US$/kg for Re vs 2 US$/kg for
Mn).>2 Mn complexes of this type will be utilized as CO electroreduction catalysts
because of their relatively low cost, and because the mechanisms and activities of these
complexes have been studied well, allowing for detailed benchmarking of the catalysts
developed herein. For a detailed discussion, refer to Section 1.8.2 in the introduction,
where Mn complexes are extensively analyzed.

The chromophore must absorb light, preferably over a wide range of
wavelengths in the visible range, to form a charge-separated excited state with high
efficiency and slow charge recombination.!” Published molecular photocatalytic CO»
reduction systems often utilize Ru- and Ir-polypyridyl complexes as chromophores.
These chromophores operate by intermolecular electron transfer reactions between the
lowest energy triplet excited state of the chromophore (Ti) and the catalyst or a
sacrificial electron donor for the reduction (typically an amine). The Ru- and Ir-
polypyridyl chromophores are favored for these types of studies because they undergo
metal-to-ligand charge transfer excitations with relatively high molar extinction
coefficients to form singlet excited states that undergo rapid intersystem crossing to
form relatively long-lived T excited states. The redox potentials of the T state can be

tuned by varying the structure of the chromophore, and intermolecular electron transfer
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is rapid with these systems.** Similarly, these characteristics and properties related to
the Ru chromophores are discussed previously in Section 1.6.1 of the introduction.
Carbazolyl dicyanobenzenes (CDCBs) are a relatively new family of organic
molecules that have gained attention for their efficient properties in organic light-
emitting diodes.>*>7 While 4CzIPN (tetracarbazole isophthalonitrile) is an inexpensive
organic molecule, it shares several photophysical characteristics with well-established
[Ru(Mebpy)s](PFs)2 and Ir[dF(CF3)ppy]z-(dtbbpy)](PFs) photocatalysts (Figure 4.1),
such as a long-excited state lifetime (u= 5.1 pus for 4CzIPN vs 1= 2.3 us, and 1.1 us,
for Ir- and Ru-complexes, respectively), wide redox window, and high fluorescence
quantum yield.>*** Notably, 4CzIPN displays redox potentials similar [Ei(P*/P):
+1.35 V vs SCE] to the widely used Ru- and Ir-photocatalysts [E12(P*/P7), +1.21 and
0.77 V vs SCE, respectively] rendering it an encouraging photosensitizer for artificial
photosynthesis.*> Additionally, the redox properties of 4CzIPN are readily tunable via
strategic modifications of the electron donor (carbazole) and acceptor
(dicyanobenzene) moieties.>> These findings underscore the potential of 4CzIPN as a
highly desirable photosensitizer and suggest a valuable addition to the artillery of

molecular photocatalysts for synthetic transformations.

Figure 4.1. Structures of common [Ru(Mebpy)s3](PFs)2, Ir[dF(CF3)ppy]2-(dtbbpy)](PFs), and 4CzIPN
photosensitizers.

Despite significant progress in the field, current photocatalytic systems still
need to improve their efficiency, selectivity, and quantitative electron transfer upon

visible light irradiation and overall sustainable use.?-3%42
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The advantages to coupling the catalyst and the photosensitizer include, in
principle, inhibiting or reducing the back-recombination of photogenerated electron-
hole pairs and providing a direct-close pathway for electron transfer.!**34* 4CzIPN is
a thermally-activated delayed fluorescence (TADF) photosensitizer.’* DFT and
ultrafast spectroscopy studies*+*¢ show that this class of organic photosensitizer
absorbs light in the visible range to undergo an intramolecular charge-transfer
excitation from the HOMO, which is based largely within the carbazole m-orbital
manifold, to the LUMO, largely based within the dicyanobenzene n* manifold. The
dihedral angles between the carbazole and dicyanobenzene rings are large (~60°) due
to sterics, minimizing direct orbital overlap between their m systems, and thereby
spatially separating the LUMO and HOMO orbitals. Further, the calculated energy
difference (AEst) between the lowest energy singlet (S1) and triplet (T1) excited states
is small (<100 meV). This small AEsr is believed to promote intersystem crossing (ISC)
between the Si and T states. The T excited state is long-lived (~5 ps, ) for an organic
chromophore, and these chromophores undergo thermally-activated reverse ISC
(RISC) from the T; to S; excited states, allowing for TDAF (Figure 4.2).>* TDAF from
4CzIPN photosensitizers is being explored as a strategy to overcome the 3:1 ratio of T
to S; states formed by charge recombination in organic light-emitting diode displays

(OLEDs).*

25%
ISC
L 75%
RISC | ° _|__~o.5-1 0eV
A o,
Fluorescence hv E TADF Phosphorescence
\ 4  /

Figure 4.2. Simplified energy diagram illustrating energy transfer (ET) processes upon light excitation
of a photosensitizer like 4CzIPN.

This lab recently published the preparation, analysis, and electropolymerization

of the imidazole-substituted 4-CzIPN derivative, 1-(2,4,6-tri(9H-carbazol-9-
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yl)benzene-1,3-dicarbonitrile)imidazole (3CzIPN-imidazole).*” 3CzIPN-imidazole is
prepared from commercially tetrafluoro-isophthalonitrile, carbazole, and imidazole in

three high-yielding steps (Scheme 4.1).

i) 0

F
NC CN NaH, THF, Ar j%ii Cs,CO;3, MeCN I?L
F F' 60to40°C 1 i e 50 °C to RT ;

Ar,3h

3CzFIPN 3CzIPN-Imidazole
90% yield 95% yield

Scheme 4.1. Preparation of 3CzIPN-Imidazole (2).

The photoredox polymer resulting from the electropolymerization of 2 is a
heterogeneous photocatalyst for olefin photoisomerization via Dexter Energy transfer,
a photoanode for visible-light-driven electro-oxidations, and its photoemissions vary in
the presence of lithium cations.*® As well, studies in this group indicated that 2 shared
many of the properties of the parent molecule, 4-CzIPN. For example, the steric
hindrance between the carbazolyl and dicyanobenzene moieties results in large dihedral
angles (~60°) between the planes of the carbazolyl and the dicyanobenzene groups. In
consequence, the HOMO and LUMO were spatially separated. Preliminary time-
dependent density functional theory (DFT) calculations suggested that AEst was small,
and the photochemical behaviour of 2 was similar to 4CzIPN.*® This study will
investigate whether the imidazole group in 2 will coordinate to the well-studied, earth-
abundant CO> electroreduction catalyst fac-[Mn(bpy)(CO):X] (extensively discussed
in Section 1.8.2 in the introduction), where X is a halide or other donor ligand (Figure
4.3, 3CzIPN-Mn (3)). The resulting complex (3) will be investigated as a photocatalyst

for visible-light-driven CO> reductions. 3%
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Figure 4.3. Schematic representation of the photocatalytic reduction of CO2 with 3CzIPN-Mn (3) and
BIH under visible light.

4.2 Results and Discussion

The reaction between fac-Mn(bpy)(CO)3(Br) and AgBF4 formed AgBr and the acetone

complex [fac-Mn(bpy)(CO)3((CH3)>CO)]" BF4 (1) within 5 min at room temperature
in the dark (Scheme 4.2).

=z z | 0
Ny | o Aodb x N, I \CO
+ AgBF, — >
A v
CO CoO
7 | RT 7 |
I | CO
N N
(1)
96% yield
by 'H NMR

Scheme 4.2. Synthesis of fac-[Mn(bpy)(CO)s(CHz)2CO]" BFy(1).

Attempts were not made to isolate the labile compound 1, but it was identified
by 'H- and *C-NMR studies, IR spectroscopy, and mass spectrometry.** The IR

spectrum confirmed that the carbonyls were in the fac-geometry (2020 cml,
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1920 cm™). The dark reaction between 1 and the imidazole-dye 2 was also complete
within 5 min at room temperature, forming a mixture containing two major compounds,
and several minor with similar '"H NMR spectra (Figure 4.4). The mixture transformed,
likely by isomerization, into predominantly one compound after ~18 h at room

temperature in the dark, in 90% yield (Scheme 4.3).

—| “BF, ._' —l BE,
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Scheme 4.3. Synthesis of 3CzIPN-Imidazole-Mn(bpy)(CO);BFa (3).
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Figure 4.4. (a) 'NMR spectra of 1, 2 in Ac-d6.
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On mixing

After 18h at

—l BF,
‘ room
N temperature

9.5 9.0 8.5 8.0 7.5 7.0 6.5 ppm

Figure 4.4.(b) 'NMR spectra of 3 initial (on mixing) and final formation (éfter 18 h) in Ac-d6.

Inspection of molecular models shows that there is strong steric crowding
within 3. Indeed, it is well-known that the steric crowding within 4CzIPN and related
compounds results in large dihedral angles between the carbazole and dicyanobenzene
rings. The aromaticity engenders a substantive degree of conformational rigidity on
their structures as well.>%>! Figure 4.5 shows the solid-state structure of 2, reproduced
with permission from this group's prior publication. Indeed, the dihedral angles
between the carbazole or imidazole rings and the core dicyanobenzene
(isophthalonitrile) ring are all between 59.4° and 70.9°. It is, therefore, quite likely that
steric crowding limits rotation about these bonds in the Mn complex 3. Molecular
models also show that rotation also is restricted about the N-imidazole-Mn bond
(Figure 4.5). It is, therefore, reasonable that a kinetic mixture of rotamers results from
the reaction between 1 and 2, which then interconverts by slow rotation about these
bonds into the major rotamer 3. Figure 4.4 shows the aromatic regions of the 'H NMR

spectra of 1 and 2 and the initial- and final spectra for the reaction forming 3.
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Figure 4.5. Hindered rotation in 3CzIPN-Imidazole-Mn (3) (left), X-Ray Structure of 3CzIPN-Imidazole
(2, right) reproduced with permission from Liu et al.*® Torsional dihedral angles: 70.9°, 62.6°, 59.4°.

The major rotamer of 3 (referred to as 3 from hereon) was isolated as an orange
solid in 90% yield. Compound 3 was characterized by 'H and '*C NMR studies,
elemental analysis, and high-resolution mass spectrometry. The IR spectrum confirmed

that the carbonyl groups were in a fac-arrangement bonded to Mn.

Photochemistry

Figure 4.6 shows the UV-vis spectra of the free photosensitizer 2, the
Mn-photosensitizer complex 3 in CH>Cl. The spectra of the photosensitizer 2 contain
a broad absorbance at Amax ~390 nm, with evidence for smaller peaks at A ~ 410 and
~450 nm. Preliminary TD-DFT calculations suggest that this broad absorbance
consists of charge-transfer excitation from So to S,, n = 1, 2, 3..*8 The longest
wavelength absorption (A ~ 448 nm) likely corresponds to So to Si, a charge-transfer
excitation from the HOMO, with character centred on the carbazole rings, to the
LUMO, with character largely centred on the n° orbitals of the dicyanobenzene ring.
Consequently, the lowest energy singly occupied molecular orbital (SOMO) of S; is
centered on the carbazole rings, and the highest energy SOMO is largely centred on the
n* orbitals of the dicyanobenzene ring. The So to S, (n =2,3,4...) excitations in the UV-

vis spectrum of 1 are followed by rapid non-radiative relaxation to S;. A variety of
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polycarbazole-dicyanobenzene compounds are reported in the literature.® These
processes are like those reported for the parent chromophore 4-CzIPN (Figure 4.6),

with Amax ~ 382 nm, and the apparent Sy to S; absorption at A ~ 451 nm.343
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Figure 4.6. Molar extinction coefficient of 2 and 3 in CH2Cl2. Bottom: 4CzIPN in CH2Cl..

The Mn-photosensitizer complex 3 contains a similar broad absorbance with Amax ~ 397
nm, suggesting that the photochemistry of 2 is not dramatically altered upon
coordination to Mn. This result indicates that any sigma effects on the dicyanobenzene
moiety arising from the coordination of 2 to Mn via the imidazole group are small. The
similarities in the UV-vis spectra of 2 and 3 also indicate that the large dihedral angle
between the imidazole and dicyanobenzene rings prevents significant interactions

between their n-systems.
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Figure 4.7a shows the photoluminescence spectra of 2 and 3 in CHCI; (relative

polarity = 0.259)? and MeCN (relative polarity = 0.460)°? solutions (Figure 4.7b).
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Figure 4.7. Photoluminescence spectra of 2 and 3 in CHCIs (top) (a) and MeCN (bottom) (b).

As expected, the spectrum of the control compound (Me-Imidazole-
Mn(bpy)(CO):BF4) 4 contains no photoluminescence peaks (Figure 4.23). There is a
broad excitation peak with Amax ~420 nm in CHCls, and Amax ~ 400 nm in MeCN in the
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photoluminescence spectrum of the free photosensitizer 2, with the corresponding
strong emission peaks at Amax ~ 545 nm (CHCI3) and Amax ~ 580 nm (CH3CN).
Equivalent emissions have been published for polycarbazole-dicyanobenzene
compounds, and they arise from prompt fluorescence from S; to So, along with
thermally activated RISC from T; to S; and the prompt fluorescence. As stated above,
ISC between S and T is relatively facile for 2 and related photosensitizers. The Stokes
shift for 2 in CHCIz (124 nm) is relatively small for an organic chromophore,
suggesting that significant conformation changes do not occur in the S; and T; states.>
This observation is common among this class of photosensitizers. The Stokes shift is
larger in the more polar solvent MeCN (171 nm), as is expected for an intramolecular
charge-transfer excitation leading to a charge-separated excited state.

The photoluminescence spectrum of the Mn-photosensitizer complex 3 in
CHCI; is similar to that of the free photosensitizer 2. There is a shift towards shorter
wavelengths in both the excitation and emission peaks in the spectrum of 3, but the
shapes are quite similar, suggesting that the photoactive electronic structure of 2 is not
changed significantly upon coordination to Mn. The excitations and emissions of 3 in
are reduced significantly in MeCN. These reductions may result from some form of
intramolecular quenching (e.g., oxidative quenching through electron transfer from T
to Mn), or perhaps there is some interaction between 3 and the solvent that is reducing
the probability of excitation or the lifetime of the excited state.’*>> As 3 is a salt, it is
expected that the interactions with the more polar and donating solvent MeCN would
be stronger than those with CHCls. The Stokes shift in the emission spectrum of 3 in
MeCN is larger than in CHCl;3, again consistent with an excited state resulting from a
charge-transfer excitation. Detailed DFT and ultra-fast spectroscopy studies are
required to investigate the light absorption by these complexes.

Figure 4.8 shows the photoluminescence spectra of 3 in MeCN with different
concentrations of 1,3-dimethyl-2-phenyl-2,3-dihydro-1Hbenzo[d]imidazole (BIH).
BIH is an effective 2-electron/1 proton sacrificial donor in photocatalytic reactions.>¢
Scheme 4.4 shows the redox reactions BIH undergoes as it acts as a net 2 electron donor

to generate BI" and H'.
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Figure 4.8. (a) Photoluminescence spectra of 3CzIPN-Imidazole-Mn (3) in MeCN with varying
concentrations of BIH, top. (b) Stern-Volmer Plot for 3CzIPN-Imidazole-Mn (3) in MeCN, bottom.
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Scheme 4.4. Mechanism of BIH degradation upon monoelectronic oxidation.

For example, BIH reductively quenches Ru-polypyridine complexes by
reducing Ru(IIl) to Ru(Il) in the T excited state.>® Figure 4.24 shows that the control
photoluminescence spectra of BIH in MeCN and CHCIl; contain sharp excitation peaks
at Amax~ 380nm, broad emissions at A ~ 480nm, and sharp, strong emissions at A ~ 760
nm. These peaks do not overlap with those in the photoluminescence spectrum of 3. As

shown in Figure 4.8a, BIH is an effective quenching agent for 3. The absorptions and
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emissions of 3 both diminish and shift as the [BIH] increases. Figure 4.8b also shows
the Stern Volmer plot, depending upon the [BIH]. There are two regions, from [BIH]
=0 to ~10 mM, and from ~10 to 25 mM (the upper limit for this experiment). Upward
inflections of Stern-Volmer plots typically are interpreted as the presence of two forms
of quenching, dynamic and static. Dynamic quenching involves a collisional reaction
between the excited state and the quenching agent. Static quenching involves the
formation of some sort of complex (covalent or Van der Waals) between the ground
state and the quenching agent that does not emit light at the excitation wavelength. The
mechanism of dynamic quenching between 3 and BIH is almost certainly the donation
of an electron from BIH to the lowest energy SOMO of the excited state of the
photosensitizer ligand in 3. The excited state that reacts with BIH can be either S; or
Ti. Scheme 4.5 illustrates the processes discussed in this section. A detailed
mechanistic study attended by TD-DFT calculations and ultrafast spectroscopy would

be required to fully understand these processes fully.

Oxidative Intramolecular Reductive Dynamic
Quenching Quenching

RISC
3CzIPN-Imidazole*-Mn~ <*————— TﬁCzlPN—Imidazol&Mn? S; 3CzIPN-Imidazole-Mn + BIH —» 3CzIPN-Imidazole-Mn +  BI'

3CzIPN-Imidazole~-Mn ch

Reductive Dynamic S 3CzIPN-Imidazole-Mn + BIH <——==  3CzIPN-Imidazole-Mn -+ BIH
Quenching
Static Quenching

hy

Cﬂ@
oc/ | \co

3CzIPN-Imidazole-Mn

Scheme 4.5. Schematic representation of the different processes involved upon light excitation and
quenching of 3CzIPN-Imidazole-Mn (3) with BIH.
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Figure 4.9 shows the time-resolved photoluminescence (fast decay) of 2, 3, and
4-CzIPN as an internal control in MeCN solution, recorded after an instrument-

determined excitation pulse at 405 nm, and Table 4.1 has the fitting parameters for the time-

resolved photoluminescence decay.
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Figure 4.9. Time-resolved photoluminescence (Fast Decay) of 2, 3, (2 + 12mM BIH), (2+ 25mM BIH),
and 4CzIPN in MeCN. Emission spectra were recorded at 405 nm excitation.

The emission occurred at Amax ~574 nm, consistent with the steady-state
photoluminescence spectrum (Figures 4.7a, 4.7b), and results from the prompt
relaxation from Si to So. The prompt fluorescence lifetime of the free photosensitizer 2
is 7.6 ns under these conditions. The prompt lifetime decreased in the presence of BIH
(3.9 ns at 12 mM BIH and 2.4 ns at 25 mM), showing that BIH quenches the excited
state. The prompt lifetime when coordinated to Mn in complex 3 is 3.4 ns. It is noted
that there appear to be two temporal regions in the fast decay curve of the Mn complex
3, an initial period of rapid decay (over the first few nanoseconds), followed by a region
where the decay is slower. The initial, fast component was modelled with an additional
single exponential function, therefore, this sample has a single exponential plus a

lognormal distribution considered in the lifetime. The shortened prompt lifetime of 3
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vs 2 is consistent with the proposal that coordination of 2 to Mn does not cause
extensive change to the m-structure of the dicyanobenzene ring and that there is some
quenching of the excited state by Mn. Determining the exact nature of the electronic
interactions between the Mn centre and 2 would require extensive theoretical and
experimental study that is beyond the scope of this thesis. The prompt lifetime of 4-

CzIPN measured under these conditions was 10.9 ns.

Table 4.1. Fitting parameters for the Time-Resolved Photoluminescence (Fast Decay)

Exponential Lognormal Lifetime
Sample t B S m (ns)
3CzIPN-Imidazole (2) + 25 mM BIH 0.305 0.8243 2.389
3CzIPN-Imidazole (2) + 12 mM BIH 0.3018 1.309 3.875
3CzIPN-Imidazole-Mn (3) 0.6776 | 0.6079 | 0.2976 1.986 3.398
3CzIPN-Imidazole (2) 0.4536 1.928 7.621
4CzIPN 0.5796 2.217 10.8587

Figure 4.10 shows the slow decay time-resolved photoluminescence of 2,
2 + BIH, 3, and 4-CzIPN in MeCN recorded after excitation at 354 nm. Based upon the
excitation spectra in the steady-state photoluminescence spectrum of 2 (Figure 4.6 and
4.7) and preliminary TD-DFT calculations,*® excitation of 2 at this wavelength likely
resulted in a Sp to Sy excitation (N > 1), followed by rapid nonradiative decay to the
vibrational ground state of Si. The quantum efficiency of this process is unknown. S;
then undergoes prompt fluorescence to So, or ISC to T;.

1
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Figure 4.10. Time-resolved photoluminescence (Slow Decay) of 2, 3, (2+ 25mM BIH), and 4CzIPN in
MeCN. Emission spectra were recorded at 354 nm excitation.

164



Table 4.4.2 lists the lifetimes for the slow decay. The delayed fluorescence
lifetime of 2 was 0.24 pus in the absence of BIH. The delayed fluorescence in 2 arises
from thermal spin upconversion from Ti to S;, followed by prompt emission from S; to
So0.*%57 There was no delayed component left in the presence of BIH (25 mM),
consistent with reductive quenching of the T, state in 2 by BIH. Similarly, there was a
small delayed component in the time-resolved photoluminescence of 3, and the lifetime

was 0.45 ps. The delayed lifetime of 4CzIPN was 0.38 ps under these conditions.>’

Table 4.2. Fitting Parameters for the Time-Resolved Photoluminescence (Slow Decay)

Sample Lifetime
(1s)
3CzIPN-Imidazole-Mn (3) 0.45
3CzIPN-Imidazole (2) NO delayed
+ 25 mM BIH component left
3CzIPN-Imidazole (2) 0.24
4CzIPN 0.38

Again, a detailed study involving computations and experimental
measurements is required to determine the exact nature of the photophysical properties
of these compounds. Taken together, the results are consistent with 2 and compound 3
both being TADF systems that resemble the parent compound 4CzIPN. The
coordination to Mn apparently does not alter significantly the electronic structure of 2,
but there is communication between them that alters the photophysics as described

above.

Cyclic voltammetry.

Figure 4.11a shows the cyclic voltammogram of the free imidazole-dye 2 (0.1 mM) in
CH>Clz (0.1 M n-BusNPF¢) swept to negative potentials under an inert atmosphere (—
0.3 to —2.4 V vs Fc/Fc¢' (Fe = ferrocene), sweep rate = 100 mV s™!). A reversible, well-
defined redox wave at —1.5 V (all potentials are quoted vs Fc/Fc', unless stated
otherwise) corresponds to a one-electron reduction of the dicyanobenzene ring,
presumably by the addition of an electron to the lowest energy unoccupied molecular

orbital, more specifically the lowest energy n* orbital. This redox potential corresponds
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to an orbital energy is —3.08 eV, as compared to the —2.71 eV for 4CzIPN.*%>! Sweeping
to high potentials results in the oxidation of the carbazole groups with an onset potential
of ~0.3 V and a redox potential of ~1.2 V (Figure 4.11c¢), which is consistent with the

reported value for the electrooxidation potential for the carbazole ring in 4CzIPN.®
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Figure 4.11. CV of (a) 3CzIPN-Imidazole (2), (b) [Mn(bpy)((CH3)2CO)(CO)3]* BF4+! (1).

Figures 4.11 (b) show the CVs of [Mn(bpy)((CH3).CO)(CO)3]" (1) in MeCN
(0.1 mM, 0.1 M nBusNPFs, 100 mV s!, sweep ranges as shown in the figure). The CV
of 1 has been studied extensively in the literature. The first cathodic wave in the

negative-going sweep at —1.62 V, corresponds to the one-electron reduction of Mn™ to
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Mn® to give, after the loss of MeCN, the 17 ¢” complex (bpy)Mn(CO); (5).!%3° There is
discussion in the literature on the fate of the unstable 17 ¢ Mn® complex 5. One school
of thought is that 5 rapidly dimerizes via the formation of a Mn°~Mn° bond to give one

equivalent (1/2 molar stoichiometry) of the 18 e~ dimer (bpy)(CO);:Mn—Mn(CO)3(bpy)
(6) (Scheme 4.6).
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Scheme 4.6. Dimerization of Mn°(bpy)(CO)s (5).

Another pathway discussed in the literature is that reduction of the 17 e
monomer 5 is rapid and occurs at the same potential to generate the 18 e anionic
monomer [(bpy)Mn'(CO)3] (7).> The identity of 7 has been confirmed by
independent synthesis, X-ray crystal structure determination, and calculations.!%-6%-6! Tt
is believed that the (bpy)Mn!' complex 7 is short-lived, and undergoes a parent-child

redox reaction with excess 4 in solution to (eventually) form the Mn’~Mn° dimer 6

(Scheme 4.7).
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Scheme 4.7. Subsequent electron reduction of Mn%(bpy)(CO)s.

The literature is in agreement that the second cathodic wave at—2 V corresponds

to a 2 e reduction of the dimer 6 to generate the anionic monomer [(bpy)Mn™!(CO)3]
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(7). Again, it is proposed that complex 7 is short-lived, and undergoes a parent-child

redox reaction with excess 1 in solution to form the Mn’~Mn° dimer 6 (Scheme 4.8).
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Scheme 4.8. Rapid dimer formation with 1 and 7.

The anodic wave at —0.65 V in the positive-going sweep corresponds to the two
e~ oxidation of 6 to regenerate the 17 ¢ monomer 1. In contrast with the assertion in
the literature that 5 is reduced to 7 at —1.6 V, there is a small anodic wave at —1.9 V in
the positive-going sweep that may correspond to oxidation of 7 to 5 (Figure 4.11b).

Figure 4.12 shows the CV of the Mn-dye complex (3) in MeCN (0.1 mM, 0.1
M nBusNPFg, 100 mV s7!). The CV of the 3CzIPN-Imidazole-Mn complex 3 (-2 <>
1.2 V) contains a large, 2 e- cathodic peak in the negative going sweep at —1.45 V.
Based upon similarities in potentials, this wave very likely arises from the 1 ereduction
of the dicyanobenzene ring in the coordinated dye 2, overlapping with the le” reduction
of Mn* to Mn®, forming [Mn°(bpy)(CO)3(27)]” (8) (Scheme 4.9). The similar reduction
peaks around —1.5 V for the dicyanobenzene unit in both the free photosensitizer 2 and
the Mn compound 3 suggest that the n° cloud in the dicyanobenzene ring is not
significantly influenced by the coordination of 2 to Mn. The charge under this peak is
3.628 x 107 C or 3.76 x 107! moles, assigned to a 2 e reduction. The peak in the
positive-going sweep at —1.4 V corresponds to the 1 e~ oxidation of coordinated 2!
(1.815 x 107 C or 1.88 x 1019 moles), showing that the 2/2~ redox couple in the

coordinated dye is reversible.
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Figure 4.12. CV of 3CzIPN-Imidazole-Mn (3). The electrochemical processes in this figure, are
schematically represented in Scheme 4.10.
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Scheme 4.9. Proposed reactions for the electrochemical processes occurring in the CV of 3CzIPN-
Imidazole-Mn (3).
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The immediate product of the 2 e reduction of 3 would be the 19 e, anionic
complex 8. We propose that the 19 e configuration of the Mn centre in 8, which results
in partial occupation of the ez, o* antibonding orbitals, combined with the trans-
labilizing effect of the imidazole ligand results in rapid dissociation of the axial CO
ligand in 8 ([Mn°(bpy)(CO)3(27)]") to form the 17 &~ complex 9 ([Mn°(bpy)(CO)(27)]"
) that then undergoes rapid dimerization to form the dianonic dimer 10 (Scheme 4.9).

The rapid dissociation of CO from 19 e~ complexes like 8 has a good deal of
precedent: a similar dissociation from the 19 e~ catalytic intermediate (bpy)Mn(CO)4
is proposed universally to be the last step in the electrocatalytic reduction of CO> by
(bpy)Mn(CO)3-type complexes.'%? Note there are broad cathodic waves in the positive
going sweep at about —0.5 and —0.2 V that integrate to ~1 e in charge. These waves
occur after the reversible 1 e oxidation of coordinated 2~ at —1.4 V. Further, the
potentials and shapes of these waves are highly typical for the oxidation of Mn°~Mn°
dimers to generate the corresponding Mn'! monomers.*® The broad cationic waves at
about —0.5 and —0.2 V, therefore, likely correspond to oxidation of isomers of the
neutral dimer 13 to form [trans-Mn'(bpy)(CO)2(2)(MeCN)]* (14) or related species.

Note that another possibility to CO loss from 8 ([Mn°(bipy)(CO)3(27)]") would
be loss of 2- forming [Mn°(bipy)(CO);]. The 1 e cathodic wave at —1.4 V,
corresponding to oxidation of coordinated 2-, and the large anionic waves starting at
~1.1 V that correspond to oxidation of the carbazole rings,®? show that 2 does not
dissociate from Mn during these processes. As well, another researcher in the group
has shown that 2 does not dissociate from Mn during the electrocatalytic reduction of
CO: with 3 as electrocatalyst.

Extending the sweep limits to —2.2 and 1.4 V reveals a new net one e reductive
peak at —1.9 V in the negative-going direction that likely arises reduction of Mn° to
Mn! in [(bpy)(CO)2(2")Mn’-Mn°(27)(CO)2(bpy)]* (10) to form the 18 ¢ monomer
[Mn~!(bpy)(CO)2(27)]* (11) (1.52 x 103 C or 1.57 x1 0'° moles). The reduction is
reversible, with the corresponding net one e~ oxidation occurring at —1.7 V in the
positive going sweep (12) (1.44 x 10 C, 1.49 x 10°'? moles). For the model compound
(4), as expected for this range, we only observed an irreversible one e~ reduction at —

1.48 V, corresponding to the Mn (I) to Mn (0) reduction reaction. (Figure 4.26).
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Scheme 4.9 illustrates the proposed reactions to account for these
electrochemical observations with 3. Again, the reversible 1 e~ wave at —1.45 V for
reduction of the dicyanobenzene ring and the large anodic currents for oxidation of the
carbazole groups commencing at ~1.1 V are solid evidence that the imidazole-dye 2
remains coordinated to Mn during these experiments. The net results of these CV
studies are: 1) that the redox behaviour of 2 is retained upon coordination to Mn; 2)
that 2~ has sufficient potential to reduce Mn! to Mn® in these compounds; 3) that 2 does
not readily dissociate during these processes; and 4) that 2~ as the potential and capacity

to act as a 1 e reservoir for net 2 e reductions of CO; to CO.

Photocatalytic Reduction of CO>
The photocatalytic reduction of CO> by 3 was investigated in MeCN with BIH as the

sacrificial electron donor at room temperature under 1 atm CO>. DMF or MeCN is a
typical solvent utilized for these reactions in the literature.”> MeCN was utilized for this
study to avoid contact with DMF. Many reported photocatalytic CO: reductions utilize
comparable conditions. More specifically, the majority of systems in the literature
utilize an AM 1.5 G light source (calibrated to 100 mW/cm?), with some studies
utilizing blue LEDs.!'!!® The reported optimum catalyst/PS concentrations are
typically around 0.1 mM and [BIH] is kept around 0.1 M.!'¢118 Tn addition to MeCN
and BIH, triethanolamine (TEOA) is a common additive that can act as an electron
donor and proton source.!'®!'" Summarizing, the photocatalytic CO reductions
reported in this dissertation were carried out in a 10:1 (v/v) mixed solution of
acetonitrile (MeCN) and TEOA, which contained varying concentrations of 3CzIPN-
Imidazole—-Mn (3) and 0.1 M dimethylphenylbenzimidazoline (BIH) as the sacrificial
electron donor. AM 1.5 G was used as a light source with infrared and ultraviolet cut-
off filters (Scheme 4.10). Some reactions were carried out with AM 1.5 G with infrared
and ultraviolet cut-off filters that were also passed through a 1% in water KoCr,07
solution (>485 nm) as an additional filter to ensure that no higher energy blue visible
light reached the reaction. The gas- and liquid-phase reaction products were analyzed
by GC-TCD and 'H NMR, respectively. The catalytic conditions employed for this

experiment as well as any other additives are commonly employed in the CO> reduction
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photocatalysis arena, these were discussed previously in the introduction for this

dissertation, Sections 1.4 and 1.6.
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Scheme 4.10. Schematic representation of the COz photocatalytic reduction with 3.

Table 4.3 summarizes the results of the visible-light-driven photocatalytic CO>
reduction to CO over time, in TON values, with different concentrations of the
photocatalyst. The 3CzIPN-Imidazole-Mn photosystem 3 (0.5 mM) produced 61 TON
of CO after 48 h at 0.5 mM under AM 1.5G light. Figure 4.13 plots TONco vs time for
this reaction measured by calibrated GC-TCD aliquots taken over the course of the
reaction. There is an initial burst over the first 3 hours of reaction with TONco = 40.
The slope was linear at the onset, indicating there was little initiation time, and the
slowdown after 3 h resulted from some sort of catalyst inhibition. There was a white
solid at the end of the burst that scattered the incident light. NMR analysis showed that

the solid was BI'THCO;™. Specifically, the reaction mixture of solid and solution was
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pumped down with a rotavap, and the entire contents were dissolved in DMSO-ds. The
"H NMR spectra of the reaction mixture contained peaks assigned to BIH (before and
after the reaction) and BI'THCOs~.°%%* The amounts of BIH and BI'HCOs™ at the end of
the reaction were determined using the internal standard 1,3,5-trimethoxybenzene
(TMB). Based on peak integrals, the quantity of BIH remaining at the end of the
reaction was ~2.0 x 10* moles. The starting amount of BIH was 3.0 x 10~* moles,
corresponding to 1 x 10~* moles of BIH consumed. The amount of BI'THCO3~ formed
by the reaction was 1 x 10~* moles, consistent with the amount of BIH consumed, and
with the number of moles of CO produced (1.002 x 10 moles), indicating BIH is the

main source of electrons in this reaction.

Table 4.3. COz Photocatalytic Reactions with 3CzIPN-Imidazole-Mn (3) and Controls

TON
Concentration Irradiation
Entry (mM) Photocatalyst time (h)” CO H>
1 0.5 3CzIPN-Imidazole-Mn 48 61+ 2° 0.1
2 0.1 3CzIPN-Imidazole-Mn 48 14 0.2
3 0.01 3CzIPN-Imidazole-Mn 48 4 0.1

3CzIPN-Imdiazole-Mn
4 0.5 +10% MeOH 48 3 0.1

0.5 Me-Imidazole-Mn 48 5.8 0.2

6 0.5 Mn(bpy)(CO)3(C3HsO)BF4 48 5.4 0.2
Mn(bpy)(CO)3(C3HsO)BF4

7 0.5+0.5 + 4C2IPN 48 6.3 2.2

8 0.5 3CzIPN-Imidazole-Mn (1*CO2) 48 60 0.1

Conducted on an acetonitrile solution containing BIH (0.1 M) and 10% v/v TEOA under a CO2
atmosphere. “Irradiation with a sunlight simulator A.M. 1.5 G (100 mW/cm?). “TON average of 3
measurements.
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Figure 4.13. TONco vs Time (h) for the photocatalytic reduction of COz with (3).

The control experiments with Me-Imidazole-Mn 4) or
[Mn(bpy)(CO)3(MeCN)]*(BF4)” produced 6 and 5.8 equivalents CO under these
conditions after 48 h, respectively, demonstrating that the Mn catalyst itself does not
drive the reaction under these conditions significantly. In another control, the AM 1.5G
light was filtered through a 1% in water K2Cr2O7 solution (>485 nm) in addition to the
UV and IR cut-off filters. This reaction generated 40 equivalents of CO (TONco = 40)
in 3 h, demonstrating that not even blue sunlight (>485 nm) is required for this
photochemical CO; reduction.

The reaction between the acetonitrile complex [Mn(bpy)(CO)3;(MeCN)]"(BF4)
and the imidazole-photosensitizer 2 is slow in the MeCN solution at room temperature.
No product was identified after 2 h at room temperature. A control photochemical CO>
reduction using BIH, TEOA, and a 1:1 mixture of 2 and [Mn(bpy)(CO)3;(MeCN)](BF4)
in MeCN solution under 1.5 AM G light failed to produce significant amounts of CO
(TON = 6.3) after 48 h, showing that the intramolecular complex 3 is more active than

its separate, intermolecular components.

4.3 Conclusions

The synthesis and photocatalytic activity for the Mn (I) [Mn(CO)3(bpy)] catalyst
coupled to an organic photosensitizer unit derived from 4CzIPN, 3-CzIPN-imidazole
was described in this chapter. The synthesis of this photocatalytic system is the first

reported derivatization of their type, showing relatively long-lived excited states and
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efficient charge transfer from the triplet state (T1) on the dye to the catalytic center on
Mn. The complexes are highly selective for the photoreduction of CO; to CO in
COz-saturated acetonitrile (MeCN) solution under AM 1.5 G light, employing BIH
(1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole) as a sacrificial electron
donor. Achieving up to 60 TONco, the facile, robust, and low-cost preparation, in
addition to strong absorption in the visible light range, promotes this photocatalyst as
a potent candidate for further family expansion and development into electro and
photoelectrocatalysis. Again, the reversible reduction of the dicyanobenzene ring and
the large anodic currents for oxidation of the carbazole groups are solid evidence that
the imidazole-dye 2 remains coordinated to Mn during these experiments. The net
results of these CV studies are:1) that the redox behaviour of 2 is retained upon
coordination to Mn; 2) that 2~ has sufficient potential to reduce Mn'! to Mn® in these
compounds; 3) that (2) does not readily dissociate during these processes; and 4) that
(27) as the potential and capacity to act as a 1 e reservoir for net 2 e reductions of CO2
to CO. The other possibility is that CV shows that the reduced dye has enough potential
to reduce Mn" to Mn’, perhaps photosynthesis is operating within this redox range,
utilizing coordinated (2) as a photo source of electrons with BIH, and also as an electron
reservoir for a 2 e- reduction of CO2 to CO (27). Therefore, the dimer might be shutting
down the catalyst, and the dye does not have enough reducing power to open the dimer.
Kinetics, isolation of electrochemistry intermediates, and calculations are required to

investigate these theories.

4.4 Experimental

Materials

Chemicals were used without any further treatment, unless mentioned otherwise.
Following chemicals were obtained from Sigma Aldrich: Carbazole (=95%), NaH,
NaCl, NaClO4 (ACS reagent, >98.0%), Calcium hydride (reagent grade, 95%),
triethanolamine (TEOA), distilled (EtOH)sN > 99.0%), tetrabutylammonium
hexafluorophosphate (NBu4PFs; for electrochemical analysis, >99.0%), acetonitrile,
distilled (MeCN for HPLC, gradient grade, >99.9%), dichloromethane, distilled (DCM;
ACS reagent, >99.5%), tetrahydrofuran, distilled (THF; ACS reagent, >99.0%),
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potassium tert-butoxide (95%), potassium hydride (from 60% oil suspension, THF
washed, dried). Tetrafluoroisophthalonitrile (>98.0%) was purchased from TCI
Chemicals. Triple distilled water was used to prepare aqueous solutions. The solvents
DCM (CaH:), acetonitrile (CaHz), and tetrahydrofuran-ds/tetrahydrofuran
(Na/benzophenone) were distilled from the appropriate drying agent under N». Argon
or N2 gas was bubbled through solvents for a minimum of 30 min before use unless

noted otherwise.

Instrumentation

Electrochemical studies were carried out using a Solartron SI 1287 Electrochemical
Interface. UV-vis spectra were collected using a Cary 5000 UV-Vis spectrometer for
chromophores dissolved in various solvents. 'H NMR spectra were acquired using 500
MHz and 600 MHz Varian Inova NMR spectrometers. '3C NMR spectra were acquired
using a Varian VNMRS 500 MHz NMR spectrometer. The chemical shifts are reported
in parts per million relative to TMS with the solvent as the internal standard.
Abbreviations used in reporting NMR data are s (singlet), d (doublet), t (triplet), q
(quartet), dd (doublet of doublet), dq (doublet of quartet), and m (multiplet).
Photoluminescence spectra were collected using a Horiba-PTI QM-8075-11
Fluorescence System. FT-IR was measured by Thermo Nicolet 8700 FTIR
Spectrometer and Continuum FTIR Microscope on ATR. HRMS spectra were acquired
using electrospray ionization in an Agilent 6220 ao TOF mass spectrometer. Gas
chromatography evaluation was acquired with an HP 6890 series GC system equipped
with a thermal conductivity detector (TCD), and a Restek micropacked shincarbon

column (st, 2mx1mm, 1/16° OD, 100/120 mesh, RK19808)

Electrochemistry

For electrochemical studies, 0.1 M TBAPFs solution in acetonitrile was used. The
pseudo-reference and the counter electrodes were silver wire and platinum gauze,
respectively (ferrocene was added at the end of every measurement to determine the
reference voltage), GC as WE. The reaction flask was a 50 mL four-neck flask. Before

the electrochemical measurement, the solution was sparged with N> for 20 min. The
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flask was under N> dynamic pressure at two bubbles per second during the

measurements.

Photocatalysis

For photochemical studies, various concentrations of catalyst solution (3 mL) were
used, containing 0.1 M BIH (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-
benzo[d]imidazole) and 0.3 mL TEOA (Triethanolamine, 10%) was used. The CO2RR
reaction was carried out in a 10 mL test tube capped with a rubber septum. Before
photochemical CO> reduction, the solution was bubbled with CO; or 1*CO> for 10 min.
A CO; blanket was maintained on top of the solution during the reaction time. The
reaction mixture was stirred at 500 rpm throughout the measurements using a magnetic
bar. The light source was a Sunlight simulator system with a 300 W Xe lamp and an
AM 1.5G optical filter. The incident light intensity was measured with a Thorlab S121C
light meter before and after each experiment; it was maintained at 100 + 2 mW/cm?.
Cut-off filters were employed at 400 and 800 nm to prevent UV or IR light interference.
20 pL of methane gas was used as an internal standard for each experiment. The
corresponding calibration curve for CH4/CO was measured to calculate the amount of
CO produced. To measure the CO produced by CO; reduction, 100 pL from the gas
phase of the reaction mixture was collected and manually injected into the GC

instrument.

Preparation of the 3CzIPN-Imidazole-Mn and Me-Imidazole-Mn

Synthesis of Mn(bpy)(CO):BF;4 (1).
Mn(bpy)(CO)3:Br (0.149 g, 0.40 mmol) and AgBF4

)\ - (0.079g, 0.40 mmol) were placed in a 25 mL
/ 4

= 3 o Schlenk flask inside the glovebox. The Schlenk
~ _N,, | «co
" flask was transferred to a Schlenk line, and the
7 | Yco . .
= IN co substrates were dissolved in 10 mL of freshly
-

distilled, Na-sparged acetone. Upon stirring, the
orange solution quickly becomes yellow, and a white solid precipitated at the bottom

of the flask, after only 5 min at room temperature. The flask was covered from the light
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with aluminum foil throughout the process. The mixture was filtered through a dry, N»-
flushed celite column. According to 'H NMR, the reaction was complete. Product (1)
was obtained as a yellow solution and used as is. '"H NMR (599.929 MHz, Ac-d6, 26.9
°C): 6 7.89 (2H, t, J = 6.0 Hz), 8.40 (2H, t, J = 7.2 Hz), 8.73 (2H, d, J = 8.4 Hz),
9.34(2H, d, J = 4.8Hz). 3C{!H} NMR (125.686 MHz, Ac-d6, 27.0 °C): § 124.80,
128.76, 141.94, 155.56, 157.43. HRMS (ESI) m/z Calcd. for CisHi4MnN2O4 (M*+):
353.0329. Found: 353.0326. Figure 4.14 shows the 'H, and Figure 4.15 the 3C NMR
spectra of (1).

-7 77— T ]
9 8 7 6 5 4 3 2 1 ppm

Figure 4.14. 'H NMR spectrum of Mn(bpy)(CO)3:BF4 (1.)
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Figure 4.15. 3C NMR spectrum of Mn(bpy)(CO)3:BF4 (1).

Synthesis of 3CzIPN-Imidazole-Mn(bpy)(CO);BF4 (3)

3CzIPN-Imidazole (2, 0.262g, 0.39 mmol) was
placed in a 25 mL Schlenk flask, degassed, and
filled with N>. The Mn complex (1, 0.40 mmol),

BF,

dissolved in 10 mL of acetone, was cannula

NC CN
N N transferred into the flask with the dye. At room
N

temperature, covered with aluminum foil, after

L7 . _ :
Q | _(D Smin of stirring the compound, the mixture
('| N changed from yellow to orange colour. The

oC co CcO
mixture was stirred at room temperature for 18

hours, after this time the acetone volume was reduced to half under high vacuum, and
a yellow solid precipitated upon addition of diethyl ether. The product (3) was washed
with diethyl ether (3 x 10 mL) and dried to obtain a yellow solid in 90% yield. 'H NMR
(599.929 MHz, Ac-d6, 26.9 °C): 6 6.24 (1H, s), 6.47 (1H, s), 6.87 (1H, s), 7.40-7.45
(14H, m), 7.48(2H, t, J=17.2), 7.89 (2H, t, J = 6.0 Hz), 8.40 (2H, t, /= 7.2 Hz), 8.73
(2H, d, J= 8.4 Hz), 9.34(2H, d, J = 4.8Hz). BC{'H} NMR (125.686 MHz, Ac-d6, 27.0
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°C): 6 124.80, 128.76, 141.94, 155.56, 157.43. HRMS (ESI) m/z Calcd. for
CooH3sMnNoO3 (M*+): 984.2243. Found: 984.2242. Figure 4.16 shows the 'H, Figure
4.17 the 3C NMR, Figure 4.18 gHSQC, and Figure 4.19 FTIR spectra of (3).

499.789 MHz H1 1D in acetone (ref. to acetone @ 2.04 ppm)
temp 27.7 C -> actual temp = 27.0 C, colddual probe

Figure 4.16. 'H NMR spectrum of 3CzIPN-Imidazole-Mn(bpy)(CO):BF4 (3).
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125.686 MHz C13{H1} 1D in acetone (ref. to acetone @ 29.8 ppm)
temp 27.7 C -> actual temp = 27.0 C, colddual probe

T T T T T T T T T !
190 180 170 160 150 140 130 120 110 ppm

Figure 4.17. 3C NMR spectrum of 3CzIPN-Imidazole-Mn(bpy)(CO)3BF; (3).

499.789 MHz H1 gHSQCAD in acetone (ref. to acetone @ 2.04/29.8 ppm)
temp 27.7 € -> actual temp = 27.0 C, colddual probe
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Figure 4.18. 2D gHSQC NMR spectrum of 3CzIPN-Imidazole-Mn(bpy)(CO)3;BF4 (3).
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Figure 4.19. FTIR spectrum of 3CzIPN-Imidazole-Mn(bpy)(CO):BF4 (3).

Synthesis of Me-Imidazole-Mn(bpy)(CO):BF4 (4).

1-Methylimidazole (0.0328 g, 0.39 mmol) was

| _l BFy placed in a 25 mL Schlenk flask and purged with

N N> for 20 min. The Mn complex (1, 0.40 mmol),
E /> dissolved in 10 mL of acetone, was cannula-

N .
—\ — transferred into the flask. At room temperature,
S

covered with aluminum foil, and after 5 min of

ocl C|: O\CO stirring the compound, the mixture changed from

yellow to orange-brown colour. The mixture was
stirred at room temperature for 18 h. After this time the acetone volume was reduced
to half under high vacuum, and a brown solid precipitated upon the addition of diethyl
ether. The product (4) was washed with diethyl ether (3 x 10 mL) and dried to obtain a

yellow solid in % yield. 'TH NMR (599.929 MHz, CD3CN, 27.7 °C): § 3.42 (3H, s),
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6.42 (1H,s), 6.88 (1H, s), 7.20 (1H, s), 7.72 (2H, t, J= 6.6 Hz), 8.19 (2H, t,J = 7.2 Hz),
8.33 (2H, d, J=8.4), 8.25 (2H, d, J = 4.8). BC{'H} NMR (125.686 MHz, CD3CN,
27.0 °C): 8 35.0, 123.7, 124.6, 128.7, 129.8, 141.1, 155.0, 156.5. HRMS (ESI) m/z
Calcd. for C17H14MnN4O3 (M*+): 377.0446 Found: 377.0444.

Figure 4.20 shows the 'H and Figure 4.21 '3C NMR spectra of (4), and Figure
4.22 shows the HI gHSQCAD correlations. Figure 4.23 shows the photoluminescence
spectrum in MeCN.

2.00 ¢
2.04 L
2.09 T
1.03 L
1.01-T
0.98 T
3.00 £

Figure 4.20. '"H NMR spectrum of Me-Imidazole-Mn(bpy)(CO)3BFs (4).
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125.685 MHz C13{H1} 1D in cd3cn
temp 27.7 C -> actual temp = 27.0 C, colddual probe

S G

180 160 140 120 100

Figure 4.21. 3C NMR spectrum of Me-Imidazole-Mn(bpy)(CO);BF4 (4).

499.790 MHz H1 gHSQCAD in cd3en
temp 27.7 C -> actual temp = 27.0 C, colddual probe
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Figure 4.22. 2D gHSQC NMR spectrum of Me-Imidazole-Mn(bpy)(CO):BFa (4).
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Figure 4.23. Photoluminescence spectrum of Me-Imidazole-Mn(bpy)(CO);BF4 (4).

The photoluminescence spectra of the BIH in different solvents (MeCN and
CHCI) are included to confirm the absence of any absorption or emission interfering

with the emission of (2) (Figure 4.24).

2 PL of [0.1M BIH] MeCN vs CHC13
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Figure 4.24. Photoluminescence spectra of 0.1M BIH in MeCN and CHCIs. Emission spectra were
recorded at 380 nm excitation.

185



As a comparison, the full CV of the compound 3CzIPN-Imidazole (2)
(Figure 4.25) and cathodic CV Me-Imidazole-Mn (4) (Figure 4.26) are included as

part of the electrochemical analysis for these compounds.
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Figure 4.25. CV of 3CzIPN-Imidazole (2) (0.1 mM, MeCN, 0.1 M nBusNPFs, 100 mV s GC as WE).
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Figure 4.26. CV of Me-Imidazole (4) (0.1 mM, MeCN, 0.1 M nBusNPFs, 100 mV s GC as WE).
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Chapter 5

Conclusions and Future Work

The projects presented in this Ph.D. dissertation have been focused on the development
of COz reduction photocatalysts and their integration on various semiconductors aided
by the functionalization of the material surface. The surface of the semiconductor has
been modified such that it allows the modular assembly of the photosensitizer-catalyst
via solid-state synthesis. The molecular photosensitizer, originally based on the well-
studied Ru polypyridyl complexes, was designed to react with bipyridyl-modified Mn-
or Re- carbonyl complexes. Additionally, the 4CzIPN derivatives were developed to
replace the noble metal Ru photosensitizers and to attach to the semiconductor surface
(as the NHC-3CzIPN compound directly or to form a supramolecular catalyst bonded
to Mn catalyst (3CzIPN-Imidazole-Mn).

The catalysts and surfaces were characterized fully viaNMR ('H, '*C, '°F), UV-
vis, FTIR, photoluminescence (PL), time-resolved photoluminescence (TRPL), CV,
SEM, XPS, ICP-MS, and XRD. Moreover, the solid-phase synthesis can be used to
prepare high molecular weight photosensitizers with multiple, mixed metal centers in
a controlled, stepwise manner, while avoiding difficulties arising from insolubility. The
newly developed systems have been studied for the electro- and photochemical
activities of the CO»-to-CO conversion, their potential application for water oxidation,
and photophysical properties for a better understanding of the electron transfer
processes during CO> reduction. The mechanisms for different catalysts towards
electrochemical catalytic reactions were investigated, and attempts to correlate the
electrocatalytic activity with the structure of the catalyst were made. Lastly, their
catalytic activities were compared with recently reported catalytic systems in the
literature.

Chapter 2 describes a reproducible method to fabricate photoelectrodes by
covalent grafting of 1,10-phenanthroline (phen) at C5 to ITO and TiO; surfaces via
diazonium electroreduction and subsequent coordination to Ru polypyridyl precursors

to form the corresponding SC-Photosensitizers. Surface characterization confirmed
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that the photosensitizers SC-Ru-polypyridyl formed in near quantitative yields by these
reactions. In collaboration with other research members of our group, it was discovered
that the resulting photoanodes were active towards the oxidation of triethylamine in
basic conditions and of hydroquinone in neutral conditions. Photocurrent stability was
investigated with calculated IPCE. Under neutral conditions, better photocurrent
stability was observed using the photoanodes with C5-O covalently bond
chromophores compared to those with phosphonic acid anchors. Under strong alkaline
conditions, the photoanodes with C5—O covalently-bonded photosensitizers exhibited
better IPCE and good photocurrent stability, while the phosphonic acid anchors
hydrolyzed. This novel deposition method opens the possibility of fabricating a stable
chromophore-SC assembly under strong alkaline conditions, expanding the application
of the DSPEC:s to the alkaline environment. An interesting future direction would be
to vary the structure of the ligands within the dimer systematically and investigate the
effect on hole transfer between the Ru centres and the overall photoactivity of the
bonded photosensitizer. Future research involves detailed photophysical studies to
determine the origins of the differences in photoactivity between these systems.
Chapter 3 describes a high-yield route to N-heterocyclic carbene (NHC)
derivatives of 2.4,5,6-tetra(9H-carbazol-9-yl)benzene-1,3-dicarbonitrile (4CzIPN)
chromophore (NHC-3CzIPN). Additionally, it describes the bonding of an NHC group
in the NHC-3CzIPN complex to the surface of TiOz, which is the first observation for
this NHC-semiconductor bonding. Studies of steady-state photoluminescence show
that the light absorption properties of the ligand are maintained upon coordination to
TiO2. The preliminary studies demonstrated that the TiO.-NHC-3CzIPN surface
functions as a visible-light-driven photoanode for the oxidation of sacrificial electron
donors under neutral and alkaline conditions, showing that this new system has
applications in the fundamental study of solar fuel processes. Future work includes the
studies of time-resolved photoluminescence spectroscopy (TRPL) to understand the
photophysical properties involved in the process of electron transfer as well as the DFT
calculations and kinetics of the photooxidation processes. To expand further the

application of this TiO>-NHC bonding, it is suggested the integration of these
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photoelectrodes to the NisFe; catalysts, capable of performing water oxidation reaction
(OER) under basic conditions.

Chapter 4 describes the synthesis and photocatalytic activity of the derivative
of 4CzIPN, 3CzIPN-Imidazole coupled to a Mn (I) [Mn(CO)3(bpy)] catalyst, the
complex 3CzIPN-Imidazole-Mn. This complex is highly selective for the
photoreduction of CO> to CO and achieves 60 TON (CO) under visible light. It was
synthesized through a facile, robust, and low-cost preparation method. According to
the electrochemistry studies performed on this complex, it was discovered that the
redox behaviour of the photosensitizing unit is maintained upon coordination with the
Mn center. Also, during the photosynthesis processes, the catalytic and light-absorbing
units do not dissociate, indicating good stability and that the complex acts as an electron
reservoir for the two-electron reduction of CO,.

The time-resolved photoluminescence indicates that the excited state survives
long enough to promote efficient electron charge transfer from the triplet excited state
(T1) in the photosensitizer (3CzIPN-Imidazole) to the catalytic center on Mn. One
theory developed here suggested that upon excitation and following catalytic processes,
the 3CzIPN-Imidazole-Mn dimerizes. The dimer, unable to coordinate and reduce CO»,
might be stopping the catalytic activity, and the photosensitizing unit does not have
enough reducing power to break the dimer. Therefore, future work includes the study
of kinetics, isolation of electrochemistry intermediates, and calculations that are
required to investigate this theory.

Another approach to overcome and avoid dimerization is to polymerize the
photocatalyst (3CzIPN-Imidazole-Mn) on the electrode. The polymerization of
3CzIPN-Imidazole has been proved, suggesting the polymerization of this complex
using a similar methodology, as discussed in Chapter 4. Another potential solution for
preventing dimerization is to synthesize a Mn(R-bpy)(CO3)Br compound with a bulky
bpy ligand such as 'BuBpy or MesBpy, a method previously discussed in the
introduction (Section 1.8). Overall, this photocatalyst is a potent candidate for further
family expansion and development into electro and photoelectrocatalysis.

In pursuit of expanding on these photocatalytic systems, it is highly attractive

to study the integration of the ligand NHC-3CzIPN (studied in Chapter 3), to
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Mn(R-bpy)(CO3)Br catalyst derivatives, as demonstrated in a parallel study carried out
in our lab, where Re(bpy)(COs3)Cl was successfully coordinated to the NHC ligand.
The 3CzIPN-NHC-Mn complex might present a strong trans effect and influence from
the NHC ligand that will weaken or prevent any Mn—Mn bond formation in the
corresponding dimer, thus promoting an increased rate and prolonged CO; reduction
in the transposition on Mn.

In summary, this thesis describes the development of various photocatalysts,
photoelectrodes, and a modular solid-state and in-solution synthesis methodology that
can be applied to the fabrication of energy conversion devices, such as dye-sensitized
photoelectrochemical cells. Through the implementation of these approaches into the
development of artificial photosynthesis devices, it is possible to move one step closer

to a renewable and sustainable energy system.
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