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Abstract
The Synthesis and Study of Inorganic Cu(I) Donor-Acceptor Dyads for Dye-sensitized
Photocathodes

Linyi Wet

The dye-sensitized solar cell was first proposed by Gritzel and O'Regan in 1991. The idea
behind this architecture was to use a dye to absorb visible light and then inject electrons into a
wide bandgap semiconductor electrode, generating an electric current. The key component of the
dye-sensitized solar cell was the dye molecule, inspired by the reaction center from natural
photosynthesis in plants, which absorbs light and converts it into chemical energy. In recent years,
this architecture has been adapted for synthesis where rather than generating a current, light-
induced charge separation is used to transfer redox equivalents to a substrate initiating a chemical
transformation. Devices driving these processes are known as dye-sensitized photoelectrochemical
cells.

Previously, our group has shown that a copper(I)-based donor-chromophore-acceptor molecular
system immobilized on a zinc oxide photoanode together with a copper(Il)-based water oxidation
catalyst can act as a light-harvesting photocatalytic assembly to split water. To enable the
complementary reaction to reduce the protons formed from water splitting, we have designed a
photocathode comprised of a copper(I)-based chromophore-acceptor dyad complex to drive a well-
studied cobaloxime hydrogen evolving electrocatalyst with visible light. The molecular structures,
optical properties and electrochemistry properties of the synthesized materials were characterized
using techniques such as nuclear magnetic resonance spectroscopy, UV-Visible spectroscopy and
cyclic voltammetry. In this thesis, the dye molecule dyad was installed on fluorine doped-tin oxide
glass with a nickel oxide film and will work in concert with the previously studied photoanode to

give a tandem cell where hydrogen gas as a solar fuel is expected to be produced effectively.
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Chapter 1 Introduction

1.1 Overview
In this day and age, the use of energy is everywhere in terms of basic necessities of life.
Although we have found many alternative green energy sources such as wind energy and solar
energy, fossil fuel consumption is still the major source of producing energy currently. In 2021,
fossil fuels accounted for 66% of the total demand of energy, and this situation will continue until
2030.! Climate change considerations notwithstanding, it is also relevant to note that the amount
of fossil fuels is finite. According to statistics from Our World in Data in 2020, the reserves of
coal, oil, and gas on the earth will be emptied in 139, 54 and 49 years, respectively.? Not only due
to the shortage of fossil fuel, the greenhouse gasses and harmful substances that come from burning
fossil fuels also lead to irreversible damages to the environment. Under the circumstances, for the
development of humankind, green alternative energy sources must be used as much as possible.
Solar energy is one of the most universally available green energy sources. Main routes of
using solar energy include converting it into electricity, heat, or to use it to drive chemical reactions
to produce “solar fuel.”® The total estimated use of energy for human beings is 4.6 x 10 2°J; this
amount of energy can be supplied by the sun in only 1 hour.? Unlike other energy sources, solar
energy 1s ubiquitous in most areas of the earth and can be accessed locally. Moreover, the
development and use of solar energy causes no carbon emission and very little other pollution.
With their high efficiency and environmentally friendly properties, researchers are making
significant progress in developing artificial photosynthesis technologies, which could have a
profound impact on our ability to produce renewable energy and reduce our dependence on fossil

fuels.



The dye-sensitized solar cell (DSSC) was first proposed by Gratzel and O’Regan in 1991.# The
idea behind this architecture was to use a molecular dye to absorb visible light and then inject
electrons from the excited state of the dye into a wide bandgap semiconductor electrode, generating
an electric current. This finding was built on earlier findings from Fujishima and Honda who
demonstrated firstly that the electrical potential generated by a semiconductor material could be
used to drive the electrolysis of water to produce hydrogen and oxygen in 1972.27 This same light-
induced charge separation has recently been used to transfer redox equivalents to a substrate
mimicking a chemical transformation in dye-sensitized photoelectrochemical cell (DS-PEC)
instead of generating the current in traditional DSSC. In this thesis, the focus is the study of several
known and new dye molecules that are immobilized within a DS-PEC device with an emphasis on

hydrogen production at the photocathode.

1.2 Artificial photosynthesis

The aim of artificial photosynthesis is to develop technologies such as DSSC and DS-PEC that
can mimic the natural process of photosynthesis, converting sunlight, water, and feedstock
chemicals (carbon dioxide in nature) into storable and usable forms of energy, such as hydrogen,
oxygen, and carbon-based fuels. The ultimate goal is to create a sustainable, carbon-neutral energy
system that can provide energy security while reducing greenhouse gas emissions and mitigating
climate change.®’

The light reaction stage of natural photosynthesis process happens between Photosystems I and
II in the chloroplast of the plant cells, where ultimately the electron donor nicotinamide adenine
dinucleotide phosphate (NADPH) drives the reaction of reducing carbon dioxide (CO;) into
carbohydrates (C¢Hi206, Equation 1-1).7 This process is the inspiration for the principle of

artificial photosynthesis. However, the desired product is not carbohydrates but high-energy



chemicals such as the products of photoinduced water splitting (Equation 1-2) and CO; reduction

(Equation 1-3).7-8

6H>0 + 6CO2 + hv— CeH1206 + 602 (1-1)
2H>O + hv — 2Hz + O2 (1-2)
2H,0 + 2CO; + hv — 2HCOOH + O2 (1-3)

1.2.1 Artificial photosynthesis in water splitting

The reaction in equation 1-2 illustrates the overall process of photochemical water splitting. This
reaction can be divided into two separate reactions which can (photo)electrochemically happen in
cathode and anode compartments (Scheme 1-1).”

Scheme 1-1. Photochemical Water Splitting Coupled to Hydrogen/Oxygen Fuel Cell
Photochemical (Overall): 2H>O + hv — 2H; + O
Fuel Cell-Anode: 2H, — 4H'+ 4¢
Fuel Cell-Cathode: O, + 4H"+ 4e- — 2H,0
Overall: 2H>+02 — 2H20: AG°=-4.92 eV (-113 kcal/mol)

Natural photosynthesis is initiated by the light absorption of light-harvesting complexes (LHCs)
built of discrete molecular chromophores. LHCs have a light-harvesting antenna structure and
move from ground state (GS) to the excited state (ES) after the light absorption process to
ultimately form a charge-separated state (CSS) at the P680 reaction center in Photosystem I1.7- 10
For example, in plant cells, chlorophyll plays the role of chromophore with the structure of a
central magnesium surrounded by a porphyrin (1 in Chart 1-1) different long carbon-hydrogen

side chain which are shown in Chart 1-1.3-1% ! Structure 2 in Chart 1-1 represents chlorophyll a.



Chart 1-1. Ref?

Inspired by this, Meyer ef al. proposed an idea of a “modular” molecular approach to understand
each subtle chemical reaction individually. As in the natural process, the different half-reactions
are addressed individually and combined into one device finally. From these studies, an important
contributing family of compounds are metal polypyridyl complexes that can undergo metal-to-
ligand charge transfer (MLCT) transitions and can act as the central light absorbing chromophore.
The “modules” are linked together into an assembly (known as a donor-chromophore-acceptor D-
C-A) in Figure 1-1 where all functional elements and processes required for water splitting are

included.”
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Figure 1-1. Schematic representation of reactions and electron transfer processes of water splitting
into O, and H» via artificial photosynthesis in a donor-chromophore-acceptor (D-C-A) triad. The
electron transfer direction forms a cycle (D - C — A — D) among each component. The
abbreviations used in this figure (from left to right): WOC = water oxidation catalyst, D = electron
donor, C = chromophore, A = electron acceptor, and HEC = hydrogen evolving catalyst. Adapted

from reference ”.

A molecular donor-chromophore-acceptor (D-C-A) triad has three subunits: electron donor (D),
chromophore (C), and electron acceptor (A). The reaction center C is excited by light absorption
and enters the ES (C*). Then, the D-C-A triad may form the CSS via oxidative (D-C*-A — D-
C*-A") or reductive (D-C*-A — D*"-C*-A) electron transfer quenching. After that, charge shift
leads to the formation of D**-C-A"". The driving force must be favorable (AG® < 0), and this is
influenced by judicious choice of accepting/donating fragments. Next, the charge shift among the
triad activates the terminal catalysts. Hydrogen evolving catalyst (HEC) is activated by the electron
from A", while the hole from D** can activate a water oxidation catalyst (WOC). Therefore, in
order to initiate the catalytic reactions, the overall free-energy change AG® cannot be higher than
the free-energy change from GS to ES (AG° < AGger®).” Finally, the light absorption-electron

transfer cycle repeats multiple times and gives the corresponding numbers of redox equivalents at



WOC and HEC. At the end of this cycle, O> and H> are generated to give the final energy

conversion products in the hydrogen-oxygen fuel cell.

1. 3 Dye-sensitized photoelectrochemical cell (DS-PEC)

Dye-sensitized photoelectrochemical cells (DS-PEC) extend the field of dye-sensitized solar
cells (DSSCs). DSSC is a type of photovoltaic developed by imitating the principle of
photosynthesis and where a low-cost semiconductor (SC, typically titanium dioxide TiO.) and
photosensitizer act as the main materials, simulating photosynthesis but converting solar energy
into electricity rather than storing it in chemical bonds.!* '# The architecture and working scheme
of a DSSC device is represented in Figure 1-2. The blue arrows show the general electron flow
among all the elements involved. The yellow arrows show the energy change between the dye
molecule in the GS and ES. Recombination of injected electrons in the SC with either oxidized
dyes or acceptors in the electrolyte is shown in the green arrows. The potentials for a DSSC were
based on the N3 dye, TiO», and the I/I° redox couple in the figure.

Conversely in DS-PECs, the main function is to drive two half-reactions photoelectrochemically
using a similar architecture as a DSSC, with a metal oxide SC and photosensitizer.'> While water
splitting is a common target for these devices, DS-PECs may also produce ammonia (NH3) from

the reaction of nitrogen and water or other value-added products from CO; reduction.!> 16
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Figure 1-2. Schematic representation of the performance of a DSSC. The abbreviations used in
this figure (from left to right): e = electron, P = photosensitizer, NHE = normal hydrogen electrode.

Adapted from reference 3.

1.3.1 Architecture and working scheme of a DS-PEC

In a DS-PEC tandem cell, there are four major components divided between photocathode and
photoanode compartments, respectively: a photosensitizer, a semiconductor layer, electrolyte
solution with redox mediator, and the desired catalyst. Generally, the photoelectrodes
(photocathode and photoanode) in DS-PECs are composed of a layer of dye-sensitized SC material
on a transparent conducting oxide substrate like fluorine-doped tin oxide (FTO) glass. The details

of the electron movement are explained in Figure 1-3.7
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Figure 1-3. Schematic representation of the performance of a DS-PEC. The abbreviations used in
this figure (from left to right): CB = conduction band, e~ = electron, P = photosensitizer, WOC =
water oxidation catalyst, PEM = proton exchange membrane, HEC = hydrogen evolving catalyst,

and VB = valence band. Adapted from reference .

In Figure 1-3, the overall photoinduced water splitting process can be divided into two
compartments in the tandem DS-PEC system: photoanode compartment and photocathode
compartment. The two compartments are connected through an external circuit. The initiation of
the whole process starts by light absorption at the photosensitizer (P). In the anodic half-cell, the
P molecule goes to the ES and will inject an electron into the conduction band (CB) of the SC.
Subsequently, with the assistance of a WOC, one water molecule is split into one equivalent of O
and two protons (H"). The O; is released from the DS-PEC. The protons go through a proton
exchange membrane (PEM) from anode to cathode. Perfluorosulfonic acid (PFSA) is a suitable
material that can be used as a PEM in the cell.'® At the cathode, the P molecule absorbs light and
goes to the ES. The valence band (VB) of the SC on the cathode receives an electron from the
anode, and the electron then reductively quenches the P* molecule back to the ground state. HEC

works to reduce two H* into Ha, generating hydrogen as a solar fuel.'”



1.3.2 Photoelectrodes in a DS-PEC

In DS-PECs, the photoanode and photocathode are collectively known as photoelectrodes.
Fluorine-doped tin oxide (FTO) on glass is transparent and is used as a substrate for fabricating
the photoelectrodes. FTO allows the device to both absorb light and collect/inject the charges
from/to the electrolyte within the device.'” For the purposes of this thesis, there are three main
types of photoelectrodes according to the connection of photosensitizer and catalyst: (1) the
semiconductor (SC) film connects only to the photosensitizer and neither component has a direct
chemical bond to the photocatalyst (i.e. the photocatalyst is free in the electrolyte); (2)
photocatalyst and photosensitizer attach to the SC film independently and (3) photocatalyst and
photosensitizer are bonded together as a single unit and this unit is attached to the SC film
surface.'*

To optimize charge movement in the cell, the SC materials on the photoelectrode are important
to examine. At extremely low temperatures, the valence band (VB) of the SC is full. After thermal
or light excitation, a portion of the population of the electrons in the VB will populate the
conduction band (CB). The absence of an electron in the VB forms a positively charged vacancy,
referred to as a hole. In this way, electricity can be thought of as charge carriers (electrons and
holes) moving in opposite directions to an external circuit. They generate directional motion under
the action of an external electric field and form a current.?’ Figure 1-4 illustrates band theory used
to describe the electronic structure of intrinsic SCs (those that are undoped and have no lattice

defects).
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Figure 1-4. Intrinsic semiconductor bands representation at 0 K and room temperature. The red
lines represent the potential energy levels of electrons in the bands. Abbreviations used here: E =

energy and Er = Fermi level. Adapted from reference 2°.

However, it is hard to guarantee that all lattice structures are pure in SCs. This material may be
modified by adding a small amount of other elements which have similar energy levels as the host
becomes extrinsic. For example, monoatomic silicon (Si) is a kind of intrinsic SC, and nickel oxide
(NiO) is an extrinsic SC. If the added element brings more electrons in the valence shell, the
resulting SC is an n-type SC (n stands for negative, due to the addition of the electron). On the
other hand, the added element on the host with fewer valence electrons leads to a p-type SC (p
stands for positive, due to the loss of the electron).?’ In the photocathode case, it requires a p-type
SC attached to the electrode since the cathode is receiving the electrons from the anode and needs
a hole to receive. NiO and copper oxide CuO are two known examples of p-type SC that are used
in a tandem DS-PEC for H; production.?!' In contrast, the material of SC applied on photoanode

belongs to the n-type.
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1.4 Molecular photosensitizers

In the context of DS-PEC systems, a molecular photosensitizer is a compound that can absorb
light and then inject an electron into a band of the SC material from its excited state.??> Broadly
speaking there are three main families of photosensitizers: coordination compounds containing
metal centers, synthetic organic dyes, and naturally occurring compounds. Arguably the most
common structure for wide study is a coordination complex of a metal ion with a bidentate or
tridentate ligand. The metal ion is typically a transition metal such as ruthenium, osmium, or cobalt,
and the ligand is often a polypyridyl species like 2,2'-bipyridine, 2,2';6',2"-terpyridine, or 1,10-
phenanthroline derivatives. The ligand is chosen based on its ability to strongly bind to the metal
ion and to facilitate efficient electron transfer between the dye and the semiconductor material.>*
24 For example, the widely used N-719 photosensitizer which has a central ruthenium ion
coordinated to two bidentate 4,4'-dicarboxy-2,2'-bipyridine (dcbpy, where the carboxylates are
used to bind to the SC surface) and contains tetrabutylammonium salts on the carboxylates and
two thiocyanate (NCS") ligands. There are also some other examples of photosensitizers in Chart
1-2 which are known.?* Moreover, Hagfeldt ef al. have outlined that there are some necessary
properties for photosensitizers but five of them are crucial: (1) A photosensitizer should absorb
light in part of near-infrared (NIR) and/or the whole visible region. (2) There should be an
anchoring group on the photosensitizer molecule to attach itself to the SC surface. (3) The highest
occupied molecular orbital (HOMO) level for the photosensitizer should be at an energy level that
1s more positive than the VB level of a p-type SC (in the case of photocathode design). (4) In the
regeneration process the oxidized state level of the photosensitizer should be more positive than
the redox potential of the electrolyte. (5) The photosensitizer molecule needs to be thermally,

electrochemically, and photostable.?

11



In Chart 1-2, the geometries of the transition metal photosensitizers are octahedral (d°) or
tetrahedral (d'?) around the metal. The most common studied photosensitizers are ruthenium Ru
complexes and complex 3 is the prototypical dye known as N3 (used extensively in early DSSC
development owing to its broad absorbance across the visible spectrum).?* 23 To-date, the highest
photon-to-electrical efficiency for the ruthenium(II) complexes has reached around 12% in DSSC.
26 However, ruthenium is toxic for biological aspects, and this is a metal both rare and expensive.
43,44 From the perspective of costs and sustainable development, researchers started to develop the
use of metal-free organic dyes, such as D35 (complex 7) and Mishara et al. have also listed a bunch
of metal-free organic dyes for DSSC, which can be synthesized from abundant and inexpensive
starting materials.*> 23 On the other hand, other research has focused on the development of new
metal-based photosensitizers, such as copper Cu(l)-based dyes, which offer similar optical spectra
(both Ru(IT) and Cu(I) photosensitizers have MLCT transitions centered around 400-500 nm) and
energy levels to Ru(Il)-based dyes but with improved stability and cost-effectiveness.?® 2% 43 In the

scope of this thesis, Cu(I)-based dyes will be synthesized and studied.
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In Figure 1-5, a simple example of an energy level diagram of Cu(I)-based molecular
photosensitizers. The geometry of Cu(I) complexes is tetrahedral which has a d'* electron
configuration around Cu(I) center. However, pseudo-Jahn-Teller (PJT) distortions occur after the
transformation of GS to ES of a molecule after light excitation, the electron configuration becomes
d’ in the lowest-lying ES.%¢ After PJT, the intersystem crossing in between the ligands occurs and
the molecule is resulted in the CSS. The whole process stores the energy in the CSS molecule even

with some energy consumption in the conversion from ES to CSS.#
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Figure 1-5. Energy level diagram for a Cu(I) based molecular photosensitizer from ground state

to excited state including the PJT distortion and ISC decays.. Adapted from reference 4.

While Cu(I)-based molecular photosensitizers have similar properties as Ru(Il)-based dyes, it
1s worth mentioning that Ru complexes tend to degrade over time in photocatalytic experiments
due to the thermal population of metal centered d-d transitions. Based on the work of Nguyen et
al., the quantum efficiencies of degraded products from the Ru(Il) complex were not high enough
compared to the Ru(I) complex itself.*®* However, Cu(I) complexes tend to be more robust and
resistant to degradation compared to Ru complexes. Based on the previous work of Khnayzer et
al. generation of H, has remains constant for 20 hours for a Cu(I) complex and Co-based HEC.*

There are some interesting Cu(I)-based polypyridyl photosensitizer molecules in Chart 1-2.

Complex 8 has the carboxylic acid on the ligands to anchor itself on SC as the photoelectrode.
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1.5 Solar fuels photocatalysis
1.5.1 Photocatalysis process and photocatalysts

Photocatalysis is a process in which a catalyst absorbs light and converts that energy to
accelerate a chemical reaction. In photocatalysis, the catalyst is not consumed in the reaction, but
rather acts as a mediator to facilitate the conversion of reactants into products. As mentioned earlier,
Fujishima and Honda reported on the photocatalytic properties of titanium dioxide (TiO2) and
demonstrated that it could be used to split water into H, and O, under UV irradiation.?” They
proposed that the process involved the absorption of light by TiO», which created electron-hole

pairs that could react with water molecules to process photoinduced water splitting.?’

1.5.2 Mechanism and species of hydrogen evolution
A schematic representation of the proton reduction reaction on the photocathode compartment

of a DS-PEC is shown on Figure 1-4 with a starting catalyst M"". There are three different ways
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for reducing the intermediate molecule H-M"" after the protonation of the starting M"". The first
way just shows a simple heterolytic reaction by regenerating the M"" (heterolytic). In the second
pathway, the M™D forms by the reaction of two H-M"" molecules (homolytic). The Hx is released
and the second hydride molecule (M®™*) forms at the same time. In the last processing ways, the
M®-D* is generated again by the reduction of an e and furtherly process either heterolytic or

homolytic reaction.!”

Mn*

e

MO+ + H, M1
% e

heterolytic Min-2)+
H It \‘\ H +

[+ | H* +
H-M" M™ +H
] heterolytic 2

H-Mr-1)+ -
reduction

H-M(n-1)+ .
homolytic homolytic | H-Mn*

5

(n2)*+ 4
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Figure 1-6. General catalytic scheme with a HEC at a metallic center M™* for proton reduction.

Adapted from reference .

Recently, the HEC with both rare and abundant metallic centers such as Pt, Co, and Ni have
been widely studied. In rare metal-based HECs, the proton reaction efficiency may reach up to 34%
in Rh complexes one example is shown as complex 10 which was coupled with the photosensitizer
11 in Chart 1-3.'7 To solve the problem with the lack of rare metals, HECs with transition metals

such as Fe, Co, Ni and Mo have been investigated in the past 20 years, and Chart 1-3 provides the
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structures and efficiencies of a selection HECs containing the metal centers mentioned above

(complex 12-15) and the photosensitizers (PSs) those were working with (complex 16-18). Table

1-1 lists the corresponding PSs with the HECs and their turnover numbers (TONs).!”- 28 TONs are

referred to as moles of H, per mole of catalyst, unless otherwise indicated. Photosensitizers and

sacrificial electron donors (SED) are added for comparison.
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Table 1-1. Catalyst and photosensitizer pairings for proton reduction’ -

Catalyst PS SED TON
12 16 TEA 5000
13 17 Ascorbic acid 2700
14 18 TEA 5500
15 17 Ascorbic acid 200
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1.5.3 Photocatalytic systems incorporating cobaloximes

Cobaloximes are a family of cobalt-based compounds that are commonly used as catalysts in
photocatalysis reactions. The basic structure of a cobaloxime consists of a cobalt ion coordinated
with two bidentate oxime ligands. In general, cobaloxime catalysis involves the transfer of
electrons between the cobalt ion and the substrate or a reactant, which is facilitated by the
coordination of the ligands. ?® In the previous section, photocatalytic ensembles were assembled
from separated PSs and HECs. More recently, studies from Bartelmess et al., created covalently
and coordinatively linked molecular assemblies by sensitizing cobaloximes by different meso-
pyridyl boron dipyrromethene (BODIPY) chromophores with either Br or I on Rz position as the

substituents on the BODIPY's themselves. 3¢

Scheme 1-2. BODIPY and the synthesis of BODIPY-cobaloxime 3

Co(DH)(DH,)Cl,
TEA, MeOH

19 20 21

Complex 19 in Scheme 1-2 represents the mentioned BODIPY molecule and each of the carbon
site of it can be connected with substituents. Complex 20 is the PS precursor of BODIPY-
cobaloxime with one organic ligand (H or Me) on R! position and one halogen atom (Br or I) on
R? position. After anchoring the cobaloxime with 20, the complex contains both PS and

cobaloxime will drive the photocatalysis reaction for reducing the protons. When R! = Me and R?
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= 1, this complex system performs best with TON of 30.9. After 17 hours, this complex produced
60 pummol of H> under the irradiation 525+10 nm LED operating at 10 mW, which shows the

chromophore is important in this BODIPY-cobaloxime system.

1.6 Electrochemistry

Electrochemistry provides fundamental insights and tools for optimizing the performance,
efficiency, and stability of dye photosensitizers in DSSCs and DS-PEC:s. It allows us to understand
the electrochemical processes involved in energy conversion, leading to advancements in the field
of photovoltaics and renewable energy. In the context of this work, we are observing the chemical
change of oxidation or reduction of a metal complex, and the redox behaviors of the ligands
surrounding the metal centre.* In this thesis, cyclic voltammetry (CV) and chronoamperometry
(CA) methods were used to probe the electrochemical properties of the molecular photosensitizers

and corresponding photoelectrodes.

Cyclic voltammetry (CV) is an electrochemical technique used to study the redox behavior of a
chemical species or system by measuring its electrical response to different applied potentials. The
potential applied to the working electrode repeats a linear scan at a specific scanning rate between
two predetermined limits which are called the upper and lower potential limits. In CV, three
electrodes are typically used (Figure 1-7): the working electrode, the reference electrode, and the
counter electrode. Each electrode serves a specific role in the electrochemical cell and contributes
to the measurement of the current response during the CV experiments. The working electrode
(WE) is usually a conductive material, here was the 2 mm Pt button. The reference electrode (RE)
provides a stable and known potential against which the potential of the working electrode is

measured, and an Ag wire coated with a layer of AgCl was used in this project. For the further
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calculation, the potential of Ag/AgCl electrode E(Ag/AgCl) can be converted into the potential of

the normal hydrogen electrode (NHE) with the Equation 1-4.3"
E(NHE) = E(Ag/AgCl) + E°(Ag/AgCl) + 0.059 pH, E°(Ag/AgCl) = 0.197V (1-4)

The Pt wire counter electrode (CE) completes the circuit and balances the current flowing
through the working electrode. It ensures that the current passing through the working electrode is
not limited by the availability of electrons.*? All the three electrodes are immersed in an electrolyte

solution containing the substance of interest with an electrolyte.

a) Working
Electrode | Referenoe
Eler:,trode
Counter hl
Electrode b) A

Working

Electrode
Reference Counter
Electrode Electrode

Figure 1-7. Schematic representation of a) an electrochemical cell with three electrodes for the

CV experiments (adapted from reference #°), and b) its internal illustration.

1.7 Gas chromatography

Gas chromatography (GC) is an analytical technique used to separate and analyze volatile
compounds in a mixture. It is based on the principle of partitioning between a stationary phase and
a mobile phase. To detect gas evolution from photocatalytic measurements reported in this these
GC experiments were carried out. In a typical experiment, an aliquot of the reaction vessel

headspace is T injected into the GC instrument and is carried with a carrier gas such as nitrogen
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through a column packed with the stationary phase. An oven is used to keep the column at constant
temperature. The detector is the component that detects and quantifies the separated compounds
as they elute from the column.*! For this work, both flame ionization (FID) and thermal
conductivity (TCD) detectors were used. With the elution time, the peaks in the chromatography
display the gas components of the mixture. The gas for calibration was injected and detected first

and then the peaks on the chromatography were compared to the experimental chromatography.

1.8 Goals and Scope

The major purpose of this thesis is to design and synthesize a molecular photosensitizer C-A
(chromophore-acceptor) dyad working on a nickel oxide (NiO) film surface and a HEC in order
to produce H» as desired solar fuel from protons. It is expected that this dyad will act as an effective
photosensitizer for driving a proton reduction catalyst both homogenously and heterogeneously as
a photocathode. This work is subdivided into the following four objectives:

1. Synthesize ligands for a molecular photosensitizer individually. Then, selectively use the
heteroleptic phenanthroline (HETPHEN) approach with tetrakis(acetonitrile)copper(I)
hexafluorophosphate [Cu(I)(ACN)4]PFs to form a small library of integrated heteroleptic
molecular photosensitizers.

2. Fabricate the target photoelectrode architecture by first depositing NiO on FTO as a
substrate. Then, link photosensitizer molecules from Objective 1 on the NiO surface
through an anchoring group.

3. Use established procedures to synthesize a molecular cobaloxime hydrogen evolving
catalyst (HEC) for proton reduction experiments.

4. Measure hydrogen evolution by gas chromatography.
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Chapter 2 describes the experimental methods for the synthesis and characterization of all of
the molecules and materials evaluated in this work. Chapter 3 quantifies the results of the work
and includes a discussion on the significance of the findings. Chapter 4 is a concluding chapter

that outlines the next steps of this work.
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Chapter 2 Experimental Details

2.1 Materials and methods
2.1.1 Materials

All chemicals were used as received from commercial sources. 2,9-dimethyl-1,10-
phenanthroline and tetrakis(triphenylphosphine)palladium(0) (99%) were purchased from Thermo
Scientific. HoSO4 (98%), activated 10% Pd/C, K,Cr,07, POCIl3, LiOH, bathocuproinedisulfonic
acid, NiCl,, poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)
(PEG-PPG-PEG), and DMSO-ds were purchased from Sigma-Aldrich. Hydrazine monohydrate,
1,8-naphthalic anhydride, tetrakis(acetonitrile)copper(I) hexafluorophosphate, dimethylglyoxime
(98%), and TEA were purchased from TCI. Glacial acetic acid, DCM, H>0 (30%), THF, K>COs,
toluene, HCI, cobalt(Il) CoCl,, and DMF were purchased from Fisher. 4,4'-dimethyl-2,2'-
bipyridine, 2,4,6-trimethylphenylboronic acid, and n-butylammonium hexafluorophosphate were

purchased from Acros Organics.

2.1.2 General methods
2.1.2.1 Structural characterization

All moisture sensitive reactions were carried out under nitrogen atmosphere with standard
Schlenk techniques. The structures of synthesized molecules were confirmed by 'H NMR, '3C
NMR and 2D NMR using 300 MHz Bruker and 500 MHz Varian spectrometers. Chemical shifts
are referenced to the residual solvent peaks. The NMR characterization results were analyzed via
MNova software. The solution for 'H NMR was prepared with 3 mg of each sample and 0.5 mL
of deuterated solvent. The deuterated solvents were used as CDCl3 or DMSO-ds depending on the
solubilities of the samples. The '"H NMR spectra were recorded using a 300 MHz Varian

spectrometer including 16 scans. The solution for '*C and 2D NMR was using more than 5 mg of
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the sample in 0.5 mL of deuterated solvent, and the spectra were recorded using a 500 MHz Varian
spectrometer running overnight. The residual CDCIs singlet at 7.26 ppm and DMSO-ds singlet at

2.50 ppm were selected as the reference standards.

Vibrational spectroscopy for structural characterization was carried out by Attenuated total
reflectance Fourier-transform infrared- (ATR-FTIR) spectroscopy using a Thermo Scientific
Nicolet iS5 equipped with an iD5 ATR accessory. The Omic 9 software was used to process the
raw data for ATR-FTIR. Diffuse reflectance infrared Fourier-transform spectroscopy (DRIFTS)
spectrum was collected using Thermo Scientific Nicolet 6700 FT-IR equipped with a MCT
detector. For the powder-like samples, they were analyzed by an attenuated total reflectance (ATR)
instrument with a resolution of 0.4 cm™!, a gain of 1, and an optical velocity of 0.4747 cm/s. About
0.1-0.2 g of each sample was placed on the crystal in a room environment and measured under 64
scans in the spectral range of 500-4500 cm™!. To check the bond connections on the photoelectrode,

DRIFTS with a resolution of 1 cm™ was used and the samples were analyzed under N> atmosphere.

Chemical formulas of the synthesized molecules were confirmed with electrospray ionization-

mass spectrometry (ESI-MS) using a Waters Model QTOF Ultima instrument.

The morphology of the films on fluorine-doped tin oxide (FTO) glass was examined by a
Phenom ProX desktop scanning electron microscope (SEM) with an accelerating voltage of 10kV.
A Rigaku XRD model was used to collect Powder X-ray diffraction (PXRD) patterns of the

samples in the range of 3° <26 <40° in 0.02° step with a 0.200 s scanning speed.

2.1.2.2 Ground state characterization
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In the scope of the studies, UV-Visible absorption spectra were obtained from 200-800 nm for
the study of photoluminescence characterizations. UV-Vis absorption spectroscopy was carried
out with a Cary 6000 Series UV-Vis-NIR spectrophotometer (Agilent Technologies) and a 1 cm
pathlength quartz cuvette. The wavelength changeover was at 350 nm and a 5.0 nm bandwidth was
set with a scan speed of 10nm/s and the resolution was 1 nm on the instrument. The solutions for

measuring were premade as 0.1 mM and were injected into the cuvette with a pipette.

2.1.2.3 Electrochemistry

Electrochemical measurements including cyclic voltammetry on the photosensitizers and
chronoamperometry (CA) on NiO|C-Al were performed using a WaveDriver 20 Integrated
Bipotentiostat/Galvanostat workstation (Pine Research Instrumentation, Inc.), and the raw data
were interpreted with AfterMath software. All the experiments were carried out under argon
atmosphere. The detailed electrochemical experiments procedures are explained in the following
sections.

2.1.2.3.1 Cyclic voltammetry

The three electrode-system including a 2 mm Pt button as WE, Ag/AgCl wire as RE and Pt wire
as CE were immersed in an electrolyte solution containing the substance of Cu(I) complexes with
an electrolyte. Herein, the solution composition contains the Cu(I) complexes, the electrolyte
tetrabutylammonium hexafluorophosphate (n-[BusN]PFs) were prepared in DCM with the
concentration of 0.1 mM and 1 mL, respectively. The CV measurements were carried out in the
prepared solution with the electrodes under an Ar atmosphere at the scan rate of 0.1 V/s and the

potential range between -2.0 V and 1.5 V.

2.1.2.3.2 Chronoamperometry
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Chopped-light chronoamperometry (CA) is an electrochemical technique used to study the
behavior of an electroactive species over time by measuring the current response at a constant
applied potential. The experimental set up of CA was similar to CV which was the three-electrode
system. The working electrode was used as the fabricated photoelectrode NiO|CA1, Ag/AgCl wire
was used as the reference electrode and Pt wire was as the counter electrode. All the electrodes
were immersed in a | mM n-[BusN]PF¢ in dimethylformamide (DMF) as the electrolyte solution.
The working electrode was illuminated with the white light (a four Cree XP-G3 warm white LED
array) under Ar atmosphere. The time duration was 180 s involving 20 s of light on and 20 s of
light off. The photocurrent was observed with the light shining on the photoelectrode. In the
analysis of the CA result, we can observe there is no photocurrent when the photoelectrode was
placed in the dark environment and a negative photocurrent formed after receiving the light source.

The amplitude stands for the maximum photocurrent for the photoelectrode generated.

2.1.2.4 Hydrogen evolution

The measurement of hydrogen evolution from the catalytic photoinduced water splitting was
measured by a PerkinElmer Model Arnel 4003-P gas chromatography (GC) instrument. The
column for purifying were (R4, R10) NR021591 HAYESEP N for separating the polar/nonpolar
species and (R5, R11) NR022501 MOLE SIEVE 13 X for identifying the gas species. The formed
gas was injected to the machine and the compositions were detected with FID and TCD, then the
data were analyzed through TotalChrom Navigator software. In the scope of the study, only the
gas species (H2) generated from the dye photosensitizers themselves was detected. In a typical
photocatalysis experiment, 2 mL of 10% v/v of triethylamine (TEA) in dimethylformamide (DMF)
as the sacrificial electron donor solution for generating H> was prepared. In a vial covered with a

membrane cap loaded with 3mL of photosensitizer (0.200 mM), 2 mL of cobaloxime HEC (0.100
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mM) and 1.5 mL deionized water, was irradiated with white light (a four Cree XP-G3 warm white
LED array) in total for 3 hours. All the solutions were prepared with DMF. After each hour, the

1.5 mL of headspace samples were taken and injected into the GC via syringe for analysis.

2.2 Synthetic methods

2.2.1 Synthesis of the acceptor ligand

Scheme 2-1 General scheme for the synthesis of the acceptor ligand (A)

NO, N
HN2NH2'H20
——————————————
10%Pd/C
Ethanol

22 23 24 25 A

The synthesis of the A follows the nitration of 2,9-dimethyl-1,10-phenanthroline (22) to 5-nitro-
2,9-dimethyl-1,10-phenanthroline (23) which was then reduced over 10% Pd/C using hydrazine to
5-amino-2,9-dimethyl-1,10-phenanthroline (24). At last, 24 was coupled with 1,8-naphthalic
anhydride (25) in acetic acid to give the acceptor ligand A as a yellow solid in 21% yield to the
starting material 22. Structures of previously reported and known molecules were confirmed by

comparison of 'H NMR spectra to literature values.>

5-Nitro-2,9-dimethyl-1,10-phenanthroline (23).>° 2,9-Dimethyl-1,10-phenanthroline (22, 1000
mg, 4.80 mmol) was dissolved in 20 mL of concentrated sulfuric acid (98%) and heated to 115 °C
for 15 minutes. Concentrated nitric acid (5.00 mL, 70%) was added to the hot mixture and heating

was maintained at 115 °C for 3 hours. Then, the hot solution was poured onto ca. 200 g of ice and
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a concentrated sodium hydroxide solution (= 5.00 N) was added slowly until the precipitate that
was the product 23 formed and the color of the solution visibly changed from yellow to green (pH
~ 8). The resulting mixture was washed with dichloromethane (DCM) three times and dried over
sodium sulfate. The solvent was removed by rotary evaporation and dried at 100 °C in a vacuum

oven overnight to yield 23 (535 mg, 2.11 mmol) as a yellow solid in 44% yield.

'H NMR (300 MHz, CDCls) & 8.93(d, 1H), 8.62 (s, 1H), 8.29 (d, 1H), 7.71 (d, 1H), 7.65 (d, 1H),

3.01 (s, 3H), 1.98 (s, 3H).

5-Amino-2,9-dimethyl-1,10-phenanthroline (24).%° To a suspension of 23 (535 mg, 2.11 mmol)
in ethanol (EtOH), approximately 180 mg of 10% w/w Pd/C was added under N> atmosphere.
After 10 minutes, an excess amount of hydrazine monohydrate (2.00 mL, 96.0 mmol) was added,
and the reaction was left to stir for 24 hours at 80 °C. The resulting black suspension was filtered
out on a Celite ® pad. The solvent was removed by rotary evaporation; the resulting yellow solid
was washed with water three times and re-dissolved in DCM. After drying over sodium sulfate,
DCM was removed by rotary evaporation to yield 24 (400 mg, 1.78 mmol) as a yellow solid in

84% vield.

'H NMR (300 MHz, CDCL3) & 8.16 (d, 1H), 4.87 (d, 1H), 7.49 (d, 1H), 7.39 (d, 1H), 6.90 (s, 1H),

4.18 (s, 2H), 2.91 (s, 3H), 2.87 (s, 3H).

2-(2,9-dimethyl-1,10-phenanthrolin-5-yl)-1H-benzo[de]isoquinoline-1,3(2H)-dione (A)*. 1,8-
naphthalic anhydride 25 (353 mg, 1.78 mmol) and 24 (400 mg, 1.78 mmol) were heated at 120 °C
to reflux in glacial acetic acid (20 mL) for 24 hours. The solvent was removed using rotary
evaporation and the resulting solid was redissolved in DCM and washed with water three times.

DCM was removed using rotary evaporation. Before purification, the product was dried at 100 °C
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in a vacuum oven overnight. The crude yellow solid was purified using column chromatography

on silica (1% of MeOH in DCM) to obtain a 56% yield of yellow solid.

'H NMR (300 MHz, CDCls) & 8.65 (m, 2H), 8.37 (m, 2H), 8.34 (d, 1H), 7.86 (m, 4H), 7.53 (d,

1H), 7.42 (d, 1H), 2.9 (s, 3H), 2.96 (s, 3H).

ESI-MS (ESI"): Caled for Co6H17N302: m/z =403.13. Found: m/z =404.1389.

2.2.2 Synthesis of anchoring ligands
2.2.2.1 Synthesis of An1
Scheme 2-2 General scheme for the synthesis of the anchoring ligand for An1

SN HOOC X MeOOC X

| I |
2N cone. H,80, ~#N  CH,0H =N
———

—————————————
Z N K2Cr207 ~ NCO"C- H2504 Z N

I | |
HOOC” X Me0OC” X

26 27 Anl

The synthesis was started with the oxidation reaction of the two methyl groups on 4,4'-dimethyl-
2,2'-bipyridine (26) into carboxylic acid groups by the oxidizing agent potassium dichromate
(K2Cr207) in a strong acidic environment to yield 4,4'-dicarboxylic acid-2,2'-bipyridine (27). Since
27 is sparingly soluble, it was necessary to convert the carboxylic groups into the ester groups to
make it soluble for further synthesis. With the addition of MeOH and the conc. H2SO4 as the
catalyst, the anchoring ligand 4,4'-methoxycarbonyl-2,2'-bipyridine (Anl) was prepared with an
overall yield of 67%. Structures of previously reported and known molecules were confirmed by

comparison of 'H NMR spectra to literature values.>
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4,4"-Dicarboxylic acid-2,2"-bipyridine (27). First, KoCr207 (3.00 g, 3.40 mmol) was dissolved
in 20 mL of conc. sulfuric acid (98%) and heated to 80 °C for 15 minutes. 4,4'-Dimethyl-2,2'-
bipyridine 26 (1.00 g, 5.43 mmol) was added in portions to the hot mixture. The reaction was kept
under reflux for 2 hours. There was a clear visible color change from orange to green. The resulting
mixture was then poured in 400 mL of water and a white precipitate formed. The precipitates were
then filtered out through vacuum filtration and dried at 100 °C in a vacuum oven overnight to yield

27 (1.00 g, 4.07 mmol) as a white solid in 75% yield.

'H NMR (300 MHz, DMSO-ds) § 8.94(s, 1H), 8.92 (s, 1H), 8.85 (s, 2H), 7.94 (s, 1H), 7.92 (s, H).

4,4"-methoxycarbonyl-2,2'-bipyridine (An1).>° Conc. sulfuric acid (2.00 mL, 98%) was added
to 4,4'-dicarboxylic acid-2,2'-bipyridine 27 (1.00 g, 4.07 mmol) in 50 mL of MeOH, and the
reaction was kept for 24 hours at 70 °C. The reaction mixture was then poured into 250 mL of
water and the pH was adjusted to 8 with 25% (w/v) sodium hydroxide solution. The white slurry
was extracted with DCM three times and DCM was removed by rotary evaporation. The resulting
white solid was dried at 80°C in a vacuum oven overnight to yield An1 (1.00 g, 3.66 mmol) in 90%
yield.

'H NMR (300 MHz, DMSO-de) & 8.96(s, 2H), 8.88 (s, 2H), 7.92(s, 2H), 4.00 (s, 6H).
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2.2.2.2 Synthesis of An2

Scheme 2-3 General scheme for the synthesis of the anchoring ligand for An2
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The general synthesis of 6,6'-dimesityl-4,4'-dicarboxylic acid-2,2'-bipyridine (An2) was started
with 4,4'-methoxycarbonyl-2,2'-bipyridine (Anl). To ensure there was no addition onto the
nitrogen atoms on bipyridine, a protecting group was added to form N-oxy groups with hydrogen
peroxide (H2O2) on Anl. Then, a bulky group could be added on positions 6 and 6' of the pyridine
rings first by heating 28 with phosphorus(V) oxychloride and isolating the resulting intermediate
6,6'-dichloro-4,4'-methoxycarbonyl-2,2'-bipyridine (29). Next, the two mesityl groups replaced
the chloride positions on 29 via the Suzuki coupling using mesitylboronic acid with a Pd(Ph3)4
catalyst to give 6,6'-dimesityl-4,4'-methoxycarbonyl-2,2'-bipyridine (30). The last step to form
An2 was to convert the esters into the carboxylic acids as the anchoring group to attach the
furthering NiO film on the photocathode. Finally, An2 formed via the saponification reaction of
adding lithium hydroxide (LiOH) with a general yield of 11%. Structures of previously reported

and known molecules were confirmed by comparison of "H NMR spectra to literature values.>

1,1°-Dioxy-4,4"-methoxycarbonyl-2,2 -bipyridine (28).%'-3? An excess amount of H>O> (4.00 mL,
30 %) was added into the solution of 4,4'-methoxycarbonyl-2,2'-bipyridine Anl (1.00 g, 3.66
mmol) in glacial acetic acid (15 mL) and the reaction mixture was heated up to 120 °C for 4 hours

under reflux. Then, another 10 mL of H>O> was added and the reaction was kept for another 6
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hours as remaining conditions. The resulting solution was cooled in the fridge overnight and the
precipitated colorless crystals formed, which were separated via vacuum filtration in 66% yield.
No NMR result was obtained but further NMR characterizations confirms this compound was

synthesized.

6,6"-Dichloro-4,4'-methoxycarbonyl-2,2'-bipyridine (20).3! 1,1'-Dioxy-4,4'-methoxycarbonyl-
2,2'-bipyridine 19 (730 mg, 2.42 mmol) was added carefully into an excess amount of
phosphorus(V) oxychloride (POCI3) and heated to 80 degrees under reflux with N, atmosphere for
6 hours. There was a visible color change for the reaction mixture from colorless to black. The
resulting hot solution was quenched on 50 g of ice and followed neutralization for the mixture to
pH 8 using dropwise addition of ammonium hydroxide (NH4OH). The resulting viscous mixture
was mixed with the silica gel to remove the black impurities. Then the mixture of product with
silica gel was washed with DCM three times by vacuum filtration, and the filtrate was collected.

DCM was removed by rotary evaporation and resulted in the gray solid in 36% yield.
"H NMR (300 MHz, CDCI3) 6 8.86 (s, 2H), 7.95 (s, 2H), 4.07 (s, 6H).

6,6'-dimesityl-2,2 -bipyridine-4,4'"-dicarboxylate dimethyl ester (20).3* 6,6'-dichloro-4,4'-
methoxycarbonyl-2,2'-bipyridine (300 mg, 0.87 mmol), 2,4,6-trimethylphenylboronic acid (295
mg, 1.80  mmol), potassium  carbonate (212 mg, 1.53 mmol) and
tetrakis(triphenylphosphine)palladium(0) (92.0 mg) were added into toluene for heating under
reflux overnight at 110 °C. The reaction was kept under N> atmosphere and was covered with
aluminum foil to avoid the light. The solvent in the resulting mixture was removed by rotary
evaporation and the crude product was purified via column chromatography in DCM. DCM was

removed by rotary evaporation and resulted in the white solid in 67%.
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'"H NMR (300 MHz, CDCL3) & 8.92 (s, 2H), 7.82(s, 2H), 7.02 (s, 2H), 3.95 (s, 6H), 2.38 (s, 6H),

2.11 (s, 12H).

6,6'-Dimesityl-2,2'-bipyridine-4,4"-dicarboxylic acid (An2).>® 6,6'-dimesityl-2,2'-bipyridine-
4,4'-dicarboxylate dimethyl ester (300 mg, 0.58 mmol) and an excess amount of lithium hydroxide
(150 mg, 6.26 mmol) was dissolved in the solution of 20 mL of 7:1 THF:water solution. This
reaction was kept overnight under reflux at 60 °C. The THF in the resulting reaction mixture was
first removed by rotary evaporation and hydrochloric acid (HCI, 37%) was added to make the pH
to around 2. The precipitation formed during the addition of HCI, and it was filtered out via vacuum

filtration. The yield of the resulting white solid was 70%.

'H NMR (300 MHz, DMSO-ds) 8 8.73(s, 2H), 7.73 (s, 2H), 7.02 (s, 4H), 2.33 (s, 6H), 2.03 (s,

12H).
ESI-MS (ESI"): Caled for C30H2sN204: m/z =480.20. Found: m/z =481.2116.
2.2.3 Synthesis of copper(l) photosensitizers

First of all, two ligands around the copper(I) were synthesized and purified with respective
procedures separately (vide supra). Next, the HETeroleptic PHENanthroline (HETPHEN) concept
was applied in the synthesis to avoid the formation of homoleptic complexes.** 3 In the previous
studies, Ru polypyridine complexes are both thermodynamically and kinetic stable. However, the
diimine (2,2'-bipyridine or 1,10-phenanthroline) ligand sphere around Cu(I) complexes exchange
rapidly and makes it difficult to isolate pure heteroleptic complexes with two diimine ligands. To
overcome this defect, Schmittel ef al. created the idea of anchoring one of the diimine ligands with

a bulky group on the ortho position of the N atom firstly with the center Cu(I) with equivalent
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molar ratio, another ligand with the smaller group will be installed with the equivalent molar ratio

later.>’

Tetrakis(acetonitrile)copper(l) hexafluorophosphate (0.100 mmol) and the bulkier ligand (0.100
mmol) were dissolved in degassed DCM under the N, atmosphere. The resulting yellow solution
was stirred at room temperature for 20 minutes and the solution of another ligand (0.100
mmol) dissolved in degassed DCM under N> was added using a syringe through the septum and
resulted in the dark red solution after 20 minutes stirring at room temperature. The DCM was

removed by rotary evaporation.
2.2.3.1 Synthesis of WEI1

Scheme 2-4 General scheme for the synthesis of WEI1
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In the synthesis of WEI1, the first ligand was chosen as A and the second ligand was chosen as

Anl. For solubility reasons the ester groups of Anl were converted into the carboxylic acid groups

by saponification post-metalation. The yield of WEI1 was not determined since the final complex

was not isolated, so the following characterizations were carried out on Ester-WEI1.

'H NMR (500 MHz, CDCls) § 8.78 (m, 6H), 8.53 (d, 1H), 8.40 (d, 2H), 8.23 (d, 1H), 8.14 (s, 1H),

7.82 (m, 6H), 7.74 (d, 2H), 4.00 (s, 3H), 2.62 (s, 3H), 2.51 (s, 3H).
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2.2.3.2 Synthesis of WEI2

Scheme 2-5 General scheme for the synthesis of WEI2
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In the synthesis of WEI2, the first ligand was chosen as An2, and the second ligand was chosen
as A. The overall yield of this complex was 34% after column chromatography purification and

the details will be discussed in the following section.

'"H NMR (300 MHz, DMSO-ds) § 11.23 (s, 2H), 9.15 (d, 1H), 8.75 (m, 8H), 8.24 (m, 2H), 7.98

(m, 3H), 7.24 (m, 6H), 6.02 (s, 6H), 2.29 (s, 6H), 1.08 (s, 12H).
ESI-MS (ESI"): Calcd for CssHasCuNsOs ([M-PFs]"): m/z =946.27. Found: m/z =946.2652.
2.2.3.3 Synthesis of WEI3

Scheme 2-6 General scheme for the synthesis of WEI3
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In the complex WEI3, the anchoring group attached to the semiconductor surface was changed

to sulfonic acid to increase the affinity. The starting material for the anchoring ligand in this
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molecule was bathocuproinedisulfonic acid which was obtained from an external supplier. Since
the four groups around Cu(I) center are methyl groups, there was no need to apply HETPHEN
approach. All the same mole equivalent of each starting material were stirred with MeOH in the
reaction flask under the N> atmosphere for 30 minutes. MeOH was removed by rotary evaporation

and the resulting dark red solid was the desired product with the yield of 69%.

'H NMR (300 MHz, DMSO-ds) & 8.31 (m, 2H), 8.52 (m, 6H), 8.48 (s, 1H), 7.98 (m, 12H), 7.67

(m, 2H), 7.56 (m, 2H).

ESI-MS (ESI"): Calcd for Cs2H37CuNsOsS2 ([M-PFe]"): m/z =986.14. Found: m/z =986.1378.

3C NMR (300 MHz, DMSO-de) 8 164.73, 161.18, 159.20, 158.82, 157.98, 149.29, 149.00, 148.88,
143.62, 143.12, 142.61, 138.21, 136.33, 136.29, 135.87, 135.37, 132.93, 132.11, 131.84, 131.47,
130.20, 129.76, 128.97, 128.93, 128.03, 127.80, 127.11, 126.97, 126.82, 126.60, 126.50, 126.02,

125.30, 123.99, 123.17, 119.51, 49.05, 26.09, 25.99, 25.95, 25.88.

2.2.4 Column chromatography purification for the synthesized molecules

Herein, we used the column chromatography technique to purify some of the synthesized
molecule. The glass column was filled up with sand on the bottom, silica gel was used as the
stationary phase, and v/v DCM:MeOH 99:1 as the mobile phase. The mixture of silica gel and the
mobile phase was pre-made in the beaker, and then was poured into the column. The concentrated
solution containing the target molecule was added on the top of the column using the pipette and
then flashed with the mobile phase. Each eluted fraction was monitored by thin-layer

chromatography (TLC) of tracking the movement of the point on the TLC plate under the hand
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UV light. The solvent in each fraction was then evaporated by pressure and the structure was

determined by NMR.

2.3 Synthesis of cobaloxime hydrogen evolving catalyst

Scheme 2-7 General scheme for the synthesis of chloro(pyridine)cobaloxime
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Chloro(pyridine)cobaloxime (31).3® Cobalt chloride hexahydrate (500 mg, 2.10 mmol) and
dimethylglyoxime (dmg, 475 mg, 4.10 mmol) were first added in a 2-neck round bottom flask
containing 95% EtOH with stirring under the room temperature and N> atmosphere for 20 minutes.
Then, pyridine (320 mg, 4.05 mmol) was added to the reaction mixture for another 20 minutes.
Water (5.00 mL) was added into the resulting reaction mixture and was kept under the air for 24

hours. The resulting yellow precipitation was collected by vacuum filtration with the yield of 60%.

2.4 Fabrication of NiO|C-A1 photocathode

Scheme 2-8 General schematic illustration for the photocathode assembly
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Scheme 2-8 shows the general procedure of the NiO|C-A1 fabrication. Firstly, the p-type
semiconductor material NiO was deposited on the fluorine-tin oxide (FTO) glass and then the dye

molecules were attached on the NiO film.

2.4.1 Preparation of NiO film on the FTO glass

The procedure of making the NiO film was adapted from a previously reported procedure.?® The
pre-cut FTO glass pieces with the sizes around 2cmX3cm were sonicated in the following sequence
of methanol, ethanol, and distilled water for 10 minutes each. Then, those pieces were dried and
kept at 100 °C. At the same time, the NiCl,-co-polymer gel was prepared as follows. NiCl» (1.00
g, 7.69 mmol) and 1.0 g of triblock co-polymer poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (PEG-PPG-PEG) were sonicated in a v/v HO: MeOH 4:6
solution of for 5 minutes in a centrifuge tube. The resulting mixture was left at room temperature
for three days to observe two separate layers, and the upper supernatant layer was collected for
future use. Next, one drop of NiCl,-co-polymer gel was applied on the conductive side of FTO
glass, and the doctor blade technique was used to make the gel drop into a thin film in an area of
1 cm x 1 cm (as defined through the application of tape). The film was dried in an 80 °C oven for
10 minutes and followed by placing it into the 550 °C furnace for 40 minutes for calcination of the
organic polymer. This process was repeated 3x. At last, a gray film was observed on the FTO glass,
and all the fabricated films were stored at 90 °C for future use. The pyrolytic decomposition of

NiClz-co-polymer gel precursor to form a NiO film is given in the Equation 2-1.>

heat
NiCly 6H,0 — NiO + 2HCIT + 5H,01 2-1)
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2.4.2 Loading the molecules on the NiO films

Solutions containing the prepared dye molecules with anchoring groups were prepared in DCM
with a concentration of 0.1 mM in a vial. One of the NiO films was placed in the solution with
stirring for 48 hours after which there was a physical color change on the NiO films. The resulting

photoelectrode was stored in the dark.
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Chapter 3 Results and Discussion

3.1 Structural characterization
3.1.1 Structural characterization of Ester-WEI1

New ligands and complexes reported in this work were characterized using standard
spectroscopic techniques. "H NMR was used as the first tool to determine the proposed structure
of these new chemical species. Owing to the difficulty of preparing and isolating the carboxylic
acid derivative, WEI1, the following is a comment on the structural character of Ester-WEI1, the
ester protected derivative. Post isolation and purification, the '"H NMR spectrum of A (Figure A3)
shows resonances at § 2.99 ppm and 2.96 ppm which correspond to the two methyl groups on 2,9-
dimethyl-1,10-phenanthroline (dmp). Furthermore, the resonances between § 7.53 ppm and 8.65
ppm correspond to an approximate integration of 11, matching well to the total number of
hydrogens expected in the aromatic region of this molecule. Similarly, the ester of the anchoring
ligand 4,4'-methoxycarbonyl-2,2'-bipyridine (Anl) used in the preparation of WEI1, shows
comparable positions of the peaks of methyl ester protons and those on the aromatic region match
the theoretical results well including the integrations of the peaks (Figure AS).*°

After complexation, the "H NMR spectrum of Ester-WEI1 in Figure 3-1 shows resonances at

6 2.54 ppm and 2.62 ppm corresponding to the methyl groups on dmp that are now shifted
downfield as compared to the free ligand. The peak at § 4.12 ppm is tentatively assigned to the
methyl protons on the methyl ester, although the integration results in an incorrect number of
protons. The rest of the peaks correspond to the hydrogens on the aromatic systems, as compared

to the free ligands.
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Figure 3-1. '"H NMR spectrum of Ester-WEI1 in CDCl; (500 MHz)

Figure 3-2 shows the ATR-IR spectrum of Ester-WEI1. The bands at 1700 cm™ and 1750
cm’! are tentatively assigned to carbonyl (C=0) stretching modes on the methyl ester and within
the NMI moiety, respectively. Another band at 1200 cm™ corresponds to the single bond
connection of C-O on ester. Based on the peaks at § 2.54 ppm and 2.62 ppm in the 'H NMR
spectrum and these important IR connections, it illustrates that the two ligands are bound to the
Cu(I) center. All the results about the signals on NMR and IR spectra are concluded from the

literature.>”
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Figure 3-2. ATR-IR spectrum of Ester-WEI1

By comparing the '"H NMR spectrum of WEI1 and the '"H NMR spectrum of another well-
studied Cu(I) complex with a similar dmp-NMI-based ligand, the position of the peaks is
qualitatively similar in the non-aromatic region between § 2.5-2.75 ppm, and for aromatic protons
between 6 7.30-8.85 ppm.?’ It is still possible that the isolated product is a mixture of heteroleptic
and homoleptic complexes and important future investigations include obtaining mass

spectrometry (MS) to confirm the identity of this compound.
3.1.2 Structural characterization of WEI2

As in Section 3.1.1, the structure of the ligands and WEI1 were primarily characterized using

"H NMR, together with mass spectrometry. The 'H NMR of the anchoring ligand 6,6'-dimesityl-
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2,2'-bipyridine-4,4'-dicarboxylic acid (An2) including the peaks on both aromatic and non-
aromatic regions perfectly match the expectations.** Based on the 'H NMR spectrum (Figure 3-3)
of WEI2 after complexation and purification, both the integrations and the peak positions are
somewhat hard to distinguish. From MS analysis, it is clear that this procedure yields a mixture of
products containing the homoleptic Cu(I) complex with two acceptor ligands A (Figure A13). The
peak at 869.19 m/z corresponds to the exact mass of the homoleptic molecule. To solve this
problem, purification needs to be done. Unfortunately, the current traditional silica column did not
work for this complex, probably due to its high affinity to the stationary phase and its large
molecular mass. Despite the product mixture, it is still possible to use this sample as a

photosensitizer anchored to a SC film as the photoelectrode.
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Figure 3-3. 'H NMR spectrum of WEI2 in DMSO-ds (300 MHz)
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3.1.3 Structural characterizations on WEI3

The 'H NMR spectrum of the bathocuproinedisulfonic acid ligand shows a peak at § 2.78 ppm
which corresponds to the protons of the two methyl groups on the structure (Figure A10).
Furthermore, the peaks between § 7.48 ppm and 7.91 ppm correspond to the expected hydrogens
in the aromatic region. Since the bathocuproinedisulfonic acid obtained from the supplier was a
mixture, meaning the sulfonic acid groups may be located on any number of positions on the whole
structure. Therefore, we can only observe the overall integrations on the aromatic region
corresponding well to the ligand structure. In the '"H NMR spectrum of WEI3 (Figure 3-4) the
approximate integrations for those peaks between § 7.40 ppm and 9.80 ppm is 23, which matches
well to the total numbers of protons in the aromatic region of this molecule, and the protons from
the four methyl groups are found at § 2.55 ppm and 3.23 ppm. The '3C NMR spectrum, the total
number of carbons was determined to be 41.

The 'H correlation spectroscopy (COSY) illustrates which 'H signals are coupling to each other
(Figure A12). Both x and y axes are the same 1D 'H NMR spectra. By drawing a line through the
general diagonal trend of the signals which represent the same protons correlate to themselves and
those can be disregarded. In non-aromatic region, all the protons do not couple to the protons on
neighboring carbons. This investigation meets the expectation since there is no proton on the
neighbor carbon of the four methyl groups. In the aromatic region, there are strong correlation
signals at the interceptions of § 8.85 ppm and 8.30 ppm with 8.02 ppm, respectively. There are
also the correlations between some protons at the interceptions of § 7.50 ppm with 8.00 ppm.
However, it is hard to assign these signals for two reasons: 1. This complex contains complicated
aromatic systems. 2. On the anchoring ligand, the positions of sulfonate group are uncertain

increasing the difficulty to identify the equivalent protons. From the MS of WEI3, and there is a
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peak corresponding to the theoretical exact mass of the heteroleptic complex at 986.14 m/z (Figure

Al4).
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Figure 3-4 '"H NMR spectrum of WEI3 in DMSO-ds (300 MHz)

3.1.4 Structural characterizations on HEC

To study the ability of WEI1-WEI3 to act as photosensitizers for proton reduction (both hetero-
or homogenously), the previously reported champion molecular cobaloxime proton reduction
catalyst 31 was synthesized.*® This compound was synthesized by heating up a mixture of CoCl,
dimethylglyoxime (dmg), and pyridine in MeOH in air and characterized by ATR-IR. As prepared,
the Co(Ill) center is paramagnetic due to the d® system ([Ar]4s°3d® electron configuration) in
octahedral geometry with 2 paired electrons and 4 unpaired. The unpaired electrons make NMR
measurements difficult with the signals that might be very wide, and invalid integrations.’?> As a
result the '"H NMR of HEC was not measured. Instead, the ATR-IR spectrum in Figure 3-5
illustrates some important information about bonding in the proposed structure. The stretching
mode at 1495 cm™! and the bending mode at 545 cm! correspond to the single bonds of Co with N

and that with Cl, respectively. The stretching mode at 1250 cm™! corresponds to the N-O bond.
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These connections preliminary proved that the expected bonds are formed, and the HEC was
synthesized successfully. It is possible that >Co NMR could be used to detect the presence of

cobalt in the complex.>

Normalized transmittance (a. u.)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm -1 )

Figure 3-5. ATR-IR spectrum of HEC

3.2 Characterization of the NiO|C-A1 photoelectrode

To fabricate a photocathode and generate photocurrent, a nanostructured semiconductor (SC)
film of NiO was deposited onto fluorine-doped tin oxide (FTO) on glass. Molecules with a
carboxylic acid group (-COOH) or sulfonic acid group (-SO3H) can be anchored to a SC surface
through chemisorption. Chemisorption is a strong and specific type of adsorption that involves the

formation of chemical bonds between the adsorbate (the molecule with the carboxylic/sulfonic
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acid group) and the surface of the SC. The oxygen atoms in the carboxylic/sulfonic acid group can
form coordination bonds with metal atoms on the SC surface.® where, a NiO film was soaked the
ina 1 mM DCM Cu(l) complex solution with stirring for 48 hours.

Figure 3-6 shows the characterization of the fabricated photocathode of WEI3 on NiO film.
The PXRD patterns of NiO with (space group of Fm3m) exhibit the simulated standard peaks at
26 values of 37°,43°, 63°, 75° and 79° which are assigned to (111), (200), (220), (311), and (110)
planes, respectively (Figure 3-6 a). From the PXRD of the NiO film on FTO a diagnostic reflection
at 20 = 43° corresponding to the (200) plane of NiO is observed amongst the reflections attributed
purely to FTO. Further analysis by SEM shows the NiO nanoparticles, and the energy-dispersive
X-ray spectroscopy (EDS) combined with EDS provides the chemical composition of the
NiO[FTO (Table 3-1). The result confirms the presence of Ni on the FTO glass with an atomic
concentration of 27.79% and a weight concentration of 23.93%. There was an unexpected presence
of phosphorus on the film might be as the contamination, but it did not affect the further

characterizations on the photoelectrode.

Table 3-1. Elemental composition analysis by EDS

Element Name Atomic Conc. Weight Conc.
Oxygen 51.44% 23.93%
Nickel 27.79% 47.42%
Fluorine 13.59% 7.51%
Tin 5.77% 19.90%
Phosphorus 0.99% 0.89%
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In IR spectra (ATR-IR for WEI3 and DRIFTS for NiO|WEI3), modes associated with O-H
bonds at the range of 3100-3750 cm™! that is due to the by-product Ni(OH), formed during heating

up the NiCly precursor co-polymer gel (Equation 3-1).5

heat
NiCls + 2H20 — 2HCIT + Ni(OH)s (3-1)

From the similar work of pyrolysis of Ni(OH), as the precursor of Ismail et al, the FTIR
spectrum of NiO thin film synthesized at 400 °C there are bands at 611.43, 875.65, 1422, 1745,
and 3776 cm! represent to the Ni-O interaction.>> However, the range of DRIFTS measurement
of NiO|WEI3 was only above 700 cm™!, and the results below that wavenumber are not able to
prove. For the rest of the assigned signals, the small bands at around 850, 1325, 1750, and 3750
cm™! in Figure 3-6 ¢), all correspond to Ismail ef al.’s work, but the band at 850 cm™' seems more
like to be the Ni-O interaction since those are two strong oscillators bound together.>® Besides,
there are common peaks in both IR spectra which prove that WEI3 was successfully anchored on
the NiO surface.’® In Figure 3-6 d), the UV-Vis spectra of both WEI3 and WEI3 on NiO film

illustrates there is a weak peak at 470 nm that represents the 'MLCT on the photoelectrode.
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Figure 3-6. a) PXRD patterns of clean FTO glass (blue) and NiO film on the FTO glass (black),
the simulated NiO pattern (red, ICSD: 3295872) is used as comparison. b) SEM image of the NiO
film on the FTO glass. c) IR spectrum of WEI3 (red) and DRIFTS of the functionalized NiO film

(blue). d) UV-vis spectroscopy of WEI3 (black) and the functionalized NiO film (red).

3.3 UV-Vis spectroscopy

In the UV-Vis results of the synthesized Cu(I) complexes, all three Cu(I) complexes have the
expected metal-to-ligand charge transfer (MLCT) transition at around 470 nm. These positions of
the MLCT are similar to the MLCT signal with the A-Cu-dmp complex which is shown in Figure

3-7 ¢). For comparison, there is no MLCT band for the single A ligand since it did not attach to
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the metal atom. Additionally, the MLCT band may contain singlet MLCT ('"MLCT) and/or weak
triplet MLCT (®MLCT) signal. The lower intensity and broadness of triplet MLCT peaks are
primarily due to the spin selection rules and the probability of electron transitions between the
ground state and excited triplet states. In UV-Vis spectroscopy, which involves the absorption of
photons, transitions that involve a change in electron spin are usually less possible than those that
maintain the same electron spin. As a result, the transition probability for *MLCT is lower
compared to '"MLCT, and the *MLCT peaks are weaker.>* 3 However, identifying SMLCT peaks
may require more sensitive experimental techniques or additional spectroscopic methods, such as
time-resolved UV-Vis spectroscopy, which can capture transient species with short lifetimes like
some triplet states. 37> %8

Back to the experimental UV-Vis spectra, we can observe two significant bands other than the
MLCT on both complexes and the acceptor ligand. The intense band at around 280 nm is assigned
to the intraligand (IL) m — m* transition of phenanthroline or bipyridine moiety, and another band
ataround 320 nm is assigned as IL n — ©”* transition. This type of transition is commonly observed
in molecules containing heteroatoms like O, N and S in the ligands, where the lone pair of electrons

in the heteroatom's non-bonding orbital interacts with the adjacent 7 antibonding orbital.>% 7
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Figure 3-7. UV-vis spectra of a) Ester-WEI1 and b) A-Cu-dmp, WEI2 and WEI3 compared
with the acceptor only (all with concentration of ImM of complexes in DCM and were filled in

the cuvettes) and c) the complex of A-Cu-dmp.

3.4 Electrochemistry

To probe the ground-state electrochemical redox properties of the molecular photosensitizers
Ester-WEI1, WEI2 and WEI3, cyclic voltammetry (CV) was used, while to probe the
photocurrent capabilities of the photoelectrodes, chronoamperometry (CA) was used. Figure 3-8
provides the CV information of current Cu(l) complexes and where the Cu(I)/(II) redox couple
appears at around 0.6V/0.5 V vs. Ag/AgCl but depends on the ligands of them attach. The presence
of the anchoring ligand in these Cu(I) complexes does not provide an additional wave. However,
the oxidation potential (Eox) appears on two complexes connected with the bipyridine (Ester-
WEI1 and WEI2) is at ca. Eox=0.9 V, but this redox process is not reversible since no reduction
potential (Erq) was observed. The reduction peaks of the NMI moiety in Ester-WEI1 and WEI3
are both observed at Ereq = -1.25 V, which are more cathodic than the reduction peak in WEI2
with Ereq = -0.81 V. To compare with the single NMI moiety and the complex A-Cu-dmp (Ered =
-1.08V), these peaks either shift cathodic or anodic position.?®- > Moreover, the Gibbs free energy

between photoinduced electron transfer (AGgr®) is determined from the CV data. The excited state
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of excited-state oxidation potential of these Cu(I) complexes can be estimated from the Equation
3-2, where Eq is zero-zero energy of the *MLCT. Since the MLCT for these complexes is at 470
nm, Ego can be calculated as 2.14 eV. Then, the value of AGgr® can be calculated based on
Equation 3-3.%- ¢! the results of Ester-WEI1 and WEI3 are listed in Table 3-2 as 0.01 eV and -

0.29 eV, respectively.

E(Cu"™) = E(Cu"™) - Eqo, Eoo = hc/A (3-2)

AGer® = E(Cu™) - Epe( A% (3-3)

Table 3-2. Oxidation and reduction potentials of A, A-Cu-dmp, Ester-WEI1, WEI2 and WEI3

Compound Epc (V) (A% Epa (V) (Cu'™) AGEgr°(eV)
A -0.952 - -
A-Cu-dmp -0.882 0.948 -
Ester-WEI1 -1.052 1.098 0.01
WEI2 -0.612 - -
WEI3 -1.052 0.798 -0.29

These values are obtained from CV chromatogram, which were recorded in 0.1 M TBAPF¢ in
ACN/DMF atv =100 mV s~ with a2 mm Pt button as the WE, Pt wire as the CE, and an Ag/AgCl
wire as the RE. Potentials are referenced vs the Ag/AgCl redox couple converted to NHE. by
adding +0.198 V.92 Abbreviation used here: E,c = potential at the peak cathodic current, Ep, =
potential at the peak anodic current, and AGgt°= Gibbs free energy between photoinduced electron

transfer.
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To probe photocurrent generation at the photocathodes, chopped light chronoamperometry
measurements were used. As compared to an unfunctionalized NiO film, films functionalized with
WEI2 or WEI3 exhibit negative photocurrent when irradiated with white light. This experiment
was carried out in 0.1 M TBAPFs in DMF solution with three-electrode system. This transient
photocurrent was generated once the chromophore absorbs the light, and this photocurrent can be
kept during the light-on period. WEI3 functionalized films were shown to generate a higher
photocurrent than those with WEI2 where photocurrent densities are stable at around -2.8 pA/cm?
(the photocurrent density reaches up to -6 pA/cm?). However, by the comparison of the work in
our group which was published for oxidation of water, the photocurrent density of WEI3 is lightly
lower than ca. 4 pA/cm? from the photoanode of the finished work.?? However, in the second
generation of the photoanode fabricated from Cu(l) triad, the photocurrent density could reach up
to 20 A/cm? and that could be stabilized in the following chopped light activity.>® From those work,
we can continue adding the HEC during the CA experiment to observe if there is an increasing of

the photocurrent in the future.
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Figure 3-8. a) Cyclic voltammetry (CV) of Ester-WEI1 (blue), WEI2 (green), and WEI3 (purple)

compared with A and the model complex A-Cu-dmp which were recorded in 0.1 M TBAPFs in
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ACN/DMF at scanning rate of 100 mV/s with a 3 mm Pt button as the WE, Pt wire as the CE, and
an Ag/AgCl wire as the RE. b) Chronoamperometry (CA) of the photoelectrodes of WEI2 (black),
WEI3 (red) and the blank NiO film (blue). 0.1 M TBAPFs in DMF was using as the electrolyte
solution, the scanning period was 180s. In the apparatus, the fabricated photocathode anchored

with WEI2 and WEI3 as the WE, Pt wire as the CE, and an Ag/AgCl wire as the RE.

3.5 Hydrogen evolution characterization

Prior to using the photoelectrodes as catalysts for proton reduction, WEI3 was tested as a
photosensitizer in a homogenous solution with the cobaloxime HEC. These experiments were
carried out to establish where these molecular systems could be used to photocatalytically generate
H>. Comparing the chromatogram result to the calibration curve in Figure A15 with the standard
gas sample, the peak at 1.24 minutes represents hydrogen elution. Table 3-3 lists the peak areas
of the 3 mL of 0.2 mM of corresponding complexes with 2 mL of 0.2 mM of HEC and/without 2
mL of 10% v/v sacrificial electron donor (TEA) in DMF at pH = 5 (based on pH paper) under the
visible white light since the MLCT of these two complexes are at 470 nm which is in the visible
range. Based on the results, the peak areas existed even at the start of light irradiation since the
natural light in the laboratory environment could also drive proton reduction. To ignore the original
H: in the reaction vails, it is still clear that WEI3 performs better than WEI2 after three hours with
24974.24 uVes. Even though WEI2 contains some homoleptic complex product as the impurity,
H> was still generated with a peak area of 2414.13 uVes. The reaction was slow and with a low
efficiency without TEA with the peak area increased from 454.76 uVes to 4255.54 uVes after 3
hours. Compared to trials with TEA, it confirms that the electron transfer plays a crucial role in

proton reduction.
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Table 3-3. Hydrogen peak areas of the synthesized Cu(I) complexes generated

Time (hour) WEI2+TEA (uVes)  WEI3+TEA (uVes) WEI3 (uVes)
0 2865.07 4895.64 454.76
1 - - 1430.25
2 4003.95 18679.73 3487.41
3 5279.20 29869.88 4255.54

3.6 Computational analysis of the Cu(l) complexes

Density functional theory (DFT) calculations were performed on WEI1, WEI2 and WEI3,
which gives the visible localization of the frontier molecular orbitals in Figure 3-9 for WEI3, and
Figure S26 for WEI1 and WEI2. In WEI3, the lowest unoccupied molecular orbital (LUMO) is
delocalized over the bathocuproine ligand except the two phenyl rings attached, and the highest
occupied molecular orbital (HOMO) is delocalized over the bathocuproine ligand and Cu(I) center
and on four carbon atoms of the dmp moiety on the A ligand. This is surprising as we anticipated
that the position of LUMO should be located on the acceptor ligand. The same results were
obtained in WEI1 and WEI2 (Figure S26). We can consider that the bathocuproine ligand is a
better electron transfer acceptor (in the ground state) than the NMI moiety.?’ It is possible that this
observation is a result of the incorporation of the sulfonate and carboxylate groups into the
geometry optimized structure: their electron withdrawing effect may influence the position of the
LUMO, and it is also possible that this effect will be mitigated when these groups are attached to

a semiconductor surface.
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Figure 3-9. Graphical representations of a) LUMO +1, b) LUMO, ¢) HOMO, and d) HOMO-1 of
WEI3. Method: DFT B3LYP 6-31G*(+, d). Abbreviations used in this figure: HOMO = highest

occupied molecular orbital, and LUMO = lowest unoccupied molecular orbital.
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Chapter 4 Conclusion and Outlook

4.1 Summary

In conclusion, this thesis focused on the design, synthesis, and characterization of three Cu(I)
dye-sensitized photosensitizers (Ester-WEI1, WEI2 and WEI3) for proton reduction. The
structures of these photosensitizers were carefully characterized, and their UV-vis properties
revealed efficient metal-to-ligand charge transfer (MLCT) absorption at 470 nm. Electrochemistry
experiments, including cyclic voltammetry (CV) and chronoamperometry (CA), were conducted
to investigate the redox behavior of the complexes.

The results from CV analysis demonstrated the presence of distinctive peaks, indicating the
ability of the photosensitizers to undergo redox processes during light-induced electron transfer.
However, only the WEI2 and WEI3 exhibited pronounced current responses in CA experiments,
indicating their capability to generate the negative photocurrent.

Moreover, the hydrogen evolution experiments, carried out using WEI2 and WEI3, yielded
promising results as hydrogen gas generation was successfully achieved. This outcome
underscores the potential of these Cu(I) complexes as efficient catalysts for proton reduction,
showcasing their applicability in the development of renewable and sustainable hydrogen
production systems.

Overall, this study contributes valuable insights into the design and application of Cu(I)
photosensitizers for proton reduction, opening new avenues for advancing renewable energy
technologies and addressing the challenges of sustainable hydrogen production. At the time of
writing, this represents the first project in the current research group to explore the photosensitizer

for proton reduction, the findings presented in this thesis lay the groundwork for further research
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and optimization of these photosensitizers to enhance their performance and ultimately contribute

to a greener and more sustainable future.

4.2 Future work

In the future, it is worth to optimize the structures of the photosensitizers. To enhance the
catalytic efficiency and stability of the Cu(I) complexes, further investigations into the structure-
activity relationship could be pursued. This might involve fine-tuning the ligand architecture or
modifying the metal center based on insights gained from computational studies and advanced
spectroscopic techniques. Synthesizing and characterizing different ligands with acceptor
functionalities or trying to add the donors could lead to enhanced light absorption, redox properties,

and proton reduction capabilities.

In pursuit of advancing the application of Cu(I) dye-sensitized photosensitizers for proton
reduction, one of the prominent future plans is to augment the photocurrent density of the
photocathode. By optimizing the photosensitizers design and exploring innovative ligand
architectures, the aim is to enhance light harvesting and electron transfer efficiency, thereby
maximizing the catalytic performance. Additionally, the quantification of the hydrogen produced
by the photosensitizers is crucial for precisely assessing their efficiency. Moreover, to translate the
research findings into practical hydrogen production systems, investigations into the application
of the Cu(I) complexes in dye-sensitized photoelectrochemical cells (DS-PEC) will be undertaken.
This entails studying the hydrogen production on the photocathode surface under controlled
conditions, bringing us closer to realizing the potential of these photosensitizers for sustainable

and efficient hydrogen generation.
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Appendix

1. NMR Spectra
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Figure Al. 'H spectrum of 23 in CDCl3 (300 MHz)
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Figure A2. 'H spectrum of 24 in CDCl3 (300 MHz)
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Figure A3. 'H spectrum of A in CDCl; (300 MHz)
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Figure A10. 'H NMR spectrum of bathocuproine disulfonic in DMSO-d¢ (300 MHz)

68



70 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 (
Chemical shift

Figure A11. 3C NMR spectrum of WEI3 in DMSO-ds (500 MHz)
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Figure A12. 2D 'H NMR (COSY) spectrum of WEI3 in DMSO-ds (500 MHz)

69



2. Mass spectroscopies
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Figure A14. Mass spectrometry of WEI3
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3. Gas chromatography documents

) Chmﬁmﬁagmm of TOGA gas mixture
Ref.: NARLSS02 Model 4003 Instrument Method dath051.rst

Figure A1S. Test chromatograms for calibration gas
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Figure A16. GC chromatogram of zero measurement of WEI2 (X-axis: time/s, Y-axis:

voltage/mV)
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Figure A17. GC chromatogram of zero measurement of WEI3 with TEA (X-axis: time/s, Y-axis:

voltage/mV)
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Figure A18. GC chromatogram of zero measurement of WEI3 without TEA (X-axis: time/s, Y-

axis: voltage/mV)

72



[ [

IIII‘f‘lIIIL_lJIIIELIHIIlI%IIIILFIlII‘T’IIIII

-

gy

FErr e rrrrprrprrrrprerrr et et rr et rer et e rrerr rtrrprerrp e el
1

Figure A19. GC chromatogram of zero measurement of WEI3 after 1 hour photoirradiation

without TEA (X-axis: time/s, Y-axis: voltage/mV)

P [}

A

DIIIITIIII'TIIIILI_.nIIII‘TIIIITIIII?I

-

RN R R NS DR R R
2 & 5] 8 10 12 14

Figure A20. GC chromatogram of zero measurement of WEI2 after 2 hours photoirradiation (X-

axis: time/s, Y-axis: voltage/mV)
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Figure A21. GC chromatogram of zero measurement of WEI3 after 2 hours photoirradiation with

TEA (X-axis: time/s, Y-axis: voltage/mV)
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Figure A22. GC chromatogram of zero measurement of WEI3 after 2 hours photoirradiation

without TEA (X-axis: time/s,Y-axis: voltage/mV)
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Figure A23. GC chromatogram of zero measurement of WEI2 after 3 hours photoirradiation (X-

axis: time/s, Y-axis: voltage/mV)
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Figure A24. GC chromatogram of zero measurement of WEI3 after 3 hours photoirradiation with

TEA (X-axis: time/s, Y-axis: voltage/mV)
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Figure A25. GC chromatogram of zero measurement of WEI3 after 3 hours photoirradiation

without TEA (X-axis: time/s, Y-axis: voltage/mV)

Figure A26. Graphical representations of a) HOMO and b) LUMO of WEI1, and ¢) HOMO and

d) LUMO of WEI2.

76



