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Abstract

With the rising concerns of greater energy demand and a decrease in the global fossil
fuel supply, exploring alternative energy sources has become an urgent and challenging
research subject. Solar energy is considered one of the most promising solutions to our
energy scarcity as it can be collected and transformed into different forms of power
using photocatalytic devices, and that the solar-driven photocatalytic water-splitting
can provide a clean pathway to produce hydrogen fuel. The first water-splitting system
for hydrogen production using a TiO> photoanode ever reported was in 1972 by
Fujishima and Honda. Following this pioneering research, water-splitting systems for
hydrogen production have been developing rapidly throughout past decades.

Ruthenium(Il) complexes have shown impressive performance for their potential
applications in water-splitting systems due to the unusual metal-to-ligand charge
transitions (MLCT) and unique photophysical properties. However, to realise the light-
harvesting abilities in these photocatalytic systems remains a challenging task. Most
systems can only use ultraviolet (UV) and partially visible light, accounting for only 5—
7% of sunlight. To improve the water splitting for the hydrogen-production capability,
I proposed a series of Ru(Il) complexes with different ligands, such as isoquinoline or
triphenylamine, which have been proven to significantly increase the hydrogen-
production efficiency during water splitting. All the Ru(II) complexes have been used
in water-splitting hydrogen-production experiments. Additionally, the influence of

different anchoring groups, such as carboxylic acid anchors or phosphonate functional



groups of Ru(Il) complexes in hydrogen production, are discussed in the thesis. With
the best Ru(Il) water-splitting system after 236 hours of irradiation, an H> turnover
number (TON) of up to 14232 was recorded.

Compared to other metal dyes that include first- and second-row transition metals, Ir(III)
cyclometalated complexes have taken on excellent ligand field stabilisation energies in
their 5d valence shell. However, Ir(Ill) cyclometalated complexes often suffer from
weak absorbance of visible light. Therefore, I synthesised a series of Ir(IIl) complexes
with different functional groups, such as triphenylamine or aldehyde, for the Pt-TiO:
system, which showed satisfactory hydrogen production results. Different anchoring
groups were designed to test the working efficiency of the water-splitting system. Most
of the developed Ir(Ill) photosensitisers for photocatalytic applications possess
carboxylic acid anchors. However, these dyes might have poor stability under
photocatalytic operating conditions. Furthermore, the hydrolysis characteristic of the
carboxylate linkage site has been reported to inhibit electron transfer efficiency from
Ir(IIT) complex to TiOx. In this regard, the linkage of the phosphonate functional group
to the TiO; surface has been presented with higher stability than that of the carboxylate
group. A respectable hydrogen TON of 16483 in a platinised TiO> hydrogen-production
system was demonstrated with the best Ir(IIl) water-splitting system.

In most traditional molecular water-splitting systems, expensive noble metals have
been used. Such high cost may hinder industrial application of those water splitting
systems. However, cadmium sulfide nanorod (CdS NRs) systems, which have large

light-absorption coefficients, offer great research potential. Research has been



conducted on water-splitting systems with CdS and different earth-abundant metal
complexes, particularly Ni. Different electron-donating or withdrawing ligands have
been used on templates of salen-type or salophen-type Schiff bases to determine the
physical and chemical properties of the earth-abundant metal complexes and their
water-splitting performance for hydrogen production. This study has also examined the
effects of the size and aspect ratio of the CdS NRs on hydrogen production. A
photocatalytic system containing a metal-salophen complex based on nickel achieved
a steady and impressive catalytic activity with a TON of 57238 and a turnover
frequency (TOF) of 436.9 h™! over 131 hours under blue-light irradiation.

Metal-organic cages (MOCs), assembled from diverse inorganic structures and organic
linkers, have been in rapid development recently. MOCs are a new type of material
with an individual nanoscale molecular structure assembled through weak interactions
while possessing a great potential for photocatalytic water splitting. The
supramolecular chemistry nature of MOCs makes them the ideal materials for binding
catalyst centres with different linkers. Additionally, the catalytic properties of MOCs
can be tuned effectively by proper structural design. In order to achieve effectively H»
production, MOCs are expected to possess significant absorption characteristics. I have
developed functional metal cages with various structures, such as phenyl, furan, and
thiophene combined with Ni or Co. Their various water-splitting performances and

physical and chemical characteristics are discussed in the thesis.
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Chapter 1: Introduction

1.1.  Background

In the modern era, fossil fuels are the major energy source used to power human
activity.l'! The worldwide demand for fuel energy has experienced rapid growth. The
U.S. Energy Information Administrations latest International Energy Report identified

that world energy consumption will grow by 28% between 2015 and 2040 (Fig. 1.1).*
31 Based on the 2018 metrics, energy consumption has increased by more than three
times since 1980.M* According to data from the U.S. Energy Information Administration,
the current reserve of petroleum is estimated to be unable meet the demand in 2030.2!
Under these conditions, the search to find alternative energy sources has become more

and more crucial.
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Fig. 1.1. World energy consumption categorised by energy source. Source: U.S.

Energy Information Administration. 3!



Due to the huge consumption of traditional energy sources, environmental problems
have become increasingly serious. More than 80% of energy generated comes from
carbon-based fossil fuels, resulting in a huge increase in the concentration of carbon
dioxide (CO,) in the atmosphere.’! In 2019, the carbon dioxide average
concentration reached 409.8 ppm (Fig. 1.2), which is higher than the value at any
other point in the past 800,000 years.[*®) In addition, acid rain, stratospheric
pollution and other environmental issues caused by the consumption of traditional
energy sources have led to more adverse impacts.l”! Therefore, corresponding
measures must be taken to solve the aforementioned issues. Renewable energy is a

worthwhile and important avenue to pursue.

Per capita CO2 emissions
Carbon dioxide (CO-) emissions from the burning of fossil fuels for energy and cement production. Land use
change is not included.

World
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Source: Our World in Data based on the Global Carbon Project QurWorldInData.org/co2-and-other-greenhouse-gas-emissions/ « CC BY

Fig. 1.2. Atmospheric COz concentration. Source: Our World in Data based on the



Global Carbon Project, University of Oxford.[6]

Renewable energy, defined as the energy collected from renewable resources,™ is
quite common and has different storage forms. Renewable energies include
hydrogen energy, wind energy, solar energy, geothermal heat energy and so on.[!"
Hydrogen (H2), an environmentally friendly and easy-to-store energy source, will
play a very important role in the 21* century. As the cleanest fuel source, hydrogen
causes no pollution to the environment during the energy-providing process. It
produces only water when energy is consumed. Furthermore, it has the highest

specific energy content.[!!: 12!

The thermodynamic conversion efficiency of
hydrogen is much higher than that of petroleum products. The energy yield of
hydrogen can reach up to 122 kJ/g, which is 2.75 times higher than that of
hydrocarbon fuels.!'3] Additionally, liquid hydrogen has a very low density of 0.07
g/cm®, which is one tenth that of gasoline.['* This makes hydrogen much easier to
transport and store. Nowadays, hydrogen have been widely used in many fields,

[16]

such as hydrogen fuel cars,!'! ferrous metallurgy!'®! and so on. Therefore, hydrogen

is considered an ideal energy source by the scientific community.

1.2. Water Splitting for Hydrogen Production
There are a variety of methods used to produce hydrogen gas. The most common
method used in the industry is steam methane reforming, which generally produces

about half of the global supply of hydrogen.l!”) This method is based on a reaction



between steam and natural gas or methane, which is then used to produce hydrogen.'¥]
However, it is not an attractive production route because it results in the emission of
carbon dioxide and has a high temperature requirement.!'8)  Hydrogen can be produced
industrially via its separation and purification from hydrogen-rich industrial emissions

181 However,

(such as chlor-alkali tail gas and coke oven gas) as the raw material as well.
this approach is not applicable domestically because of carbon dioxide emissions and
the high cost.['®! Hydrogen can also be produced by bio-material conversion technology.
However, this technology is still in the demonstration stage as it has strict requirements
for enzymes and a high cost. [!> 14 19]

Hydrogen production with the support of photocatalysts has been reported to be an ideal
method.!?") The water splitting involves two half-reactions: the oxidation of water to
form oxygen (oxygen evolution reaction, OER) and the reduction of protons to form
hydrogen (hydrogen evolution reaction, HER). Those two half reaction can be
invigilated separately. For the HER, Fujishima and Honda demonstrated the first water
splitting hydrogen generation system in 1972.12!] Following this pioneering research,
water-splitting systems for hydrogen production have improved dramatically.”??! Solar-
driven photocatalytic water splitting provides an attractive pathway for production of
hydrogen because (i) it is a very simple reaction that directly converts photon energy
into hydrogen energy without the emission of any pollutants; (ii) the experimental setup
is simple and easy; (iii) the reaction proceeds in mild conditions and (iv) the cost of

water splitting for hydrogen production is much lower than that of other methods.*?!



1.3.  Sacrificial Electron Donors

Because of the rapid recombination of electrons and holes, the light-driven water-
splitting hydrogen production efficiency is not high.’] Adding sacrificial electron
donors, which can react with the holes in the valance band (VB) level, can enhance the
photocatalytic electron/hole separation and promote hydrogen production.?* There are
various sacrificial electron donors, such as ascorbic acid (AA), triethylamine (TEA),

triethanolamine (TEOA), and ethylenediaminetetraacetic acid (EDTA) (Fig 1.3).12% 2]

Fig. 1.3. The chemical structures of (a) ascorbic acid, (b) triethylamine, (c)

triethanolamine, and (d) ethylenediaminetetraacetic acid.

EDTA is a tertiary diamine with four carboxyl functional groups that acts as a double-

electron sacrificial donor.[?®]

The degradation of EDTA has been extensively
explored.l*”) Its oxidised amine radical can undergo a series of transformations to form
carbon-centered reduction radical EDTA. However, the stability of the radicals towards
degradative processes is pH-dependent.?®) TEA and TEOA form positively charged
aminyl radicals upon oxidation,'*” both of which are good oxidants that can in principle
react with any reduced species.*®) However, those systems bearing TEA or TEOA need

[31

to operate at pH values above 8,2°! which limits their applicability.*!! Furthermore,



TEA and TEOA are not water-soluble, so they cannot be used in aqueous environments.
AA is well known to be a natural antioxidant used in the preservation of food and
drinks.[*”) In addition, It has previously been successfully used as a SED in water
splitting hydrogen generation.!**) The working mechanism for AA is shown in Fig. 1.4.
HA" is first oxidised to HA" ¥ which was quickly dissociates into A and H,[*>] After
that, A"disproportionate into dehydroascorbic acid A and ascorbate A%".[?% 361 One of
the most important reasons for choosing AA for the current research is its water
solubility, and thus it can be used in aqueous environments. Furthermore, unlike
traditional SEDs that require basic pH conditions, AA can work at neutral and acidic

pH values.
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Fig. 1.4. The mechanism of ascorbic acid degradation.

1.4. Hydrogen Production in TiO2 System
1.4.1. Introduction
In 1972, Fujishima and Honda demonstrated the first water-splitting hydrogen

generation system using TiO.. Following this pioneering research, TiO> has become the



most widely used semiconductor for water-splitting hydrogen generation.! It has many
attractive properties such as having high thermal and chemical stability, as well as being
cheap and non-toxic.*”!

The key technique in a water-splitting hydrogen generation system is the use of a
semiconductor. The electronic structure of a semiconductor is a crucial point in
photocatalytic water splitting. A semiconductor possesses a valence band and a
conduction band. The energy gap between the two energy levels is called the band gap
(Eg). Without excitation, both electrons and holes are in the VB level. When
semiconductors are excited by photons with an energy that is equal to or greater than
the band gap, electrons in the VB level receive the energy and are promoted to the
conduction band (CB) level.

The photo-generated electrons and holes can undergo recombination in bulk or on the
surface of the semiconductor very quickly, releasing energy in the form of heat or
photons. Unreacted electrons and holes on the surface of semiconductors can reduce
and oxidise the reactants adsorbed by the semiconductor, respectively. The reduction
reaction is the basic mechanism of photocatalytic hydrogen production.’” Therefore,
according to the mechanism, the VB level should be more positive than the water
oxidation level, while the CB level should be more negative than the reduction level

(Fig. 1.5).
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Fig. 1.5. Water-splitting mechanism for hydrogen production in TiO; system.

However, the photocatalytic water splitting for hydrogen production efficiency is still
not high enough because of the following reasons:!”!
(1) Rapid recombination of electron/hole pairs: electrons in the CB level can
recombine with holes in the VB level very quickly and can release energy in the
form of heat or photons.
(i1) Inability to utilise visible light: common semiconductors, such as TiO2, can
only utilise UV light, which accounts for only about 4% of the solar light.
To enhance the photocatalytic water splitting for hydrogen generation, continuous
efforts have been made to improve the photocatalytic activity. Adding sacrificial
electron donors,*® Pt loading,*”! dye sensitisation!*”) and other techniques have been

investigated and have proved useful for enhancing hydrogen production.



1.4.2. Techniques to enhance hydrogen production in TiO2 system
1.4.2.1. Platinum loading
Loading of noble metals, especially Pt and Au, are highly effective for enhancing the

[41-44] Bamwenda et al.*?! compared hydrogen

photocatalytic performance of TiOx.
production performance from a water/ethanol system using Au-loaded TiO: or Pt-
loaded TiO> as the photocatalyst. The result shows that Pt loading worked better than
Au loading for water-splitting hydrogen generation.

The electron trap mechanism is organized through the Schottky barrier formation (Fig.
1.6).1*9] The photo-generated electrons from the CB energy level of TiO, can easily
migrate to the metal via the Schottky barrier while the metal acts as an electron sink. -
8] Band bending at the semiconductor junction with the metal can occur due to electron

transfer.[*]

This phenomenon is the shifting of the energy band edges of the
semiconductor due to the electric field/charge transfer between the semiconductor and
the metal.®” Electrons are generally transferred from the material with a higher Fermi
level to one with a lower Fermi level until thermodynamic equilibrium is achieved.!**
The Fermi level of the metal is lower than that of TiO», and so electrons are transferred
from the latter to the former.*¥] Accumulated electrons on the metal particles can then
be transferred to protons adsorbed on the surface, which can reduce the electron—hole

recombination and thereby promote hydrogen production.!® 3!
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Fig.1.6. Schematic representation of electron transfer via Schottky barrier formation.

1.4.2.2.  Dye sensitisation

Another effective approach to extend the proportion of solar irradiation harvesting by
semiconductors is utilising a photosensitiser.l*! These absorb visible light and UV light,
and transfer energy to the semiconductor.l**) Moreover, a photosensitiser can increase
the lifetime of excited states of dyes by ensuring efficient charge separation, which can
enhance water-splitting hydrogen generation.>*!

Fig. 1.7 describes the mechanism of the water-spitting system with Ru(Il) dye as an
example. In the light-driven hydrogen generation reaction, the photosensitiser
undergoes photoexcitation under light irradiation, followed by electron injection into
the CB energy level of TiO.. The injected electrons move to the Pt nanoparticles loaded
on TiO», thereby reducing the protons to release hydrogen. The oxidised photosensitiser

is then reduced to the ground state by AA serving as a sacrificial electron donor.>¥l

10



P <N <3 H+
H2

Pt
1 article
TiO, P

Fig. 1.7. A schematic of hydrogen evolution from water using Pt-TiO> and a

Ru(II) complex photosensitiser under visible light.!>]

In general, high-performance photosensitizers require the following properties:!**

1. A broad absorption band and high molar extinction coefficient.

1i. Anchoring groups that can be bonded to the surface of TiO; to avoid dye

desorption and provide an efficient channel for electron injection.
iii. Suitable energy levels.

iv. High photochemical, electrochemical and thermal stability to avoid

unwanted degradation.

Metal-based photosensitizers such as cyclometalated Ru(II) or Ir(IIT) complexes, Zn(II)

11



porphyrins, and Pt(II) diimine dithiolates have shown promising results in light-

[40.56-601 Chanda et al.!®!! investigated zinc porphyrin@TiO> for

harvesting applications.
photocatalytic hydrogen production, and showed a satisfactory photocatalytic hydrogen
production result with the activity 0f9793.5 pmol g ' h™! with TEOA as SED. However,
the photocatalytic activity of Zn-porphyrin-sensitized TiO> was greatly affected by
factors such as the concentrations of Pt, electron donor, as well as the pH and
temperature of the suspension, which makes the system unsuitable for long-term
photocatalytic water splitting.[®!641 Zhu et al.[-*" reported a catalyst with Pt-porphyrin
nanoparticles that achieved the TON of 6311. However, the long-term stability of these
complexes acting as photosensitizers is not satisfactory (only 12 h) due to
decomposition after oxidation.[63-¢7]

In particular, Ru(Il) complexes are the most studied metal-based photosensitizers due
to intense light absorption along with a long-lived low-energy metal-to-ligand charge
transfer (MLCT) transition,® which enhances hydrogen generation from
photocatalytic water splitting.!®”) Moreover, Ir(Ill) cyclometalated complexes are

attracting attention because of their excellent ligand field stabilisation energy due to

their 5d valence shell,'®7!] which makes them stable in water-splitting systems.[”?!

1.4.2.2.1. Ru(Il) complexes attached to TiO: as photosensitizers
Shortly after Fujishima and Honda’s report of a water-splitting system with TiO2 photo-
anodes, the basis for artificial photosynthesis was investigated when [Ru(bpy);]** (Fig.

1.8, bpy = 2,2’-bipyridine) complexes were found to efficiently enhance hydrogen

12



production.[”® 741 Since then, related Ru(II) dyes, such as N3 and N719 (Fig. 1.8), have

been studied and have undergone rapid development.[>-7"]
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Fig. 1.8. Chemical structures of the (a) [Ru(bpy)s;]*" molecule, (b) N3 molecule and

(c) N719 molecule.

This type of photosensitiser possesses several attractive characteristics. First, it displays
a broad absorption of visible light.”®] Furthermore, their light absorption can be
controlled by varying the ligands.!”®-3%! Therefore, some of the most common dyes, such
as N3 and N719, have been successfully designed and synthesised based on the
template of ruthenium bipyridyl complexes.®!]

However, some of these Ru(II) dyes contain monodentate isothiocyanate ligands, which
are labile under thermal or light stress.[®?! To obtain kinetically inert photosensitizers,
isothiocyanate-free Ru(Il) complexes with bidentate-donating ligands are preferable.
On the other hand, these photocatalytic systems have relatively short lifetimes in
service.®3! There is still room for improvement and unlimited potential in the hydrogen
evolution performance of Ru-based photosensitizers. Efficient and stable Ru(Il)

photosensitizers are urgently required to accelerate the reaction rate for hydrogen

generation.
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1.4.2.2.2. Ir(III) complexes as photosensitizers attached onto TiO:

After the initial investigations into Ir(IIl) cyclometalated complexes [Ir(ppy)2(bpy)]
(ppy = 2-phenylpyridinato, bpy = 2,2'-bipyridine, Fig. 1.9.) by Bernhard et al.,[6% 84-86]
Ir(IIT) cyclometalated complexes have become attractive dyes, and different structures
have evolved.[®! Compared to other metal dyes that include first- and second-row
transition metals, Ir(IIl) cyclometalated complexes take on excellent ligand field
stabilisation energies in their 5d valence shell.l®® 7] Furthermore, the stability of Ir(III)
cyclometalated complex water-splitting systems can be enhanced by C”N ligands
because of metal-linked carbon c-donations that increase the electron density in the

metal centre.[% 871

Owing to their advantageous photophysical properties,
cyclometalated Ir(Ill) complexes have achieved widespread attention as
photosensitizers. 8!

However, Ir(IIl) cyclometalated complexes often suffer from weak visible light
absorbance, and visible light accounts for about 40% of the sunlight.33!) The

structures of Ir(Ill) cyclometalated complexes should be better designed to enhance

their hydrogen output.

Z— 55— Z

Fig. 1.9. Molecular structure of complex [Ir(ppy)2(bpy)]".



1.4.2.2.3. Anchoring groups in Ru(II) and Ir(III) dyes
The photosensitizer should possess anchoring group(s) to enable efficient
chemisorption onto a semiconductor. The nature of the anchoring group is important

[92. 931 a5 it affects the electronic

for determining the photocatalytic performance
communication between the dye and TiO,.*¥ Fig.1.10 presents the most common
anchoring groups, [2,2-bipyridine]-4,4 -dicarboxylic acid and tetraethyl [2,2-
bipyridine]-4,4 -diylbis(phosphonate). However, Ru(Il) and Ir(Ill) photosensitizers
with carboxylic acid anchoring groups are unstable under long-term photocatalytic

95]

operating conditions.”> Moreover, it has been reported that hydrolysis of the

carboxylate linkage sites inhibits the efficiency of electron transfer from the

(1) In this regard, linking the photosensitizer to the TiO> surface

photosensitizer to TiOx.
via phosphonate functional groups provides higher stability than via carboxylate

groups. 8!l
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Fig. 1.10. The molecular structure of [2,2 -bipyridine]-4,4 -dicarboxylic acid and

tetracthyl [2,2 -bipyridine]-4,4 -diylbis(phosphonate).

1.5. Hydrogen Production in CdS Nanorods Systems

15



Since the first water-splitting system for hydrogen production using a TiO; photoanode
in 1972, many catalytic systems have been developed.”***) However, in the majority
of these traditional molecular water-splitting systems, expensive noble metals such as
Ppt[100. 101] " RyyO1, 102, 103] 5 [4[104, 105] haye been used. Therefore, developing catalysts
based on earth-abundant metals to replace noble metals is of great interest.['%) Although
molecular catalysts comprising the first transition metal series, such as Nil!?7-116] zn[117-
191 and Cul!?%-122) are potential alternatives to noble metals, most of them have shown
relatively moderate activity in pure aqueous proton reduction systems.[!23-126]

On the other hand, it has been reported that cadmium sulphide (CdS) nanorods (NRs)
and CdS quantum dots (QDs) are highly efficient and robust photosensitizers for

[127-129] They possess larger light-absorption coefficients, more

photocatalytic systems.
tuneable optical and redox properties, a higher propensity for photo-induced electron
transfer, broader absorption across the visible light spectrum and relatively higher

s.[130: 1311 Voreover, the size of

photostability as compared to molecular photosensitizer
CdS NRs is easier to control than that of CdS QDs.['32! Hence, CdS NRs warrant further

exploration for their potential as water-splitting photosensitizers.

1.6. Hydrogen Production in Metal-Organic Cages Systems

Because of the rapid recombination of photo-generated electrons and holes, the
photocatalytic activity of the traditional water splitting for hydrogen production system
is limited and must be improved. Many attempts have been made to address this

limitation. Porous photocatalysts could suppress the electron—hole recombination due

16



[133] Therefore, metal-organic

to exposed active sites and accessibility to the substrate.
frameworks (MOFs) and covalent organic frameworks (COFs) were developed to
improve the activity of the catalysts.['**138 However, the carrier shell around the metal
complex reduces the flexibility and accessibility of the photocatalytic centre, which
may lower the catalytic activity.!3*! Therefore, it is urgent to develop stable metal-
complex catalysts without sacrificing their immanent high activity.

In recent years, metal-organic cages (MOCs) have been widely developed as inorganic

[140

clusters and organic connectors.'*”) The supramolecular assembly of predesigned

inorganic and organic building blocks is an excellent tool for constructing well-defined,
nanosized molecular vessels that catalyse special chemical transformations.!!4!-14%]
With individual nanostructures linked by weak interactions, MOCs acquire high
efficiency of photocatalytic activity.!!37- 144 193] Fyrthermore, the simple modification
properties make it convenient to combine catalyst centres with different organic
linkers.['** In addition, the discrete nature of MOCs provides an efficient way to
achieve higher catalytic activity and stability.

Recently, MOCs as heterogeneous catalysts have performed -effectively in
photocatalytic reactions.['*!*] Tn 2019, Su and co-workers reported MOC-16
(Fig.1.11), which showed outstanding photocatalytic efficiency and cyclic stability for
hydrogen evolution under visible-light irradiation with H-O/MeCN environment (about
32 mmol g ).1*1In 2022, Lv and co-workers described a series of MOC photocatalytic

systems (Fig.1.11) that showed high hydrogen production efficiency (6.423 mmol

h'g ' in 5 h for the best one, MOC-Q2).!'3% Hence, the potential application of MOCs

17



to water-splitting hydrogen generation warrants further exploration.

“
mpd T e 5 v |
W

MOC-Q2

[Pdg(RuL,)g?** Metal-organic cage
(MOC-16

Fig. 1.11. The chemical structures of (a) MOC-16, ['* (b) MOC-Q2!!5

1.7.  Scope of the Thesis

Since the first demonstration of a water-splitting system with TiO2 as the semiconductor,
Ru(Il) complexes as photosensitizers for Pt-TiO, water-splitting systems have been
designed and investigated. Ru(Il) complexes have shown impressive performance for
their potential applications in water-splitting systems because of their unusual MLCT
and unique photophysical properties.l”s 1! However, fully utilising the light-harvesting
abilities and stability of these photocatalytic systems remains a challenging task.['** To
improve water splitting for hydrogen production, a series of Ru(Il) complexes with
different ligands, such as isoquinoline or triphenylamine, which have been proven to
significantly increase the hydrogen-production efficiency during water splitting!!33-1%]

have been designed and explored. All these Ru(II) complexes have been used in water

splitting for hydrogen production experiments. The influence of different anchoring

18



groups, such as carboxylic acid anchors or phosphonate functional groups of Ru(Il)
complexes (Fig. 1.12) in hydrogen production, are also discussed in the thesis. With the
best Ru(Il) water-splitting system, after 236 hours of irradiation, an H» TON of up to

14 232 was recorded.

N

< = cyclometalating ligand
C

Fig. 1.12. Chemical structures of Ru(Il) complexes.

Compared to other metal dyes that include first- and second-row transition metals, Ir(III)
cyclometalated complexes possess excellent ligand field stabilisation energies with
their 5d valence shell.[®: 71 However, Ir(Il) cyclometalated complexes often suffer
from weak absorbance of visible light. Therefore, I synthesised a series of Ir(III)
complexes with different functional groups, such as triphenylamine or aldehyde, for the
104, 156, 157]

Pt-TiO, system, which showed satisfactory hydrogen production results.!

Different anchoring groups were designed to test the working efficiency of the water-

19



splitting system (Fig. 1.13). Most of the previous Ir(Ill) photosensitizers for
photocatalytic applications possess carboxylate acid anchors. However, these dyes may
have poor stability under photocatalytic operating conditions.['®) In this regard, the
linkage of the phosphonate functional group to the TiO; surface has been found to more

94,139 A respectable hydrogen

effective and stable than that of the carboxylate group.!
TON of 15 509 in a platinised TiO2 hydrogen-production system was demonstrated with

the best Ir(IIl) water-splitting system.

-z COOH

N
C = cyclometalating ligand
C

Fig. 1.13. Chemical structures of Ir(IIT) complexes.

In most traditional molecular water-splitting systems, expensive noble metals have
been used.!'% 1% Sych high costs may hinder the industrial application of those water-
splitting systems.l!> 191 CdS NRs systems, which have large light-absorption
coefficients, offer great potential.''®"! Research has been conducted on water-splitting

systems with CdS NRs and different earth-abundant metal complexes, particularly

20



Ni.l'®! Different electron-donating or -withdrawing ligands have been used on
templates of salen-type or salophen-type Schiff bases (Fig. 1.14) to determine the
physical and chemical properties of the earth-abundant metal complexes and their
water-splitting performance for hydrogen production. This study also examined the
effects of the size and aspect ratio of the CdS NRs on hydrogen production. A
photocatalytic system containing a metal-salophen complex based on nickel achieved
a steady and impressive catalytic activity with a TON of 57238 and a turnover

frequency (TOF) of 436.9 h™! over 131 hours under blue-light irradiation.

=N, N= =N, N= _ _
G OS50 D
o O S S o 0

Ar = none or aryl groups M = Ni, Zn, Cu

Fig. 1.14. Chemical structures of earth-abundant metal complexes.

MOCs, assembled from diverse inorganic structures and organic linkers, have recently
been in rapid development.['*”) Additionally, the catalytic properties of MOCs can be
tuned effectively with a proper structural design.['*! In order to ensure the efficient
production of Ha, the photocatalyst must possess a high charge transfer ability and
strong absorption of visible light.['* 147 Inspired by previous studies, 3% 149 two sets
of metal—organic cages build with triphenylamine or benzene as the framework

backbone with Ni or Co were designed and synthesised (Fig. 1.15). Their various water-
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splitting performances and physical and chemical characteristics are discussed in this

thesis.

.:CD or N1

Fig. 1.15. Representative chemical structures of metal organic cage.
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Chapter 2: Synthesis, Structures, Characterisations and Water-
Splitting Hydrogen Generation Experiments with Ruthenium(II)

Cyclometalated Complexes

2.1. Introduction

The first water-splitting system for hydrogen production that used a TiO2 photoanode
was reported in 1972 by Fujishima and Honda.!!! Following this pioneering research,
such systems have progressed dramatically.’”) Ruthenium(II) complexes such as
[Ru(bpy)s]?*,3-¢) N3[7l and N719%1% (Fig.2.1) are attractive for their potential
applications as photosensitizers in water-splitting systems due to their unusual metal-
to-ligand charge transitions (MLCT) and unique photophysical properties.[-¢ 1]
However, their light-harvesting ability in terms of efficacy when processing sunlight
remains a prevalent challenge since most of them can only utilise UV light, which
accounts for merely 5-7% of sunlight.*> 2l In addition, some Ru(II) dyes contain
monodentate isothiocyanate ligands, which are labile under thermal or light stress.!”]
Although isothiocyanate-free Ru(II) complexes with bidentate donating ligands are
preferable for obtaining kinetically inert photosensitizers, they have relatively short
lifetimes.!'¥] Hence, there is still room for improvement and unlimited potential in their
hydrogen evolution reaction performance. Efficient and stable Ru(II) photosensitizers

are urgently required to accelerate the reaction rate for hydrogen generation.
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Fig. 2.1. Chemical structures of the (a) [Ru(bpy)s3]*>* molecule, (b) N3 molecule and

(c) N719 molecule.

The recent development of Ru(Il) photosensitizers has been focused on the structural
modification by using cyclometalating and ancillary ligands to alter their photophysical
and electrochemical properties.l* 13! Their light-harvesting ability, electron injection
efficiency and durability can be improved through judicious selection of chromophores
and careful design of their molecular architecture. Thiophene rings with peculiar
structural and electronic properties are widely used in photocatalysts.['®! Thiophene has
lower resonance energy than benzenel!”! because its m-excessive heteroaromatic five-
membered ring aids charge transfer between the donors and acceptors.['¥2% Therefore,
thiophene-based ligands are commonly used in the design of dyes for water-splitting
hydrogen generation.[*!! Furthermore, introducing pyridine functional groups causes
the absorption spectrum to redshift slightly, which can improve the absorption of light
in the visible region and increase hydrogen generation.!*> 23! Isoquinoline functional
groups have also been extensively applied in dyes for water-splitting reactions because

24-26

of their remarkable charge transfer ability.?*?%) Researchers have shown that the highly

extended and polarisable m system in isoquinoline functional groups can greatly
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increase hydrogen-production efficiency during water-splitting.l>”2! An appropriate
donor on the cyclometalating ligands of Ru(II) photosensitizers leads to a better spectral
response and faster charge injection efficiency, consequentially improving their
performance for photocatalytic hydrogen generation.*®! Among various electron-
donating moieties, triphenylamine (TPA) is one of the most popular, and its subsequent
modification is desirable.*" **) In addition, TPA is an effective hole-transporting
chromophore that can increase the charge-separated state lifetime by delocalising the
generated cation over a planar amine unit, therefore, the stabilities and performance of
their photocatalytic applications can be improved.[*> ** These discoveries provide an
attractive opportunity to develop highly efficient dyes for water-splitting systems.

On the other hand, a photosensitizer requires anchoring groups to enable efficient
chemisorption onto a mesoporous oxide such as TiO,. The nature of the anchoring

361 a5 it affects electronic

group is an important factor in photocatalysisi®>
communication between the dye and the TiO, semiconductor.*” Although carboxylic
acid anchors have been used in most Ru(Il) photosensitizers so far, their use can incur
instability during long-term photocatalysis.!*3 Since the hydrolysing characteristic of
the carboxylate linking site inhibits the efficiency of electron transfer from the Ru(II)
complex to TiO,,**! the phosphonate functional group has been used instead, which has
been shown to improve stability.**!

In the present study, a new series of Ru(Il) complexes (Fig. 2.2) with different

functional groups were designed with the goal of increasing hydrogen production;

either 4,4’ -dicarboxylic acid-2,2" -bipyridine or tetracthyl[2, 2" -bipyridine]-4,4" -
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diylbis(phosphonate) were used to anchor to TiO.. Moreover, the photophysical and
electrochemical properties of the new cyclometalated Ru(Il) complexes along with
their photocatalytic performance for hydrogen production via water-splitting were
studied. Herein, the relationship between the anchoring groups and their hydrogen-

production activities is also discussed.
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PF,

PF,

Fig. 2.2. The chemical structures of Ru(Il) dyes Rul-Rul0.

2.2. Synthesis

2.2.1. Synthesis of C*N ligands for the Ru(II) complexes

These were prepared by using the classical Suzuki reaction. C*N ligands were obtained
from different boronic acids containing the corresponding bromo- or chloro-

substituents starting in tetrahydrofuran solution with 2M K>COj3 solution and Pd(PPh3)a.
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The synthetic pathways are shown in Scheme 2.1.
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Scheme 2.1. Synthetic pathways for the C*N ligands.

2.2.2. Synthesis of the Ru(II) complexes

The synthetic routes for the Ru(Il) photosensitizers are depicted in Scheme 2.2. All of
the dyes are composed of a Ru(Il) metal centre coordinated with one C"N
cyclometalating ligand and two 2,2'-bipyridine-4,4'-dicarboxylic acid or tetraethyl[2,2'-
bipyridine]-4,4'-diylbis(phosphonate) N*N ancillary ligands as anchoring groups.
Preparation of the target Ru(Il) dyes involved two steps.[*”) [RuCly(p-cymene)], was
first reacted with the corresponding C"N ligand to yield [Ru(C*N)(MeCN)4]PFs, which
was then treated with the corresponding N*N ancillary ligands to obtain final products

Rul to Rul0. All of the complexes prepared in this study are stable as solids in air.
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Scheme 2.2. Synthetic pathways for the Ru(Il) complexes.

2.3. Spectroscopic Characterisation

All of the organic C*N ligands show characteristic 'H NMR spectra and indicate a clear
structure for each compound. For example, Fig. 2.3 shows a '"H NMR spectrum of L3
with the signal at approximately 8.58 ppm being attributed to the ortho proton of

isoquinoline.!”]
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Fig. 2.3. '"H NMR spectrum of L3 in CDCl;.

Because the solubility of the final Ru(Il) complexes are not enough for '*C NMR, only

13C NMR data for C*N complexes could be obtained. The carbon NMR spectra show

the structures. For example, Fig. 2.4 exhibits a '*C NMR spectrum of L2.
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Fig. 2.4. 3C NMR spectrum of L2 in CDCls.

The Ru(Il) complexes were also characterised by using '"H NMR spectroscopy. All of
the aromatic protons in the 'H NMR spectra of Rul to Rul0 were chemically unique
due to a lack of molecular symmetry, indicating that the two N*N ligands in them were
magnetically non-equivalent. Fig. 2.5 shows an NMR spectrum of Ru8 as an example.

These results preview the anticipated structure of those metal complexes.
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Fig. 2.5. '"H NMR spectrum of Ru8 in MeOD.

2.4. Mass Spectrum Characterisation

Liquid chromatography-electrospray ionisation quadrupole-time of flight (LC-ESI-Q-

TOF) mass spectrometry was used to analyse the C*N ligand and the final products.

For example, Figs. 2.6 and 2.7 show the MS results for L2 and Ru8, respectively. The

main peaks of MS results match with the molecular ion peaks, indicating the correct

synthesized of each compound.
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Fig. 2.7. MS results for Ru8.

2.5. Photophysical Properties

The photophysical properties of all of the Ru(Il) dyes in MeOH were studied. Their
UV/Vis absorption spectra are shown in Fig. 2.8 and Fig. 2.9 and the corresponding
characteristic spectral data are tabulated in Table 2.1. In general, the absorption spectra
of all of the dyes are dominated by an intense UV band at around 300 nm, which is
attributed to the ligand-centred (LC) m-to-m* transitions of the ligands.*!! Broad
absorption bands that are characteristic of metal-to-ligand charge transfer (MLCT)
transitions can be seen in the visible region./**) The lowest energy MLCT bands for all
of the complexes were red-shifted from those of classical Ru(Il) dyes [Ru(bpy)s**]
(Amax = 454 nm)**! and N719 (Amax = 500 nm),[** which was attributed to the presence
of electron donors with extended n-conjugation in the C*N ligand and the directionality

of the excited state obtained by perfectly tuning the ligand highest occupied molecular
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orbital (HOMO) energy level via donating groups in the dyes.[**! As the € of the dye in
the visible region serves as one of the key factors in determining the light-harvesting
capacity of the photosensitizer in photocatalytic hydrogen generation, the € of the
ruthenium(Il) complexes were measured. All of which were higher than that of
[Ru(bpy)3]** *®! and N719,1-1% which indicates that the light-harvesting capabilities of
the photosensitizers in the present study are better. Noteworthily, the effect of anchoring

groups on the absorption properties of the Ru(Il) dyes was marginal.[3% 36 3% 47-49]

Fig. 2.8 presents the absorption spectra of Rul to Ru4, the corresponding data for
which are summarised in Table 2.1. Both spectra of Ru3 and Ru4 exhibit slight red
shifting and marginally higher € values compared to Rul and Ru2, respectively, due to
the introduction of the electron-withdrawing trifluoro functional group in the C*"N

ligand, which can enhance electron mobility.!>"
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Fig. 2.8. UV/Vis absorption spectra of Rul to Ru4 in MeOH at 293 K.

Fig. 2.9 presents the absorption peaks of Ru5 to Rul0, the corresponding data for
which are summarised in Table 2.1. The enhanced ¢ value in the visible region is likely
due to the presence of a strong 6-donating C"N ligand, especially for those bearing TPA
functionalities (Ru7 to Rul0). The extended n-conjugation guaranteed by the electron-
donating TPA group in Ru(Il) dyes results in broader absorption spectra with higher &
values compared to Ru5 and Ru6 at approximately 400 to 650 nm.">!-*%! One of the
generally accepted criteria for an ideal photosensitizer for photocatalytic applications
is that the material should have strong absorption with a high ¢ value at a longer
wavelength. Given that the incorporated TPA moiety enhanced photocatalytic hydrogen
generation of the dye, Ru9 and Ru10 exhibited slight red shifting compared to Ru7 and
Ru8 because of the isoquinoline in the C"N ligand containing extended -

conjugation,’®’- 38 which can enhance water-splitting hydrogen generation.
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Fig. 2.9. UV/Vis absorption spectra of Ru5 to Rul0 in MeOH at 293 K.

Table 2.1. UV/Vis absorption parameter values of Rul to Rul0 in MeOH at 293 K.

Dye Jmax /nm (¢ /103 M em™) Aonset /NM
Rul 310 (2.55), 381 (0.70), 519 (0.73) 610
Ru2 305 (2.56),376 (0.71), 515 (0.72) 604
Ru3 313 (2.33), 394 (0.78), 533 (0.78) 642
Rud 311 (2.63), 386 (0.77), 522 (0.79) 628
Ru5 309 (2.72), 352 (0.88), 437 (0.71), 500 (0.70), 562 (0.62) 658
Ru6 306 (2.74), 346 (0.85), 429 (0.75), 501 (0.62), 577 (0.54) 634
Ru7 304 (2.74), 383 (1.51), 521 (0.80), 588 (0.52) 730
Ru8 308 (2.71), 388 (1.45), 492 (0.81), 582 (0.54) 709
Ru6 308 (2.78), 393 (1.39), 503 (0.81), 578 (0.51) 773
Rul0 308 (2.79), 381 (1.50), 509 (0.80), 582 (0.49) 734

2.6. Density Functional Theory Calculations
The DFT calculation for four selective Ru(Il) dyes have been calculated. DFT was
computed with the CAM-B3LYP functional for all the ruthenium(II) complexes, which

provide an insight into the electron injection from the photoexcited dye into the TiO>
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for hydrogen generation. In this type of ruthenium(II) complex, the 4d ruthenium center
is surrounded by two pairs of nitrogen atoms of bipyridines with one carbon and one
nitrogen atom of C”N ligand. Such a configuration would be of great help for
photoexcitations and electronic transitions. Usually, the primary photoexcitation in the
visible region occurs from the transfer of one of the transition-metal d electrons to an
unoccupied ©* molecular orbital (MO) of the conjugated ligands, coupled with the
transition from the ground state to an excited state favoring the MLCT. A detailed
analysis of the HOMOs and LUMOs of all the ruthenium-based complexes by DFT is

obtained.

Table 2.2. Calculated HOMO, LUMO, energy gap (AE) of the ruthenium(II)

complexes. All values were calculated in eV.

Compounds HOMO LUMO AE
Ru5 -5.76 —2.94 2.82
Ru6 -5.73 —2.78 2.95
Ru9 -5.44 —2.94 2.50

Rul0 -5.43 —2.75 2.68
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Fig. 2.10. Frontier molecular orbitals of Ru5, Ru6, Ru9 and Rul0 calculated at the

CAM-B3LYP functional.

Generally, the orbital contributions of the HOMOs and LUMOs for these complexes
are similar (Fig. 2.10). Analysis of the orbital diagrams indicates that the HOMOs are

largely composed of & orbitals of C*N ligands and the ruthenium metal system, while
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the LUMOs are delocalized over the carboxylic or phosphonate unit through bipyridine.
As for the calculated HOMO energy levels, the orbital energies vary from —5.76 to —
5.44 eV for Ru5 to Ru9 (from —5.73 to —5.43 eV for Ru6 to Rul0), showing that the
addition of the TPA donor group attached to thiophene moiety affects the composition
of the HOMO remarkably. The electron-donating ability of the TPA functional group
of C*N ligand in complexes Ru9 and RulQ extends the conjugation range, which
elevates the HOMO energy and lessens the HOMO-LUMO gap from 2.82 eV of Ru$§
to 2.50 ¢V of Ru9 and 2.95 eV of Rué6 to 2.68 ¢V of Rul0, which coincides with the
experimental results. On the other hand, similar LUMO orbital energy levels are
observed for the ruthenium(II) complexes bearing the same anchoring group, which are
consistent with the conclusion that LUMOs are delocalized over the carboxylic or
phosphonate unit. Molecular-orbital calculations of these dyes strongly suggest that the
electrons move from the C*N ligand to the carboxylic or phosphonate moiety through
photoexcitation of the dye and are injected into the conduction band of TiO> via the
anchoring groups. Accordingly, the changes in the electron distribution induced by
photoexcitation result in efficient charge separation. Those computational results match

well with their electrochemical data.

2.7. Electrochemical Properties

Apart from the light-harvesting ability, proper energy gaps between the ruthenium(II)

dyes and the semiconductor TiO, and sacrificial electron donor are essential for
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hydrogen generation via water-splitting. If the lowest unoccupied molecular orbital of
the ruthenium(Il) dye is more positive than that of the conduction band of the
semiconductor while the corresponding highest occupied molecular orbital is more
negative than that of the SED, then the electron injection and charge separation are
more efficient.’”) Cyclic voltammetry (CV) experimentation using the ruthenium(II)
dyes was performed on thin films in a conventional three-electrode configuration
system, wherein a glassy carbon electrode functioned as the working electrode,
platinum wire as the counter electrode and an Ag/AgCl electrode functioned as the
reference electrode. The measurements were performed in acetonitrile containing 0.1
M tetrabutylammonium hexafluorophosphate at a scan rate of 100 mV s!'. The

corresponding electrochemical behaviours of the dyes are recorded in Table 2.3.

Table 2.3. Electrochemical data and energy levels of Rul—Rul0.

Dye EM™ /V  Euomo™/eV  EM/eV  Enl?/v Erumo Y /eV
Rul 1.22 —5.54 2.03 —0.81 -3.51
Ru2 1.17 —5.50 2.06 —0.89 —3.44
Ru3  0.85 —5.42 1.93 -1.08 —3.49
Rud4 0.74 —5.40 1.97 -1.23 -3.43
Ru5  0.60 —5.40 1.88 -1.28 -3.52
Ru6 0.59 -5.39 1.96 -1.37 -3.43
Ru7 091 -5.21 1.70 —0.79 -3.51
Ru8 0.90 -5.20 1.75 —0.85 —3.45
Ru9 0.31 -5.11 1.60 -1.29 -3.51
Rul0 0.29 —5.09 1.69 -1.40 —3.40

[a] Calculated from —(E§2* + 4.8). [b] The energy bandgap (Eg) was determined from

the onset of absorption. [c] Eoxx = EJ2* — Eq. [d] ELumo = Enomo + Es.

From the CV results, the conduction band edge level of semiconductor TiO2 (—4.4 eV)
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was more negative than that of the ELumo levels of all of the Ru(Il) dyes (ranging from

—3.40 to —3.52 eV), thereby enabling efficient electron injection for light-driven Ha

generation.!®” On the other hand, the Enomo levels of Rul to Rul0 were between —5.09

and —5.54 eV, which are more negative than the redox potential level of ascorbic acid

(AA) (—4.65 eV, pH ~ 4) used as a SED in the water-splitting experiments. This allowed

effective dye regeneration from the SED.[®)  Thus, the energy levels of all of the Ru(II)
dyes meet the requirements for effective electron injection and charge separation, thus

highlighting their attractiveness for hydrogen generation via water-splitting.

According to previous research, HOMO energy levels are located at the Ru centre and

on cyclometalating C"N ligands and can be easily adjusted. Meanwhile, LUMO energy

levels are distributed across the anchoring N*N groups.[!! Compared with Rul and

Ru2, the HOMO levels of Ru3 and Ru4 are more positive due to the presence of
trifluoromethyl groups on the cyclometalating ligand impoverishing the electron

density and largely stabilising the HOMO level.[>*] Moreover, the HOMO levels of
Ru5 and Ru6 are more positive than those of Rul and Ru2 as a result of introduction

of the extended m-conjugation isoquinoline functional group in the C*N ligand.[*! The

HOMO destabilisation was expected with the introduction of strong electron-donating

TPA groups in the C*N ligands of Ru7 to Rul0, which affected the electronic properties

of the metal centre and reduced their HOMO-LUMO gaps.[®® Phosphonic acid

anchoring groups in Ru(II) dyes cause cathodic shifts of the C*N ligand reductions!*”
871 and also provide stronger chemical linking to the TiO; surface,*> 3% 7681 which tunes

the LUMO energy level and enhances water-splitting hydrogen generation.
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2.8. Electrochemical Impedance Spectroscopy

To further investigate the charge recombination properties of our dyes, electrochemical
impedance spectroscopy (EIS) for selective Ru(Il) dyes was employed.l®> 7 The
measurements were conducted on an electrochemical workstation according to the
previous work.[® 7 Ag/AgCl was served as reference electrode with the platinum
electrode as a counter electrode, 0.5 M NaxSOg solution as electrolyte and fluorine-
doped tin oxide glass (FTO) with the attachment of ruthenium(II) dyes as the working
electrode. The EIS Nyquist plot for all the ruthenium(II) dyes is shown in Fig. 2.11. It
is well known that the smaller arc radius of the Nyquist plot indicates lower electric
charge transfer resistance in the samples, which may lead to better hydrogen production
performance.[%®7?1 Overall, the arc radius of Ru9 and Rul0 was smaller than that of
Ru5 and Ru6, which suggest of better transfer of charge carriers of the former dyes,!”*!
due to the presence of the TPA moiety in their ligands.[*! The results match well with

the water-splitting hydrogen production performance.
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Fig. 2.11. EIS Nyquist plot for RuS, Ru6, Ru9 and Ru10.

2.9. Light-Driven Hydrogen Generation with Ru(II) Dyes @Pt-TiO:

The photocatalytic hydrogen production via water-splitting by using Ru(II) dyes as
photosensitizers were carried out. The detailed procedure for the preparation of the
platinized TiO,, the attachment of Ru(Il) dyes onto the platinized TiO», and

photocatalytic water-splitting reaction studies are described as below and in Chapter

2.9.1. Calibration curve
Various of proportions of hydrogen and methane were used to plot the calibration curve
obtained the area ratio obtained from gas chromatography (GC, Agilent 6890 Series GC

System with a molecular sieve 5 A column and thermal conductivity detector). Fig.
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2.12 presents the calibration curve. The relationship between the signal area ratio
(H2/CH4) and amount of H» produced is y = 0.4473x with Correlation Coefficient

0.9978.

Hydrogen Calibration Curve
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Fig. 2.12. Calibration plot of the signal ratio (H2/CH4) vs. amount of H> obtained from

GC analysis.

2.9.2. Preparation of platinized TiO:

To a one-neck round bottom flask containing 1.6 g of titanium oxide powder (anatase,
<25 nm particle size, 99.7% trace metals basis, Sigma-Aldrich) and 0.1 mL of H2PtCls
aqueous solution (8 wt%), 40 mL MeOH was added. The reaction mixture was then
subjected to radiation by a 300 W Hg lamp (HF300PD, EYE Lighting) for 24 h with
stirring. The mixture was undergone centrifugation at 4000 rpm for 5 minutes and the
solid obtained was washed with MeOH three times. The remaining solid was dried

under vacuum in darkness overnight. The ICP-OES analysis have been performed and
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the results have been shown in Table 2.4 and Table 2.5. From the ICP-OES results, it
can be found that the Pt nanoparticles was almost completely attached to the TiO».
Furthermore, we have conducted the TEM characterization of Pt-TiO> (Fig. 2.13). As
the TEM images of Pt-TiO> suggest, Pt nanoparticles were loaded uniformly on the

TiO> nanoparticle surface.”!

Table 2.4. ICP-OES analysis result of the intensity for standard solution.

Label Std Conc. intensity
Blank 0 2.7104
Standard 1 2.825 36.6453
Standard 2 5.650 70.4079
Standard 3 8.475 110.6560
Standard 4 11.300 143.3450

The relationship between the intensity and concentration is y = 12.5 x + 2.4 with

Correlation Coefficient: 0.9995

Table 2.5. ICP-OES analysis result of the intensity for before and after Pt loading.

Label Int. (¢/s) Calc Conc. Units
Before 62.1622 4.76143 ppm
After 2.6553 0.020483 ppm
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Fig. 2.13. TEM images of Pt—TiO,.

2.9.3. Adsorption of ruthenium(Il) photosensitizer onto platinized TiO2

To a centrifuge tube containing 20 mg of Pt-TiO», 2.5 mL of 50 uM photosensitizer in
MeOH solution was added, and the mixture was then sonicated for 30 mins. The
solution was decolorized and became clear gradually (Fig. 2.14), while the grey color
solid was changed to pink (Fig. 2.15). The tube was centrifuged at 4000 rpm for 15
mins and the liquid layer was removed by a dropper. The remaining solid was dried in
darkness overnight. The whole dried pellet was directly utilized in the photocatalytic
reaction. The dye-loading percentage was estimated by comparing the absorbance of
the absorption peaks between the supernatant and the original photosensitizer solution
at low energy region. Fig. 2.16 presents the UV-Vis spectrum of Rul before and after

dye loading. It was found to be completely attached to the platinized TiO».
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Fig. 2.14. Rul solution (in MeOH) before (left) and after (right) dye loading.

Fig. 2.15. Pt-TiO2 before (left) and after (right) dye loading.
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Fig. 2.16. UV/Vis absorption spectra of Rul before and after dye loading in MeOH

solution at 293 K.

2.9.4. Light-driven H2 production experiment

To a one-neck pear-shaped round bottom flask containing the dye-adsorbed platinized
TiO2, 5 mL of 0.5 M of AA (pH = 4) was added as the hole scavenger. The flask was
then sealed by rubber septa and was purged with a mixture of argon/methane (80:20
mol%) for 15 mins. The methane present in the gas mixture was served as an internal
standard for GC analysis of each experiment. The flask was steadily stirred and
continuously radiated from the bottom with green (ca. 520 nm) or blue (ca. 470 nm)
light-emitting diodes inside a just-fit container, which blocks the stray light from the
environment. The light power was measured using a thermal sensor and power meter
(Model: BIM-7203-0100F & BIM-7001; Hangzhou Brolight Technology Co., Ltd.) and

estimated to be 50 mW for each reaction. The produced hydrogen was measured by GC
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(Agilent 6890 Series GC System with a molecular sieve 5 A column and thermal
conductivity detector) at different time points from the headspace of reaction mixtures
and was quantified using a calibration plot of the integrated amount of hydrogen relative
to the methane. The LED radiation is assumed to be monochromatic at emission

intensity maximum (470 nm and 520 nm for blue and green LEDs, respectively)

2.9.5. Common parameters

There are various common parameters in the photocatalytic water splitting hydrogen
generation experiment, such as turnover number (TON), turnover frequency (TOF),
initial photocatalytic activity (activityi), and apparent quantum yield percentage

(AQY%), which are introduced below.

(1). Turnover Number (TON)
Turnover number (TON) for Light-driven H> production is usually defined by twice of

the number of reacted molecules to that of an active site,!”®! as given by equation below.

2 X Number of reacted molecules
TON =

Number of active sites

(i1). Turnover Frequency (TOF)
Similarly, the turnover frequency (TOF) for is described as the number of reacted

molecules per hour to that of an active site,[’’ as shown by equation below.
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TON 2 X Number of reacted molecules per hour
TOF = —— or TOF = E

Time Number of active sites

(ii1). Initial Photocatalytic Activity (activity;)
Initial photocatalytic activity (activityi) is defined as the number of micromoles of H>

evolved per gram of platinum loaded per hour,!”) as given by equation below.

Number of micromoles of H, evolved per hour

Initial Photocatalytic Activity =
fihal Fhotocatalytic Activity Number of gram of platinum loaded

(iv). Apparent Quantum Yield Percentage (AQY %)

Apparent quantum yield percentage (AQY%) is calculated as twice of the rate of

hydrogen production to that of incident photons,”*! as given by equation below.

2 x Rate of hydrogen production

AQY% = x 100%

Rate of incident photons

2.9.6. Light-driven Hz production result studies

The hydrogen generation curves (vs time) for each sample are shown in Fig. 2.17 to
Fig. 2.20. The corresponding data are presented in Tables 2.6-2.9.

In this setting, the photosensitizer undergoes photoexcitation under light irradiation,
followed by electron injection to the conduction band energy level of TiO. The injected
electrons move to Pt nanoparticles loaded on the TiO», thereby reducing protons to

release H,. The oxidised photosensitizer is then reduced by a SED to the ground state.®!
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Fig. 2.17. Photocatalytic H> generation curves of Rul-Ru4@Pt-TiO2 under blue LED
irradiation (50 mW).

25

Ru5@Pt-TiO,
Ru6@Pt-TiO,
Ru7@Pt-TiO,
Ru8@Pt-TiO,
Ru9@Pt-TiO,
15 7 Rul0@Pt-TiO,

20

H, (mL)

10

0 T T T T T T T T T T T T
0 50 100 150 200 250 300

Time (h)

Fig. 2.18. Photocatalytic H> generation curves of Ru5—-Rul0@Pt-TiOz under blue
LED irradiation (50 mW).
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Fig. 2.19. Photocatalytic H> generation curves of Rul-Ru4@Pt-TiO2 under green

LED irradiation (50 mW).
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Fig. 2.20. Photocatalytic H> generation curves of Ru5—-Rul0@Pt-TiO2 under green
LED irradiation (50 mW).
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Table 2.6. Photocatalytic H> generation data with different ruthenium(Il) dyes attached

on platinized TiO2 (Rul-Ru4@Pt-TiO2) under blue light irradiation.

Dye Time H, TONE  TOFP®  TOFi Activityil¥  AQY%!®

/h /mL /h! /h! /umol g ' h!
Rul 120 2.2 1456 12.2 81.1 50656 0.70
Ru2 120 25 1655 13.8 96.3 60162 0.80
Ru3 120 1.2 789 3.4 22.7 14183 0.38
Ru4 120 1.9 1209 10.1 66.5 41570 0.58

[a] Turnover number (TON) of H> was calculated as twice of the number of moles of
H> produced over the number of moles of PS attached to platinized TiO,. [b] Turnover
frequency (TOF) was calculated per hour. [c] Initial turnover frequency (TOF;) in the
first 5 h. [d] Initial photocatalytic activity (Activityi) is defined as the number of
micromoles of H evolved per gram of platinum loaded per hour. [e] Apparent quantum
yield percentage (AQY%).

Table 2.7. Photocatalytic H> generation data with different ruthenium(Il) dyes attached

on platinized TiO2 (Ru5—Rul0@Pt-TiO2) under blue light irradiation.

Dye Time H, TONBE  TOFP  TOFc Activityil¥  AQY%!®

/h  /mL /h7! /h7! /umol g! h!
Ru5 236 6.6 4,290 18.2 223.3 139,563 1.04
Ru6 236  15.0 9,813 41.6 441.5 275,921 2.38
Ru7 236 157 10,245 43.4 457.3 285,837 2.48
Ru8 236 16.5 10,795 45.7 504.3 315,163 2.60
Ru9 236 16.7 10,922 46.3 547.3 342,041 2.63
Rul0 236 21.8 14,232 60.3 551.2 344,490 3.44

[a] Turnover number (TON) of H, was calculated as twice of the number of moles of
H; produced over the number of moles of PS attached to platinized TiO.. [b] Turnover
frequency (TOF) was calculated per hour. [c] Initial turnover frequency (TOF;) in the
first 5 h. [d] Initial photocatalytic activity (Activity;) is defined as the number of
micromoles of H> evolved per gram of platinum loaded per hour. [e] Apparent quantum
yield percentage (AQY%).
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Table 2.8. Photocatalytic H> generation data with different ruthenium(Il) dyes attached

on platinized TiOz (Rul-Ru4@Pt-TiOz) under green light irradiation.

Dye Time H> TONE  TOFP®  TOFi Activityil¥  AQY%!®

/h /mL /h! /h! /umol g ' h!
Rul 105 0.5 323 3.1 9.3 5805 0.18
Ru2 105 0.9 589 5.6 32.8 20495 0.32
Ru3 105 0.9 599 5.7 39.7 24775 0.32
Ru4 105 1.1 729 7.0 69.1 43166 0.39

[a] Turnover number (TON) of H> was calculated as twice of the number of moles of
H> produced over the number of moles of PS attached to platinized TiO,. [b] Turnover
frequency (TOF) was calculated per hour. [c] Initial turnover frequency (TOF;) in the
first 5 h. [d] Initial photocatalytic activity (Activityi) is defined as the number of
micromoles of H evolved per gram of platinum loaded per hour. [e] Apparent quantum
yield percentage (AQY%).

Table 2.9. Photocatalytic H> generation data with different ruthenium(Il) dyes attached

on platinized TiOz (Ru5-Rul0@Pt-TiO2) under green light irradiation.

Dye Time H, TONBE  TOFP  TOFc Activityil¥  AQY%!®

/h  /mL /h7! /h7! /umol g! h!
Ru5 184 2.7 1732 9.4 153.1 95654 0.54
Ru6 184 8.8 5754 31.3 227.5 142199 1.75
Ru7 184 8.9 5808 31.6 247.6 154759 1.77
Ru8 184 9.0 5891 32.0 250.1 156325 1.79
Ru9 184 9.3 6090 33.1 252.4 157758 1.85
Rul0 184 114 7409 40.3 304.2 190119 2.27

[a] Turnover number (TON) of H> was calculated as twice of the number of moles of
H; produced over the number of moles of PS attached to platinized TiO.. [b] Turnover
frequency (TOF) was calculated per hour. [c] Initial turnover frequency (TOF;) in the
first 5 h. [d] Initial photocatalytic activity (Activity;) is defined as the number of
micromoles of H> evolved per gram of platinum loaded per hour. [e] Apparent quantum
yield percentage (AQY%).

Under irradiation with green or blue LED, all of the dyes promoted hydrogen
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production via photocatalytic water-splitting. The amount of hydrogen produced under
blue light irradiation (450-500 nm) was much greater than that under green light
irradiation (495-570 nm) which may be attributed to the higher light-absorbing ability
of these dyes in the blue light region than in the green (Fig. 2.8 and Fig. 2.9). The
Rul0@Pt-TiO2 system exhibited the highest hydrogen generation activity under both
blue and green light irradiation (TONs of 14,232 and 7,409, respectively), while
Ru9@Pt-TiO: also provided attractive results (TONs of 10,922 and 6,090,
respectively). All of the dyes had higher hydrogen generation than those previously
reported for Ru(Il)-based dyes [Ru(bpy)s]**®! and N719,8-1% which was probably due
to their improved light-harvesting abilities with a broader absorption range and
enhanced e.

Compared with Rul@Pt-TiO2 and Ru2@Pt-TiO2, Ru3@Pt-TiO2 and Ru4@Pt—
TiOz2 have one trifluoromethyl group in the pyridine group, which is a strong electron-
withdrawing group that makes the electron injection step slower because of the weak
charge pushing effect,®!! thereby lowering the hydrogen-production volumes and TON
values. Indeed, Ru(Il) dyes with the isoquinoline functional group, such as RuS@Pt—
TiO2 and Ru6@Pt-TiO2, achieved higher hydrogen generation than those with the
pyridine functional group, such as Rul@Pt-TiOz2and Ru2@Pt-TiOx2, since the former
dyes are more effective for charge transfer.!** 26821 Moreover, the Ru(II) dyes with the
TPA functional group as a photosensitizer (e.g., Ru9@Pt-TiO2 and Rul0@Pt-TiOz)
were more effective in promoting hydrogen generation than those without it (e.g.,

Ru5@Pt-TiO: and Ru6@Pt-Ti02). Hence, strong electron-donating TPA coupled
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with electron-withdrawing isoquinoline through n-linker thiophene effectively induced
intramolecular charge transfer (ICT) ability with high molar extinction coefficients,
which improved hydrogen production.[®* 841

Ru(Il) dyes bearing phosphonate anchoring groups were more effective in promoting
hydrogen production than those with carboxylate ones because the former bound more
strongly to the TiO, semiconductor.*> 31 Similar results have also been reported in the
literature.[®® In addition, by comparing the photocatalytic reaction mixture of
Rul0@Pt-TiO2 before and after the irradiation (Figs. 2.21), the TiO> composite
material still remained the original color and the AA aqueous solution changed from
colorless to pale yellow due to the presence of dehydroascorbic acid (DHA) resulting
from the dye-regeneration reaction. This indicated that issues regarding dye desorption
and photobleaching of PS were not observed in our case.!® In combination with the H,

generation curve, it is reasonable to expect the photocatalytic system with Rul0@Pt—

TiOz is still highly active even under a longer duration of illumination.

Fig. 2.21. (A) TiO> composite material with Rul0 before (left) and after (right)

irradiation. (B) AA aqueous solution before (right) and after (left) irradiation.

65



We have also performed the photocatalytic water-splitting experiments for N3 and
N719, in which N3 and N719 are ruthenium complexes containing thiocyanate groups.
The experimental results are shown in Fig. 2.22 and Table 2.10. From the results, the
photocatalytic hydrogen generation of our new complexes are more efficient with
higher stability than that of the ruthenium complexes containing thiocyanate groups.
Furthermore, we revisited the literatures and sorted out the performance data of similar
Ru complexes as Table 2.11. Compared with the reported literatures, our complexes,
especially Rul0, shows a significant improvement in light-driven hydrogen evolution.
These results also indicate that the thiocyanate-free cyclometalated ruthenium(II)

complexes are promising candidate for highly stable photocatalytic application.
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Fig. 2.22. Photocatalytic H> generation curves of N3 and N719 under blue LED
irradiation (50 mW).
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Table 2.10. Photocatalytic H> generation data with N3 and N719 under blue light

irradiation.

Dye Time H, TONBE  TOFP!  TOFc Activity  AQY;%!!

/h  /mL /h7! /h7! /umol g ! h!
N3 63 1.69 1100 17.5 87.5 54693 1.00
N719 63 1.71 1120 17.7 88.8 55510 1.01

[a] Turnover number (TON) of H> was calculated as twice of the number of moles of
H> produced over the number of moles of PS attached to platinized TiO,. [b] Turnover
frequency (TOF) was calculated per hour. [c] Initial turnover frequency (TOF;) in the
first 5 h. [d] Initial photocatalytic activity (Activityi) is defined as the number of
micromoles of H> evolved per gram of platinum loaded per hour. [e] Initial apparent
quantum yield percentage (AQY;).

Table 2.11. Performance for light-driven hydrogen evolution based on different Ru

dyes systems.

Dye SED H2 evolution rate | reference
(for first 5 or 6 h)
[umol g ' h™']

[Rua(bpy)a(BL)](C104)2/P25 | TEOA 236.4 (10]

[Ruz(dcbpy)s(BL)](C104)2/P25 | TEOA 31.7 (10]

N719/P25 TEOA 15.3 [10]

Ru(bpy)2(him)> TEOA 48.8 (8]

Ru(bpy)2(him)> CH;0H 561.3 (8]

N719 TEOA 43.7 (8]

N719 CH;0H 271 (8]

Ru(bpy)s** TEOA 1077 (61
(pH=11)

Ru(bpy)s** TEOA 5.63 (61
(pH=7.3) '

Ru(bpy)s** TEOA 0.16 (61
(pH=6.0) '

Ru(bpy)s** As'corblc 0.33 (61
acid

Ru(bpy)s?* Acetone | 0.24 (6]

Rul0 Ascorbic This study
acid 1722.49
(pH=4)
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2.10. Conclusions

Ten new Ru(II) photosensitizers with either phosphonate or carboxylic acid anchoring
groups were synthesised. All of them were fully characterised and their ability to
promote hydrogen production via water-splitting in an aqueous environment was
assessed. The introduction of TPA functional groups in the dyes effectively intensified
and extended absorption in the visible region, which enhanced their light-harvesting
ability and promoted hydrogen production. A TON of up to 14,231 was achieved by the
Rul0@Pt-TiO2 system under blue LED irradiation. The results demonstrate the
importance and advantages of introducing the TPA functional group to the Ru(II)
complex, which can induce strong intramolecular charge transfer when coupled with
the isoquinoline moiety. In addition, the Ru(Il) dyes with phosphonate anchoring
groups for attaching to the TiO2 semiconductor achieved higher TON values than those
with carboxylic acid anchors, thereby identifying the former as a promising
replacement for the latter in designing highly effective Ru(Il) photosensitizers with

excellent stability for photocatalytic hydrogen generation from water.
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Chapter 3: Synthesis, Structure, Characterisation, and Water-
Splitting Hydrogen Generation Performance of Iridium(III)

Cyclometalated Complexes

3.1 Introduction

Iridium(IIT) cyclometalated complexes are attractive candidates for preparing dyes and
have made outstanding contributions to photocatalytic hydrogen production. Compared
to other metal dyes containing first- and second-row transition metals, Ir(Il)
cyclometalated complexes exhibit excellent ligand-field stabilisation energies with
their 54 valence shell.l" 2! Bernhard et al.l* >3 have investigated the iridium(III)
complexes with general formula of [Ir(C*"N)2(N*N)]" (C"N = cyclometalating ligand,
NAN = anchoring group) for their uses in photochemical water-splitting hydrogen
generation systems. A TON of 800 was achieved with 50 uM of [Ir(ppy)2(bpy)]* as

3. 691 Qince then,

photosensitizers in water:acetonitrile (1:1, v/v) solvent mixture.
iridium(IIT) cyclometalated complexes, such as [Ir(ppy)2(bpy)]*, [Ir(ppy)2(dcbpy)]*
and [Ir(bzq)z(bpen)]* have drawn interest for their potential applications as
photosensitisers (Fig. 3.1).['% The stability of these complexes can be enhanced by the
C”N ligands, owing to c-donation from the metal-linked carbon, which increases the
electron density on the metal centre and allows them more stable under photocatalytic
experiments.'> '] Moreover, physicochemical properties such as energy gaps can be

effectively tuned by varying the ligands.['> 13! These favourable properties make Ir(I11)

cyclometalated complexes attractive candidates as dyes for H> production via water

73



splitting. However, Ir(IlI) cyclometalated complexes often suffer from weak absorption
of visible light, which accounts for approximately 40% of the sunlight spectrum.!3-1¢!
The structures of Ir(III) cyclometalated complexes should thus be adjusted to overcome

these disadvantages and enhance their hydrogen output.

a + b . c +
_ _ _ COOEt
X & Ns | X & Na |
Ir/ Ir/
NN SN
2 | 2 |
& ZNCOOEt

Fig. 3.1. Chemical structures of (a) [Ir(ppy)2(bpy)]* molecule, (b) [Ir(ppy)2(dcbpy)]*

molecule and (¢) [Ir(bzq)2(bpen)]" molecule.

Thiophene rings, with peculiar structural and electronic properties, are widely used in
photocatalytic experiments.!!”) Thiophene has a lower resonance energy than
benzene, ¥ because its 7 electron-rich heteroaromatic five-membered ring facilitates

r.1%21] Therefore, thiophene-based

charge transfer between the donor and the accepto
ligands are commonly used in the design of dyes for hydrogen generation based on
water splitting.!*?] Furthermore, the pyridine functional group leads to a red shift in the
absorption spectrum of these compounds, which can help to improve the absorption of
visible light.!** 241 The attractive properties of triphenylamine functional groups have

also stimulated intense research.”) The high molar absorption coefficient of

triphenylamine functional groups can result in largely improved photocatalytic
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properties, highlighting the promising potential of these ligands in photocatalytic
applications./**) Moreover, the triphenylamine groups can control the energy levels
(highest occupied molecular orbital and lowest unoccupied molecular orbital) of
conjugated metal dyes, enhancing their reaction efficiency./*”> 28! Triphenylamine has
also been shown to enhance the intramolecular energy- and charge-transfer
properties.[*”) Isoquinoline functional groups have been extensively applied in dyes for
water-splitting reactions, owing to their remarkable charge transfer ability. %%
Previous studies have shown that the highly extended and polarisable © system of
isoquinoline functional groups can greatly increase the hydrogen production efficiency

[33-351 Owing to its red shift of the absorption spectrum, the

during water splitting.
aldehyde functional group has been applied in iridium compounds.?¢#" These findings
provide an attractive opportunity to develop highly efficient Ir(IIl) cyclometalated dyes
for water-splitting systems.

Previous studies of Ir(Ill) cyclometalated complexes have found that different
anchoring groups on N”N ligands can be used to obtain highly efficient and stable
water-splitting systems.[*: 2l Various anchoring groups, including carboxylate or
phosphonic acid can be introduced in the bipyridine ligand of [Ir(C"N)2(N"N)]"-type
dyes!*?! to immobilise their linkage with the semiconductor. The 2,2'-bipyridine ligand
in the anchoring group endows the complexes with large molar extinction coefficients,
which can contribute to their light-harvesting efficiency for the photocatalytic

conversion of water to hydrogen.*3] Anchoring ligands with a carboxyl functional

group can help anchoring semiconductors such as TiO, improving the electron
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transport and hydrogen production, as well as increasing the water solubility of Ir(III)
cyclometalated complexes because of the presence of an acid-base equilibrium.[*+47]
However, these dyes might have drawbacks in terms of stability under photocatalytic
operating conditions.*®] The hydrolysis of the carboxylate linkage site has been
reported to reduce the efficiency of the electron transfer from photosensitisers to
TiO,.*) In this regard, the linkage of the phosphonate functional group to the TiO>
surface has been found to exhibit higher stability than that of the carboxylate group.*”’
In this work, a new series of iridium(IIl) complexes (Fig. 3.2) with different functional
groups was designed and synthesized. Ir(Ill) complexes bearing either diethyl [2,2 -
bipyridine]-4,4 -dicarboxylate or tetraethyl[2,2'-bipyridine]-4,4'-diylbis(phosphonate)
anchoring units were designed and synthesized as photosensitisers for photocatalytic
hydrogen generation from water. In addition, the photophysical and electrochemical
properties of the new Ir(Ill) cyclometalated complexes were studied, and their

photocatalytic performance in hydrogen production via water splitting was

systematically investigated.
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Fig. 3.2. Chemical structures of iridium(IIl) dyes Ir1-Ir12.

3.2 Synthesis

3.2.1 Synthesis of C*N ligands and anchoring group

Iridium(IIT) complexes with C"N ligands were generally prepared by the classical
Suzuki reaction. C*N ligands were obtained from different boronic acids with
corresponding organic compounds containing the bromo- or chloro- substituents. Part

of the synthetic route is the same as that shown in Scheme 2.1 in Chapter 2. The other

part of the synthetic route is shown in Scheme 3.1.

78




OH
N\ Br . HO- S
® (,
OH
N Ho-B s
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Scheme 3.1. Synthetic routes of C*N ligands and anchoring group.

3.2.2 Synthesis of iridium(III) complex precursors

The cyclometalated Ir(Ill) dye precursors [Ir(C*N),Cl]> were prepared according to a

procedure described in previous literature.®®! The chloride-bridged metal dimer was

obtained by refluxing IrCl3-3H>O with different C*N ligands in a mixture of 2-

ethoxyethanol/water (3:1, v/v) overnight. The synthetic route is shown in Scheme 3.2.
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IrCl3'3H20, Na2CO3 C

C~N ligand >
2-ethoxyethanol/ H,O, 3:1 v/v N

! ™
90°C, 20 h b J

Iridium precursor

Scheme 3.2. Synthetic route of iridium(IIT) complex precursor.

3.2.3 Synthesis of iridium(III) complexes

The final cyclometalated Ir(IIl) dyes were prepared according to a previous literature. !>
The dimer precursors with the N*N ligands and Na>xCO3 in a MeOH/CH2CL (1:1, v/v)
mixture were refluxed for 6 h to afford the final product. The synthetic route is
presented in Scheme 3.3. All of the complexes prepared in this study are stable as solids

1n air.
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Scheme 3.3. Synthetic route of iridium(IIl) complexes.

3.3 Spectroscopic Characterisation

All the organic C"N ligands showed characteristic 'H NMR spectra, and a clear
structure was identified for each compound. For example, Fig. 3.3 shows the 'H NMR
spectrum of L6, showing a singlet at approximately 9.95 ppm attributed to the proton

of the aldehyde.l*!]
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Fig. 3.3. '"H NMR spectrum of L6 in CDCl;.

Because the solubility of the final iridium(III) complexes are not enough for 1>*C NMR,
only '3C NMR data for the C"N compounds and anchoring group could be obtained.
The corresponding NMR spectra reveal the structures of these compounds. For example,

Fig. 3.4 shows the >*C NMR spectrum of L7.
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Fig. 3.4. 3C NMR spectrum of L7 in CDCls.

The Ir(IlI) complexes were characterised by '"H NMR spectroscopy. Due to the lack of
molecular symmetry, all aromatic protons in the 'H NMR spectra of Ir1-Ir12 were
chemically unique, indicating that the two C*N ligands in these Ir(III) complexes were
magnetically non-equivalent. Fig. 3.5 shows the NMR spectrum of Ir1 as an example.

These results clearly confirm the expected structures of the present metal complexes.
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3.4 Mass Spectroscopy Characterisation
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spectrometry was used to characterise the C*N ligands, anchoring group and the final

products. Fig. 3.6 and Fig. 3.7 show the mass spectra of L6 and Ir1, respectively. The

main peaks of MS results match with the molecular ion peaks, indicating the correct

synthesized of each compound.
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Fig. 3.6. Mass spectrum of L6.
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Fig. 3.7. Mass spectrum of Ir1.

3.5 Photophysical Properties

To investigate the absorptivity of different Ir(IlT) dyes, UV—Vis absorption spectra of
Irl to Irl4 were measured in CH>Cl, solvent at room temperature. Their UV—Vis
absorption spectra are shown in Fig. 3.8 and Fig. 3.9 and the corresponding
characteristic spectral data are tabulated in Table 3.1.

These compounds showed higher absorption intensities in the visible region than the
[Ir(ppy)2(debpy)]* complex.!'?! This difference demonstrates that these Ir(I111) dyes had
better light-harvesting ability, indicating their better hydrogen production ability than
[Ir(ppy)2(dcbpy)]*. All Ir(IIT) dyes displayed strong absorption in the UV region at
about 290-310 nm, originating from intra-ligand charge transfer transitions."?! The
intense and band at about 380 nm were originated from spin-allowed & to n* ligand
centred electronic transitions on both the C"N and NN ligand.">3 The broad absorption
bands above 400 nm were ascribed to the mixture of MLCT and LLCT transition.[*!]
In Fig. 3.8, compared with Irl and Ir2, the n-conjugation of isoquinoline rather than
pyridine of the cyclometalating ligand in Ir3 and Ir4 demonstrated a red shifted
absorption band with a slightly higher molar absorptivity. '+ 3* The introduction of an
aldehyde moiety into the Ir(IIl) dyes also induced an apparent redshift, but this was

accompanied by lower absorptivity*”). What is more, it should be noticed that for those
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Ir(IIT) complexes, the spectra of Ir(Ill) dyes with different N*N anchoring groups and
the same C"N ligand showed similar absorption peaks, implying that the N*N groups
had a minimal influence on the absorption.[*"!

In Fig. 3.9, it should be noticed that the extended m-conjugation guaranteed by the
electron-donating TPA group in Ir(IlT) dyes resulted in broader absorption spectra with
higher & values at approximately 350 to 550 nm.?% 3-5° In addition, Ir10 and Ir12 had
two maximum absorption peaks in visible light, while Ir9 and Ir11 only had one peak.
This was due to the introduction of heteroatom P atom into the anchoring ligand, which
affected its electron density and finally formed a new peak near the wavelength at about
390 to 490 nm.[>>%! Although the conjugated system of Irll and Ir12 was larger,
isoquinoline had greater steric hindrance to the system than pyridine, which led to the
hypochromic effect and further reduced its molar extinction coefficient.>>-> This result

matched with the DFT calculation (Fig. 3.10 and Table 3.2).
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Table 3.1. UV—Vis absorption parameter values of Ir1 to Ir12 in CH>Cl at 293 K.

Dye Jmax /nm (¢ /10* M em™) Aonset /NM
Irl  280(3.74), 410(0.96), 476
2 294(3.82), 423(0.91) 500
I3 301(4.08), 384(1.49), 466(1.12) 533
Ird  303(3.84), 385(1.64), 467(1.14), 525(0.41) 566
Ir5  319(2.38), 417(0.68) 539
Ir6  323(2.39), 418(0.70) 551
7 306(2.07), 353(1.78), 448(0.98), 557(0.33) 576
I8  312(2.06), 359(1.80), 452(1.00), 566(0.29) 589
Ir9  304(3.69), 429(3.23) 537
110 302(4.37), 401(3.29), 449(3.36) 520
Il 301(4.74), 467(1.82) 586
Ir12  309(4.75), 439(2.85), 498(3.13) 579

3.6. Density Functional Theory Calculations
The DFT calculation for two selective Ir(I1I) dyes have been performed. The Gaussian

16 suite of programs!®”]

was used to optimize the configurations. Structural optimization
and molecular orbitals were performed using the b3lyp functional with the 6-311G(d)
basis set for non-metal elements and SDD for Ir. The result was present in Fig. 3.10 and
Table 3.2. As for the calculated HOMO energy levels, the orbital energies vary from —
6.60 eV, and —6.62 eV, respectively, for complexes Ir11 and Ir12. The energy gaps

between frontier molecular orbits between the HOMO-LUMO gap (DEn-1) for Irll

and Ir12 are 2.02 eV and 2.06 eV.
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Table 3.2. Calculated HOMO, LUMO, energy gap (AE) of Ir1l and Ir12. All values

were calculated in eV.

Compounds HOMO LUMO AE
Irll —6.60 —4.58 2.02
Ir12 —6.62 —4.55 2.06

@%

\.;.%

DE=2.02 eV

——E, umo=-4.58 eV i}
N < Epomo=-4.55 eV
DE =2.06 ¢V

—— Epoyo=- 6.60 eV

% - ——Egomo=-6-62 eV
l v 9 ¢ X 3 % o

e 157

,Fg*«?

‘P

Irll Ir12

Fig. 3.10. Frontier molecular orbitals of Ir11 and Ir12 calculated at the b3lyp functional.

3.7 Electrochemical Properties

An appropriate energy gap between the TiO2 semiconductor and the sacrificial electron
donor in the Ir(Ill) dyes is crucial for producing hydrogen by water splitting. Electron
injection and charge separation are more efficient when the LUMO energy level of the
Ir(IIT) dye is more positive than that of the conduction band of the semiconductor, and
when the corresponding HOMO energy level is more negative than that of the SED.

Cyclic voltammetry experiments were performed to further investigate the energy
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levels of the Ir(III) dyes. These measurements were performed in a conventional three-
electrode configuration. A glassy carbon electrode served as the working electrode,
whereas a platinum wire and an Ag/AgCl electrode were used as the counter and
reference electrodes, respectively. The measurements were performed in
dichloromethane containing 0.1 M tetrabutylammonium hexafluorophosphate, at a scan

rate of 100 mV s~ !. The corresponding parameters of the dyes are shown in Table 3.3.

Table 3.3 Electrochemical data and energy levels of Ir1—Ir12.

Dye EM™ /V  Eunomo™/eV  E/f/ev Eoxl IV Erumo!¥ /eV
Irl  0.74 —5.54 2.48 -1.74 -3.06
Ir2 0.77 -5.57 2.61 -1.84 —2.96
Ir3 041 -5.21 2.19 -1.78 -3.02
Ird 042 -5.22 2.33 -1.91 —2.89
Ir5s 0.82 -5.62 2.25 -1.43 -3.37
Ir6  0.81 —5.61 2.3 -1.49 -3.31
Ir7 0.72 -5.52 2.11 -1.39 -3.41
Ir§ 0.69 —5.49 2.15 —1.46 -3.34
Ir9 045 -5.25 2.31 -1.86 —2.94
Ir10 0.47 -5.27 2.33 -1.86 —2.94
Irl1 0.38 -5.18 2.12 -1.74 -3.06
Ir12 0.39 -5.19 2.13 -1.74 -3.06

[a] Calculated as —(EJ'2* + 4.8). [b] Energy band gap, determined from the onset of

absorption. [¢] Eox+ = EQa* — E,. [d] ELumo = Enomo + Eq.

The CV results were markedly different from those obtained for [Ir(ppy)2(dcbpy)]™,
demonstrating that the energy gaps in Ir(Ill) dyes were effectively affected by the
different ligands.['> 131 According to the CV results, the CB level of the TiO»
semiconductor (—4.4 eV) was more negative than the Erumo levels of all Ir(IIl) dyes

(ranging from —2.94 to —3.37 eV), enabling an efficient electron injection during light-
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driven hydrogen generation.[!! The Enomo values of Ir1-Ir12 were between —5.18 and
—5.62V, thus more negative than the redox potentials of the SED (AA) (—4.65 eV, pH
~ 4),125:92] enabling the effective dye regeneration from the SED. The energy levels of
all Ir(Il) dyes met the requirements for effective electron injection and charge
separation, highlighting their promising potential for hydrogen generation via water
splitting.

The HOMO energy levels of Ir3 and Ir4 were more positive than those of Ir1 and Ir2,
due to the extended m-conjugation of the isoquinoline functional group in the C*N
ligand.[%3! Furthermore, the HOMO energy levels of the Ir(III) dyes with the aldehyde
moiety were much lower than those of the Ir(IIl) dyes with the same C*N ligand but
without the aldehyde, such as Ir3 and Ir4 compared with Ir7 and Ir8. The electron-
withdrawing aldehyde group results in a larger energy gap, which may reduce the
charge transfer ability and decrease the hydrogen production by water splitting.[7-3% 6+
871 For Ir9 to Ir12, the HOMO destabilisation was expected with the introduction of the
triphenylamine group facilitating intermolecular charge transfer, which can affect the
electronic properties of the metal centre, resulting in a narrowing of their
HOMO-LUMO gaps and enhanced hydrogen generation by water splitting.[® ¢ The

trend matched the DFT calculation (Fig. 3.10 and Table 3.2).

3.8. Electrochemical Impedance Spectroscopy

To further investigate the charge recombination properties of those Ir(IIl) dyes,

electrochemical impedance spectroscopy for selective Ir(IIl) dyes was employed [,
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The measurements were conducted on an electrochemical workstation according to the
previous work 7721, Ag/AgCl was served as the reference electrode with the platinum
electrode as the counter electrode, 0.5 M NaxSOgs solution as the electrolyte and
fluorine-doped tin oxide glass (FTO) with the attachment of Ir(Ill) as the working
electrode. The detail procedures are described in Chapter 7. The EIS Nyquist plots for
Ir9 to Ir12 are shown in Fig. 3.11. It is well known that a smaller arc radius in the
Nyquist plot indicates lower electric charge transfer resistance which leads to better
HER performance """, Overall, Ir12 had smaller arc radius than the other, indicating
a better charge transfer ability!””! and better hydrogen generation performance. The

results matched with the water-splitting hydrogen production performance.

1000 Ir9
Ir10
Ir11
750 - Ir12
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L3
=
¥ 500+ T~
~
/ /7 ~
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17
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Z' (*10° (2))

Fig. 3.11. EIS Nyquist plots for complexes Ir9 to Ir12.

3.9 Light-Driven Hydrogen Generation with Ir(IIl) Dyes @Pt-TiO:
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Hydrogen was produced by photocatalytic water splitting using Ir(Ill) dyes as
photosensitisers. The detailed procedures are the same as those employed for the Ru(II)
dyes and can be found in Chapter 2 and Chapter 7. The hydrogen generation curves
(vs. time) for each sample are shown in Fig. 3.12 and Fig. 3.13. The corresponding data
(turnover number, turnover frequency, initial turnover frequency, initial photocatalytic

activity, and apparent quantum yield percentage) are listed in Tables 3.4 and 3.5.

25

Irl@Pt-TiO,
I2@Pt-TiO,
Ir3@Pt-TiO,
Ird@Pt-TiO,
Ir5@Pt-TiO,
Ir6@Pt-TiO,
Ir7@Pt-TiO,
Ir8@Pt-TiO,
Ir9@Pt-TiO,
Ir10@Pt-TiO,
Ir11@Pt-TiO,
Ir12@Pt-TiO,
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Fig. 3.12. Photocatalytic H» generation curves of Irl1-Ir12@Pt-TiO2 under blue LED
irradiation (50 mW).
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Fig. 3.13. Photocatalytic H> generation curves of Irl1-Ir12@Pt-TiO2 under green LED
irradiation (50 mW).

Table 3.4. Photocatalytic H> generation data for different Ir(IIl) dyes attached on

platinized TiO; (Ir1-Ir12@Pt-TiO2) under blue light irradiation.

Dye Time H» TONE!  TOFP!  TOF!  Activity  AQY%!°!

/h /mL /h7! /Mt /umol g 'h!
Irl 280 9.31 6079 21.7 188.0 117551 1.24
Ir2 280 9.95 6494 23.2 236.6 147870 1.32
Ir3 280 10.92 7132 25.4 206.9 129306 1.45
Ir4 280 13.81 9024 32.3 250.8 156734 1.84
IrS 280  6.83 4462 16.0 76.9 48052 0.91
Iré 280 7.40 4834 17.3 124.0 87734 0.98
Ir7 280 8.44 5509 19.7 141.1 88163 1.13
Ir8 280 8.89 5809 20.8 158.3 98939 1.19
Ir9 280 18.68 12205 43.6 244 .8 153037 2.48
Ir10 280 21.22 13856 49.4 252.4 157715 2.83
Irll 280 21.36 13950 49.8 353.2 220732 2.84
Ir12 280 25.24 16483 58.9 391.8 244898 3.98

[a] Turnover number (TON) of H> was calculated as twice of the number of moles of
H> produced over the number of moles of PS attached to platinized TiO,. [b] Turnover
frequency (TOF) was calculated per hour. [c] Initial turnover frequency (TOF;) in the
first 5 h. [d] Initial photocatalytic activity (Activityi) is defined as the number of
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micromoles of H evolved per gram of platinum loaded per hour. [e] Apparent quantum
yield percentage (AQY%).

Table 3.5. Photocatalytic H> generation data for different Ir(IIl) dyes attached on

platinized TiOz (Ir1-Ir12@Pt-TiO2) under green light irradiation.

Dye Time Hy  TON®  TOFP! TOFi®  Activityid — AQY%!

/h /mL /h7! /M /umolg'h™!
Irl 280 6.12 3996 14.2 41.8 26122 0.80
Ir2 280 6.26 4086 14.6 70.2 43904 0.82
Ir3 280 8.78 5734 20.4 52.2 32654 1.15
Ir4 280 8.84 5770 20.6 84.0 52470 1.16
IrS 280 2.28 1492 5.4 39.2 24490 0.30
Iré 280 4.18 2728 9.8 47.0 29388 0.55
Ir7 280 4.18 2730 9.8 44 .4 27756 0.55
Ir8 280 4.64 3028 10.8 48.6 30326 0.61
Ir9 280 8.12 5304 19.0 83.2 52024 1.06
Ir10 280 11.66 7620 27.2 98.8 61714 1.52
Irll 280 13.78 9000 32.2 83.6 52244 1.80
Ir12 280 15.09 9853 35.1 107.9 67428 1.97

[a] Turnover number (TON) of H> was calculated as twice of the number of moles of
H> produced over the number of moles of PS attached to platinized TiO,. [b] Turnover
frequency (TOF) was calculated per hour. [c] Initial turnover frequency (TOF;) in the
first 5 h. [d] Initial photocatalytic activity (Activityi) is defined as the number of
micromoles of H evolved per gram of platinum loaded per hour. [e] Apparent quantum
yield percentage (AQY%).

The Ir(IIT) dyes used in this study enhanced the hydrogen production via water splitting
and achieved satisfactory hydrogen generation under both green and blue LED
irradiation. The volume of hydrogen produced under blue light irradiation was much
higher than that generated under green light. The hydrogen production results were
consistent with the UV—Vis absorption spectra, which showed a better light-absorbing
ability in the blue than in the green light region (Fig. 3.8 and Fig. 3.9). The Ir12@Pt-

TiO2 system exhibited the highest hydrogen generation ability both under blue and
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green light irradiation, with corresponding TON values of 16483 and 9853, respectively,
followed by the Ir11@Pt-TiO2 system, with TON values of 13950 and 9000 for blue
and green light irradiation, respectively.

In the present study, Ir(Ill) dyes with isoquinoline exhibited a superior hydrogen
production ability than those with pyridine, under both blue and green light irradiation.
For example, the Ir3@Pt-TiO2 system presented TON values of 7132 and 5734 under
blue and green light irradiation, respectively, which were much higher than those of the
Irl@Pt-TiO2 system (6079 and 3996, respectively). The same differences were also
observed in Ir4@Pt-TiO2 and Ir2@Pt-TiO2, owing to the high charge transfer ability
of the isoquinoline functional group.% 3276 The UV-Vis spectra (Fig. 3.8 and Fig. 3.9)
also showed that Ir3@Pt-TiO2 and Ir4@Pt-TiO2 had higher light absorption ability
than Irl@Pt-TiO2 and Ir2@Pt-TiOz. Ir(Ill) dyes with triphenylamine ligands were
more effective than other Ir(IIl) dyes in promoting hydrogen generation under both blue
and green LED irradiation, as observed for Ir9@Pt-TiO2 and Ir10@Pt-TiO2 compared
to Irl@Pt-TiO2 and Ir2@Pt-TiO:. Previous research has shown that triphenylamine
and its derivatives provide an improved hydrogen production capacity, owing to their
excellent donor characteristics and favourable hole transport properties.””> 78l
Furthermore, triphenylamine has been reported to be a good light harvester, as
confirmed by its broad absorption peak in the UV—Vis spectrum (Fig. 3.8 and Fig.
3.9).78

Notably, the aldehyde functionality reduced the Ir(III)-promoted hydrogen production,

likely due to its poor absorptivity (Fig. 3.8 and Fig. 3.9) and large energy gap (Table

96



3.3). For example, the system based on Ir6@Pt-TiOz2, resulted in TONs of 4834 and
2728 under blue and green LED irradiation, respectively, were much less than that
compared to the 9024 and 5770 values obtained with Ir4@Pt-TiOz2. This suggests that
incorporating aldehydes into Ir(II) dyes reduces the hydrogen generation efficiency.

Higher hydrogen production was obtained with Ir(IIl) dyes bearing phosphonate than
carboxylate anchoring groups. Ir(IIl) dyes with a phosphonate anchoring group have
been found to improve hydrogen production, due to the higher anchoring ability by the

41, 69, 79, 80

phosphonate group.! I Similar results have also been observed in the reported

literature. [#% 48]

The photocatalytic water-splitting experiments for [Ir(ppy)2(dcbpy)]* have also been
performed. The experimental results are shown in Fig. 3.14 and Table 3.6. The results
suggest that our new complexes show more efficient photocatalytic hydrogen
generation and higher stability than [Ir(ppy)z(dcbpy)]*. Furthermore, we revisited
the literatures and sorted out the performance data of similar Ir complexes as Table 3.7.
Compared with the reported literatures, our complexes, especially Irl2, show a
significant improvement in light-driven hydrogen evolution. These results also indicate
that our new Ir(Ill) dyes are promising candidate for highly stable photocatalytic

applications.
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Fig. 3.14. Photocatalytic H, generation curves of [Ir(ppy)z2(dcbpy)]* under blue LED
irradiation (50 mW).

Table 3.6. Photocatalytic H> generation data with [Ir(ppy)2(dcbpy)]* under blue light

irradiation.
Dye Time H, TONE TOF® TOFi® Activityild AQY%!
/A /mL ] It I/t T /umol g ]
lhfl
;]If(ppy”(dCbpy 84 291 1900 22.6 1058 66122 0.42

[a] Turnover number (TON) of H> was calculated as twice of the number of moles of
H> produced over the number of moles of PS attached to platinized TiO,. [b] Turnover
frequency (TOF) was calculated per hour. [c] Initial turnover frequency (TOF;) in the
first 5 h. [d] Initial photocatalytic activity (Activityi) is defined as the number of
micromoles of H> evolved per gram of platinum loaded per hour. [e] Initial apparent
quantum yield percentage (AQY;).
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Table 3.7. Performance for light-driven hydrogen evolution based on different Ir(III)

dye systems.

Dye SED TON (Time) reference
[Ir(ppy)2(3-PhCHObpy)]PFs | TEA 6364 (5h) 811
[Ir(ppy)2(dtbbpy)]* MeCN 289 (72h) (821
Ir(ppy)2(dtbbpy)]* EtOAc 233 (72h) (82]
[Ir(ppy)2(dtbbpy)]* DMSO 13 (72h) 821
[Ir(ppy)2(dtbbpy)]* THF 52 (72h) (82]
[Ir(ppy)2(dtbbpy)](PF) MeOH About 1000 (18h) | 3%
[Ir(ppy)2(dtbbpy)](PF) THF About 1200 (18h) | 831
[Ir- (Fmppy)2(dtbbpy)](PFs) | MeOH About 800 (18h) | [#3]
[Ir- (Fmppy)2(dtbbpy)](PFs) | THF About 800 (18h) | [#3]
Ir12 Ascorbic This study
acid 16483 (280h)
(pH=4)

3.10 Conclusions

In summary, this chapter reports new Ir(III) photosensitisers based on triphenylamine,
pyridine, isoquinoline, or aldehyde, with either phosphate linker or carboxylic acid
anchoring groups. All Ir(Ill) dyes were characterised and tested for their hydrogen
generation rates via water splitting. The UV—Vis absorption spectra of the Ir(III) dyes
showed markedly increased intensities and extended towards the visible region,
especially in the case of those with triphenylamine functional groups, which enhanced
their light-harvesting ability and hydrogen production.

The results of hydrogen generation via water splitting tests showed that the largest TON
of 16483 was achieved by the Ir12@Pt-TiO2 system under blue LED irradiation,
because this system contained triphenylamine and isoquinoline groups with phosphate

anchoring groups. This result clearly demonstrates the beneficial effects of
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triphenylamine and isoquinoline, owing to their strong intramolecular charge transfer
ability. In addition, the Ir(IIT) dye systems with a phosphate anchoring group achieved
higher TON values than those with the same C"N ligand but containing carboxylic acid.
Therefore, the phosphate anchoring group is crucial for designing highly effective

photosensitisers with excellent stability.
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Chapter 4: Synthesis, Structures, Characterisations of FEarth-
Abundant Metal Complexes and Their Water-Splitting Hydrogen

Generation Experiments in CdS Nanorod System

4.1 Introduction

Most traditional hydrogen generation systems via water-splitting use expensive noble
metals"™ such as Pt,!> ¢ Ru,[”1 and Ir,!% "] which significantly increases the cost.
Therefore, substantial interest has been shown in developing catalysts based on earth-
abundant metals instead of noble metals.!'?! Catalysts using first-row transition metals
such as Ni,[13-221 Zn 123251 and Cul?5-28] have been reported in hydrogen generation via
water-splitting. Eisenberg and co-workers used molecular photosensitisers with nickel
complexes (Fig. 4.1) to generate hydrogen with ascorbic acid (pH=4.5) as the SED in
CH3CN/H2O solution. This system achieved satisfactory results (highest TON 7335) in
30 h.[?-3% However, most earth-abundant metal complexes exhibit relatively moderate

activity and low photostability in pure aqueous hydrogen generation systems.!-34]

| S S
S S oA [ sN_] N7 0 07Ny
weooomd

~

Fig. 4.1. Chemical structures of some Ni complexes for the evolution of light-driven

hydrogen.
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Transition metal complexes with salen-type Schiff base ligands are considered as
promising electrode materials.*>! Salen-type ligands possess attractive properties,
including high thermal stability, reversible electrochemical oxidation in a wide potential
window, and high electronic conductivity.!*> 37 Thiasalen-type Schiff base (salen-type
Schiff base with N2S2 ligating sites) has also attracted wide attention and has been
applied in several fields, such as in organic synthesis catalysts or photocatalysts.[38-4l
The S atom in the thiasalen Schiff base can act as electron donors for coordination to
the metal centre, improving the catalyst efficiency in hydrogen generation via water

30. 411 However, the influence of the substituent group on the structure and

splitting !
photocatalytic performance of these complexes has not been systematically
investigated.*”) Salophen (N,N-bis(salicylidene)phenylenediamine), a ligand used
extensively in coordination chemistry,'** contains two phenolic hydroxyl groups that
can form complexes with transition metals in different oxidation states with different
coordination numbers and geometries./*> * Combining salophen with metals allows
tuning of the catalytic, optical, electrical, and biological properties of the resulting
complexes.[*> 6] Application of these metal complexes in hydrogen generation systems
using water-splitting is of significant interest. In this chapter, three different sets of

earth-abundant metal complexes (Fig. 4.2) have been designed and synthesised for

photocatalytic hydrogen evolution from water.
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Fig. 4.2. Chemical structures of earth-abundant metal complexes Nil-Nill, Zn1 and

Cul.

Common noble metal-free catalysts used as photosensitisers in hydrogen evolution
reaction systems include dyes such as eosin Y (EY?),¥” *® erythrosin B (EB?"),[*”!

fluorescein (F127),[*! and rhodamine B,% along with nanorods (NRs) and quantum dots
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(QDs).P1 1t has been reported that CdS QDs and CdS NRs are highly efficient and

1531 They possess larger light

robust photosensitisers for photocatalytic systems.!
absorption coefficients, more tuneable optical and redox properties, higher efficiency
for photoinduced electron transfer, broader absorption across the visible light spectrum,
and higher photostability than molecular photosensitisers.l** 3 Compared with CdS
QDs, CdS NRs are easier to control in terms of size.>®! Hence, the potential application
of CdS NRs in water-splitting hydrogen generation warrants further exploration.

Herein, efficient photocatalytic systems for hydrogen production in an aqueous solution
composed of ligand-free CdS NRs and earth-abundant metal complexes are presented
in this chapter. The electrochemical and photophysical properties of these metal

complexes are investigated. The effects of the size and aspect ratio of the CdS NRs on

the hydrogen production efficiency are also discussed.

4.2 Synthesis

4.2.1. Synthesis of CdS NRs

The solvothermal synthetic procedure is adopted from a previous study™” *8 and the
experiment details are described in Chapter 7. The synthetic pathway is shown in
Scheme 4.1. The ligand-free CdS NRs samples were prepared via a solvothermal route
in ethylenediamine under a solvent coordination molecular template (SCMT)

mechanism.7 8]
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Teflon-lined stainless steel autoclave

S ethylenediamine
cacl, -2sm0 T > CdS NRs
’ H,N™ "NH, 160 °C
24 0or48 h

Scheme 4.1. Synthetic routes for CdS NRs.

4.2.2. Synthesis of metal complexes

Complexes 1-13 were synthesised according to procedures reported in the literature, >
601, as shown in Schemes 4.2-4.4. The procedures are described in Chapter 7. For
complexes with an N202 structure (Nil-NiS5, Nill, Znl, and Cul), the Schiff base
ligand was obtained from the reaction of 2-hydroxybenzaldehyde and the
corresponding diamine. The final metal complex was synthesised from the reaction of
the Schiff base and metal acetate. Complexes with an N2S2 structure (Ni6—Nil0), 2,2'-
disulfanediyldibenzaldehyde, bis(cyclooctadiene)nickel(0) were mixed with the

corresponding diamine and stirred for 5 days to produce the final product. All

complexes prepared in this study were stable as solids in air.
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Scheme 4.2. Synthetic routes for Nil-NiS complexes.
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Scheme 4.3. Synthetic routes for Ni6—Nil0 complexes.
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Scheme 4.4. Synthetic routes for Nill, Znl and Cul complexes.
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4.3 Spectroscopic Characterisation

All organic Schiff bases exhibited characteristic 'H NMR spectra, indicating a clear
structure for each compound. Fig. 4.3 shows the 'H NMR spectrum for compound L13

with a signal at 9.08 ppm attributed to a hydroxyl proton. (1]

L Ll 2000

T T
10 9

9
1 (ppm)

Fig. 4.3. '"H NMR spectrum of compound L13 in DMSO-d6.

With the poor solubility of the final metal complexes, only '*C NMR data for organic

Schiff bases could be obtained. The carbon NMR spectra show the structures. Fig. 4.4

shows the '*C NMR spectrum for compound L13.
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Fig. 4.4. 3C NMR spectrum of compound L13 in DMSO-dé6.

The metal complexes were also characterised by 'H NMR spectroscopy, indicating a

clear structure. Fig. 4.5 shows the 'H NMR spectrum for complex Zn1. The signal at

9.90 ppm corresponds to the proton of the azomethine linkage. ']
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Fig. 4.5. '"H NMR spectrum of complex Zn1 in DMSO-d6.

4.4 Mass Spectroscopy Characterisation

High-resolution liquid chromatography—electrospray ionisation—quadrupole time-of-
flight mass spectrometry measurements were conducted to confirm the structures of all
ligands and final metal products. Fig. 4.6 and Fig. 4.7 show the MS results for
compound L8 and complex Ni7, respectively, as representative examples. The results

match the molecular ion peaks and indicate the correct structures.
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Fig. 4.6. MS profile of compound LS.
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Fig. 4.7. MS profile of complex Ni7.

4.5. Scanning Electron Microscopy Characterization of the CdS NRs

Scanning electron microscopy (SEM) characterisation of CdS NRs was performed. Fig.
4.8 shows SEM images of the CdS NRs prepared at 160 °C for solvothermal reaction
times of 24 h and 48 h. The sample obtained at 160 °C for 24 h [CdS NRs (L/D = 12)]
exhibits a nanorod morphology with an average length of 320 nm. Doubling the
solvothermal reaction time [CdS NRs (L/D = 18)] also results in a nanorod morphology
but with a significant increase in the average length of CdS NRs, reaching 550 nm. It
was found that the CdS NRs (L/D = 12) and CdS NRs (L/D = 18) both retain diameters
of approximately 25-30 nm. All of the characterisation information supports the
conclusion that the obtained nanomaterials are composed of Cd and S atoms with

[57, 58, 62, 63

crystalline order 1. These CdS NRs appear as a yellow powder (Fig. 4.9).
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Fig. 4.8. SEM images of (a,b) CdS NRs (L/D = 12) and (c,d) CdS NRs (L/D = 18).

Fig. 4.9. Photo image illustrating the appearance of (a) CdS NRs (L/D = 12) and (b)

CdS NRs (L/D = 18).
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4.6 Photophysical Properties

One of the key factors determining the hydrogen production ability of a water-splitting
system is the absorptivity. Fig. 4.10 to Fig. 4.12 show the UV—Vis absorption spectra
of the Nil-Ni5, Ni6—Nil0, as well as Nill, Znl, Cul complexes, respectively, in
DMSO solution and the corresponding spectral data are listed in Table 4.1.

In general, the high-energy bands from 260 to 340 nm correspond to spin-allowed
intraligand (m—7*) transitions.[**! The broad low-energy bands with maxima ranging
from 350 to 430 nm correspond to spin-allowed d—d transitions of the metal atoms.!*¥
Compared with complex Nil, Ni2 to Ni5 exhibited a slight red shift at 260-340 nm,
due to the addition of the phenyl functional group. The introduction of the electron
withdrawing chloro functional groups into the phenyl ring resulted in a lower
absorptivity for complex Ni4 at 260—340 nm. Compared with the spectra of Ni3 and
Ni5 complexes, the effect of the number of methyl groups on the phenyl absorption
ability appears to be very marginal. The same trend is the observed for complexes Ni6—
Nil0.

Compared with Nill, the absorption bands at 350—-430 nm for complexes Zn1 and Cul
exhibited small red shifts, due to the increased electron delocalisation of the macrocycle
in the complexes.[*! Notably, complex Nill exhibited a slightly higher ¢ for these
absorption bands compared with the other complexes, which is desirable for enhancing
the photocatalytic HER performance. Furthermore, complex Nill displayed one
additional absorption band at 430-530 nm, which originated from the d orbitals of the

[61,65,66

Ni(II) ion involved in the electronic transitions, land could promote the hydrogen
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Fig. 4.10. UV-Vis absorption spectra of complexes Nil-Ni5 in DMSO at 293 K.
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Fig. 4.11. UV-Vis absorption spectra of complexes Ni6—Nil0 in DMSO solution at

293 K.
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Fig. 4.12. UV-vis absorption spectra of complexes Nill, Zn1, and Cul in DMSO

solution at 293 K.
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Table 4.1. UV-vis absorption parameters of complexes Nil - Nill, Zn1 and Cul in

DMSO at 293 K.

Complex Jmax/nm (¢/10° M ! cm ™) Aonset/NM
Nil 270(0.51), 325(0.32), 409(0.23), 452(0.10) 490
Ni2 295(0.19), 376(0.29), 475(0.09) 571
Ni3 317(0.19), 378(0.30), 476(0.10) 554
Nid 292(0.17), 377(0.25), 481(0.08) 519
Ni5 321(0.21), 375(0.27), 472(0.10) 559
Ni6 282(0.21), 397(0.06), 506
Ni7 296(0.17), 395(0.05) 502
Ni8 297(0.20), 394(0.04) 506
Ni9 298(0.16), 385(0.06) 515
Nil0  297(0.18), 395(0.06) 506
Nill  259(0.77), 310 (0.37), 376 (0.46), 472 (0.18) 546
Znl 259 (0.59), 314 (0.38), 403 (0.41) 495
Cul 261 (0.24), 311 (0.36), 412 (0.45) 506

4.7 Density Functional Theory Calculations

Density Functional Theory calculation for three selective metal complexes Nill Zn1
and Cul have been performed. DFT was computed with the B3PW91-D3BJ functional
and the def2-TZVPP basis set for all the complexes, which provided insight into the
energy level for hydrogen generation. As for the calculated HOMO energy levels (Fig.
4.13 and Table 4.2), the orbital energies vary from —5.68, —5.77 and —5.73 eV,
respectively, for complexes Nill, Znl and Cul, indicating that the HOMOs were
affected by the uncoupled spin electrons. The number of uncoupled spin electrons are
3 for Ni, 0 for Zn, and 1 for Cu, which further elevated the HOMO energy and lessened
the HOMO-LUMO gap from 3.20 of Complex Nill, 3.28 of complex Zn1 and 3.22 of
Complex Cul, which coincides with the CV experimental results (Table 4.3). The

narrowest energy gap between HOMO and LUMO of complex Nill might be the key
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factor impacting the hydrogen catalysis.[*”]

Table 4.2. Calculated HOMO, LUMO, and energy gap (AE) of the complexes Nill,

Zn1 and Cul. All values were calculated in eV.

Compounds HOMO LUMO AE
Nill -5.68 —2.48 3.20
Znl =5.77 -2.49 3.28
Cul -5.73 -2.51 3.22
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Fig. 4.13. Frontier molecular orbitals of complexes Nill, Zn1 and Cul calculated at

the B3PW91-D3BJ functional.

4.8 Electrochemical Properties

Cyclic voltammetry experiments of complexes Nil-Nill, Znl and Cul were
performed in a conventional three-electrode configuration. A glassy carbon electrode

functioned as the working electrode, platinum wire as the counter electrode, and
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Ag/AgCl served as the reference electrode. The measurements were performed in dry
DMSO containing 0.1 M tetrabutylammonium hexafluorophosphate at a scan rate of
100 mV s!. The corresponding electrochemical behaviours of the complexes are

recorded in Table 4.3.

Table 4.3. Electrochemical data and energy levels of complexes Nil-Nill, Zn1 and

Cul.
Complex EN™ /V Euomo™/eV  EM/eV  Enld/v Erumo Y /eV
Nil 0.29 -5.09 2.53 -2.24 -2.56
Ni2 0.39 -5.19 2.17 -1.78 -3.02
Ni 3 0.39 -5.19 2.24 ~1.85 -2.95
Ni 4 0.40 -5.20 2.39 ~1.99 -2.81
Ni 5 0.36 -5.16 2.22 ~1.86 ~2.94
Ni 6 0.22 -5.02 2.45 -2.23 -2.57
Ni 7 0.38 -5.18 2.47 -2.09 -2.71
Ni 8 0.23 -5.03 2.45 -2.22 -2.58
Ni 9 0.49 -5.29 2.41 -1.92 -2.88
Ni 10 0.25 -5.05 2.45 -2.20 ~2.60
Ni 11 0.33 -5.13 2.28 -1.95 -2.85
Znl 0.55 -5.35 2.49 ~1.94 -2.86
Cul 0.54 -5.34 2.46 -1.92 -2.88

[a] Calculated from —(EJ2* + 4.8); [b] Energy bandgap (E,) determined from the onset
of the absorption spectrum; [¢] Eox+ = Ep2*—Egy; and [d] ELumo = Exomo + Es.

If the lowest unoccupied molecular orbital of the metal complexes is more positive than
that of the conduction band of the semiconductor, while the corresponding highest
occupied molecular orbital is more negative than that of the SED, then the electron
injection and charge separation would be more efficient'*®]. All the metal complexes in
our water-splitting systems meet the requirements for electron injection and charge
separation, which allows effective dye regeneration'®],

The addition of the phenyl functional group to the salen structure also reduced its
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electron density and oxidation potential.’%! Therefore, complex Nil had the lowest
oxidation potential in Nil to NiS. Owing to the introduction of electron-withdrawing
nature of chlorine substituents on the phenyl group, complex Ni4 showed the highest
oxidation potential in Nil to Ni5, which may reduce its photocatalytic activity.”"!
Notably, the CV data of complexes Ni3 and NiS5 were almost identical, indicating the
migrally effect of methyl functional group in the phenyl. The same situation can be
observed in complexes Ni6 to Nil0. Furthermore, complex Nill exhibited the smallest
energy gap, which favors charge transfer and may facilitate hydrogen generation by

[67

water splitting.!®”] Zn1 exhibited the largest energy gap compared with Nill and Cul,

which coincides with the DFT calculation results (Fig. 4.13 and Table 4.2).

4.9 Electrochemical Impedance Spectroscopy

To further investigate the charge recombination properties of those metal complexes,
electrochemical impedance spectroscopy was employed.[’!! The measurements were
conducted on an electrochemical workstation according to the previous work. ['> 73]
Ag/AgCl was served as reference electrode with the platinum electrode as a counter
electrode, 0.5 M Na,SOg4 solution as electrolyte and fluorine-doped tin oxide glass (FTO)
with the attachment of metal complex as the working electrode. The detail procedures
can be found in Chapter 7. The EIS Nyquist plots for complexes by three systems, Nil
to Ni5, Ni6 to Nil0, and Nill, Znl, Cul were shown in Fig. 4.14 to Fig. 4.16

respectively. It is well known that a smaller arc radius in the Nyquist plot indicates
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lower electric charge transfer resistance that leads to better HER performance.’*"]

Overall, the arc radius of complex Nil, complex Ni6 and complex Nill were smaller
than those of others in their systems, which suggested that it has better charge carrier
transfer properties.’! Compared with complexes Nil and Ni6, Nil was smaller than
complex Ni6, indicating a better charge transfer ability and better hydrogen generation

performance. The results match well with the water-splitting hydrogen production

performance.
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Fig. 4.14. EIS Nyquist plots for complexes Nil to NiS5.
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Fig. 4.16. EIS Nyquist plots for complexes Nill, Zn1 and Cul.

4.10 Photocurrent Measurements

Photocurrent measurements were carried out to test the stability and charge separation
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efficiency of the present metal complexes.””) Photocurrent measurements were
conducted according to a previously reported procedures.!’8! Ag/AgCl was served as
reference electrode with the platinum electrode as a counter electrode, 0.5 M NaxSOq4
solution as electrolyte and fluorine-doped tin oxide glass (FTO) with the attachment of
metal complex as the working electrode. All the experiments were conducted under a
300W Xe lamp condition. The detail procedure can be found in Chapter 7. A uniform
and fast photocurrent response during light-on and light-off tests denotes stable
photocatalytic activities,'””! while a higher photocurrent density reveals a higher charge
separation efficiency,®" which can enhance hydrogen production. Fig. 4.17 to Fig. 4.19
show the photocurrent responses of the three groups of complexes examined in the
previous section under visible light irradiation for six on—off cycles, which can provide
clear evidence of the electron transfer efficiency within the formed heterojunctions.!”®!
A photocurrent response during the light-on and light-off test of a complex indicates a
stable photocatalytic activity.’””) Complexes Nil, Ni6, and Nill exhibited a
significantly higher photocurrent intensity during irradiation, and the photocurrent
decreased with a noticeable delay after the light was turned off, which indicated a
superior charge separation efficiency and hydrogen generation performance.!’s: 7% 81. 82]

Compared with Nil and Ni6, complex Nil showed a higher photocurrent intensity,

indicating a superior hydrogen generation performance.
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Fig. 4.17. Photocurrent responses of complexes Nil-NiS5.
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Fig. 4.18. Photocurrent responses of complexes Ni6—Nil0.
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Fig. 4.19. Photocurrent responses of complexes Nill, Zn1, and Cul.

4.11 Light-Driven Hydrogen Generation of Metal Complex and CdS NRs

Hydrogen was produced by photocatalytic water splitting system with metal complex
as catalyst and CdS NRs as photosensitizers. The detailed procedural references for
photocatalytic water-splitting hydrogen production studies can be found in the
experimental section of Chapter 7. The water splitting system containing 1 mg of CdS
NRs, 10 uM of metal complex and 5 mL of 0.5 M of AA (pH = 4). The hydrogen
generation curves (vs. time) for each sample are shown in Fig. 4.20 to Fig. 4.25. The
corresponding data (TON, TOF, TOF;, and Activityi) are tabulated in Tables 4.4 and

4.5.
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Fig. 4.20. Photocatalytic hydrogen evolution by metal complex Nil to Ni5 (10 uM),
/CdS NR (L/D = 12; 1 mg) /AA (0.5 M) catalysts from H>O (5 mL) upon irradiation
with a470-nm LED at 19°C, pH 4.0, and 1 atm initial pressure of N2:CH4 (80:20 mol%)

with CHy as the internal standard for hydrogen quantification via GC.
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Fig. 4.21. Photocatalytic hydrogen evolution by metal complex Nil to Ni5 (10 uM)/
CdS NR (L/D = 18; 1 mg)/ AA (0.5 M) catalysts from H>O (5 mL) upon irradiation
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with a470-nm LED at 19°C, pH 4.0, and 1 atm initial pressure of N2:CH4 (80:20 mol%)

with CHy as the internal standard for hydrogen quantification via GC.
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Fig. 4.22. Photocatalytic hydrogen evolution by metal complexes Ni6 to Nil0 (10 pM),
/CdS NR (L/D = 12; 1 mg) /AA (0.5 M) catalysts from H>O (5 mL) upon irradiation
with a 470-nm LED at 19°C, pH 4.0, and 1 atm initial pressure of N2:CH4 (80:20 mol%)

with CHs as the internal standard for hydrogen quantification via GC.
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Fig. 4.23. Photocatalytic hydrogen evolution by metal complex Ni6 to Nil10 (10 uM)/
CdS NR (L/D = 18; 1 mg)/ AA (0.5 M) catalysts from H>O (5 mL) upon irradiation
with a470-nm LED at 19°C, pH 4.0, and 1 atm initial pressure of N2:CH4 (80:20 mol%)

with CHy as the internal standard for hydrogen quantification via GC.
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Fig. 4.24. Photocatalytic hydrogen evolution by metal-salophen complex Nill, Znl
and Cul (10 uM) / CdS NR (L/D =12; 1 mg) / AA (0.5 M) catalysts from H>O (5 mL)
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upon irradiation with a 470 nm LED at 19°C, pH 4.0, and 1 atm initial pressure of
N2:CH4 (80:20 mol%) with CHj4 as the internal standard for hydrogen quantification via
GC.
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Fig. 4.25. Photocatalytic hydrogen evolution by metal complex Nill, Zn1 and Cul (10
uM) / CdS NR (L/D = 18; 1 mg) / AA (0.5 M) catalysts from H>O (5 mL) upon
irradiation with a 470 nm LED at 19°C, pH 4.0, and 1 atm initial pressure of N»:CHas

(80:20 mol%) with CHjy as the internal standard for hydrogen quantification via GC.

132



Table 4.4. Photocatalytic hydrogen evolution by metal-salophen complex/ CdS NRs

(L/D = 12)/ AA catalysts under blue light irradiation.

Complex Time H,  TONE  TOFM  TOF! Activity;!

/h /mL /h7! /h7! /umol g! h!
Nil 131  26.7 43538 3324 2399.1 599763
Ni 2 131 21.3 34830 265.9 2111.0 527745
Ni3 131 19.1 31181 238.0 1214.1 303531
Ni 4 131 7.7 12548 95.8 551.9 137981
Ni5 131 19.6 31928 243.7 1640.4 410112
Ni 6 131  20.1 32828 250.6 2204.1 551018
Ni7 131 19.4 31715 242.1 1617.9 404487
Ni8 131 11.8 19213 146.7 721.0 180242
Ni9 131 10.8 17704 135.1 523.7 130920
Ni 10 131 13.4 21894 167.1 758.0 189504
Nill 131 15.7 25676 196.0 1205.2 301291
Zn1 131 4.5 7384 56.4 473.6 118397
Cul 131 9.7 15814 120.7 1095.0 273747

[a] Turnover number for hydrogen is calculated as twice the number of moles of
hydrogen produced divided by the number of mols of the complex catalyst. [b]
Turnover frequency calculated per hour. [c] Initial turnover frequency for the first five
hours. [d] The photocatalytic activity of the system is defined as the number of
micromoles of H> evolved per mg of CdS NRs loaded per hour.

Table 4.5. Photocatalytic hydrogen evolution by metal-salophen complex/ CdS NRs

(L/D = 18)/ AA catalysts under blue light irradiation.

Dye Time H,  TONEl  TOF®  TOF  Activityl

/h /mL /h! /h! /umol g”' h!
Nil 131 315 51350 392.0 3022.9 755737
Ni 2 131 273 44624 340.6 2123.0 530740
Ni3 131 225 36785 280.8 1650.1 412533
Ni 4 131 135 22027 168.1 899.6 224896
Ni§ 131  23.6 38502 293.9 1749.7 437425
Ni 6 131 204 33376 254.8 2751.5 687885
Ni7 131  20.2 32960 251.6 2686.2 671558
Ni 8 131  13.0 21163 161.6 721.3 180320
Ni9 131 11.7 19107 145.9 557.4 139338
Ni1l0 131 146 23772 181.5 824.4 206102
Nill 131 35.1 57238 436.9 1923.7 480918
Znl 131  11.6 18947 144.6 1386.5 346629

Cul 131 17.2 28128 214.7 1831.8 457951
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[a] Turnover number for hydrogen calculated as twice the number of moles of hydrogen
produced divided by the number of mols of the complex catalyst. [b] Turnover
frequency calculated per hour. [c] Initial turnover frequency for the first five hours. [d]
The photocatalytic activity of the system is defined as the number of micromoles of H»
evolved per mg of CdS NRs loaded per hour.

For Nil to Ni5, among the catalytic systems containing CdS NRs (L/D = 12), those
with complexes Nil and Ni2 achieved TONs of 43538 and 34830 and TOFs of 332.5
and 265.9 h™! over 131 h, respectively. The catalytic systems containing longer CdS
NRs (L/D = 18) produced much higher amounts of hydrogen than those with shorter
CdS NRs (L/D = 12). In particular, the highest TON and TOF values of 51350 and 392.0
h™!, respectively, were obtained with the system based on complex Nil, followed by
that containing complex Ni2 (44624 and 340.6 h™!, respectively) in the systems
containing longer CdS NRs (L/D = 18). The TON values of the complexes followed the
order Nil > Ni2 > Ni5 > Ni3 > Ni4. The system based on complex Nil exhibited the
highest hydrogen generation activity using either aspect ratio of CdS NRs, because the
diamine bridge did not contain an electron-withdrawing phenyl group.*> 4% 831 The
replacement of hydrogen with an electron-donating methoxy group in the phenyl rings
resulted in an enhanced hydrogen generation compared with the electron-withdrawing
chloro functional group, as seen for complexes Ni5 and Ni4.!*¥ The comparison of the
hydrogen generation data of complexes Ni3 and NiS showed that the number of methyl
groups had a very minor effect on the phenyl absorption ability.

For Ni6 to Nil0, among the catalytic systems containing CdS NRs (L/D = 12), those
with complexes Ni6 and Ni7 achieved TONs of 32828 and 31715 and TOFs of 250.6

and 242.1 h™! over 131 h, respectively. The catalytic systems containing longer CdS
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NRs (L/D = 18) produced the highest TON and TOF values of 33376 and 254.8 h™!,
respectively, with the system based on complex Ni6. The TON values of the complexes
followed the order Ni6 > Ni7 > Nil0 > Ni8 > Ni9. The trend is the same as Nil to Ni5.
Furthermore, complex Nil showed a higher hydrogen generation performance than
complex Ni6, as confirmed by the EIS and photocurrent tests.

For Nill, Zn1 and Cul, among the catalytic systems containing CdS NRs (L/D = 12),
complexes Nill and Cul achieved TONs of 25676 and 15814 h™! and TOFs of 196.0
and 120.7 h™! over 131 h, respectively. The catalytic systems containing longer CdS
NRs (L/D = 18) produced much higher amounts of hydrogen than those with shorter
CdS NRs (L/D = 12). More specifically, the highest TON and TOF values of 57238 and
436.9 h™! were obtained with the system containing complex Nill, followed by that
containing complex Cul (28128 and 214.7 h!, respectively) in systems containing
longer CdS NRs (L/D = 18). The TON values of the complexes followed the order Nill
> Cul > Znl. It possibly due to the superior charge transfer ability of Nill, which has
been confirmed by the EIS and photocurrent characterization (Fig. 4.14 and Fig. 4.19,
respectively).

The photocatalytic water-splitting experiments for control system with only selective
metal complex Nill, Znl, Cul or CdS NRs have been performed. The experimental
results are shown in Table 4.6. From the results, it can be found that the photocatalytic
hydrogen generation of the water splitting system containing both metal complex and
CdS NRs are more efficient. The mechanism of metal complex and CdS NRs were

described in the discussion part. Furthermore, we revisited the literatures and sorted out
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the performance data of similar metal complexes as Table 4.7. Compared with the
reported literatures, my complexes, especially Nill, shows a significant improvement
in light-driven hydrogen evolution. These results also indicate that the metal complexes
with CdS NRs system are promising candidate for highly stable photocatalytic

application.

Table 4.6. Photocatalytic hydrogen evolution by Nill, Znl, Cul, CdS NRs and AA

under blue light irradiation.

Complex Time H> /mL
/h

Nill 131 3.2

Znl 131 1.5

Cul 131 2.1

CdS (L/D=12) 84 0.9

CdS (L/D=18) 84 1.0

Table 4.7. Performance for light-driven hydrogen evolution based on different metal

complex systems.

Metal complex Water splitting system H; performance refer

NiS CdS  nanorods/g-C3N4 | Ha (mmol g!' h'!) [85]
and TEOA (10 vol%) 2563

NiS g-C3Ny/WO; and TEOA | Hp (mmol g' h!) | (89
(15 vol%) 2.929

Ni-salen g-C3Ns nanosheet/  CdS | Hz (mmol g h'!) | B7]
NaxS and Na>SO; 22.3
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[BzPyN(CH3)2]2[Ni(i-
mnt)>]

CdS clusters, and
ascorbic acid (pH 3.7).

H, (mmol g!' h'!)
1.375 (around)

[88]

diyl)bis(1,3,5-
triazine2,4-

(HBF4), 0.56 M for water,
0.1 mM  for the

Ni-salen EY? and 10% TEA, at | H, (mmol g' h!) | ¥
pH 10. 0.27 (around)

Ni-salen EY? and 10 % TEOA, at | H, (mmol g' h!) | [¥]
pH 10. 0.039 (around)

[Cu(TMPA)CI]CI Ir-based PS, and 0.45 M | TON 4400 (501
TEA in Ar saturated
CH:CN/H,0 (9: 1)

[Cu(Cl-TMPA)CI;] Ir-based PS, and 0.45 M | TON 10014 [90]
TEA in Ar saturated
CH:CN/H,0 (9: 1)

[Cu(DQPD)]2 fluorescein and [TEA] = | TON 2135 (1]
0.36 M in DMF/H,0 (80 :
20, v/v).

[6,60 -(2,20 -| 1 M for triethanolamine | TON 47 921

bipyridine-6,60 - | (TEOA), 0.1 M for

1.0 mM EY? and TEOA
(10% v/v)

0.012 (around)

diamine)](nitrato- photosensitizer

O)copper [Ru(bpy)s] (PFs)2

N3O2 type of Schiff- | MeOH/H>O (1:2; vA4; 6.0 | Ha (mmol g' h't) | %3]
base with Zn mL) solution containing

N3Oz type of Schiff-
base with Zn

MeOH/H20 (1:2; v/v; 6.0
mL) solution containing

H, (mmol g h!)

[93]

48

. 0.005 (around)
1.0 mM EY~ and TEA
(10% v/v)
Complex Nill CdS NRs, and ascorbic | TON 57239 This
acid (pH 4). H, (mmol g' h') | study

4.12. Discussions

4.12.1. Proposed mechanism for hydrogen generation by metal complexes with

N202 structure
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The photocatalytic hydrogen generation mechanism of some similar metal complexes
has been reported in previous studies.[*® 7794 In the current study, as shown in Fig. 4.26,
under visible light irradiation, Cd*" was excited to *Cd?"; the latter received an electron
from ascorbic acid (AscH-) to form Cd". After that, the present metal complex
underwent an endothermic one-electron reduction by Cd" to form Intl, which was then
protonated at one of the phenolic O atoms by bonding with H3O" to form Int2. In the
following step, a proton was transferred from the phenolic O atom of M?* (Int2) to form
M3* (Int3), which mediates with H>O as a proton shuttle because of its low activation
energy. As Cd" transferred electrons to M3* to form Cd**, M3* transformed into M?*
(Int4). Finally, the M?* ion with the negatively charged H™ species was readily

protonated, releasing a H> molecule and thus regenerating hydrogen.

i A
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Fig. 4.26. Proposed pathway for hydrogen generation by complexes with N202

structure.

4.12.2. Proposed mechanism for hydrogen generation by metal complexes with
N2S2 structure

The photocatalytic hydrogen generation mechanism of some similar metal complexes
has been described in previous studies.”>) As shown in Figure 4.27, the one-electron
reduction of the nickel complex generated a Ni' species, [(bpte)Ni]*. Then, the
incorporation of H' resulted in the formation of a Ni'-H species, [H-Ni(bpte)]**. An

LH species led to the formation of a Ni''-H

additional one-electron reduction of the Ni
species, [H-Ni'l( bpte)]". Further incorporation of H' into [H-Ni'}(bpte)]" produced a H»

molecule and regenerated the starting complex.
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Fig. 4.27. Proposed pathway for hydrogen generation by complexes with N2S2

structure.

4.13. Conclusions

Three sets of earth-abundant metal-salophen complexes were synthesised and
combined with ligand-free CdS NRs to create photocatalytic water-splitting hydrogen
generation systems in a fully aqueous environment. The highest TON and TOF values
of 51350 and 392.0 h™!, respectively, were obtained with the system containing complex
Nil. The catalytic system containing complex Ni6 achieved TON and TOF values of
33376 and 254.8 h™! over 131 h, respectively. The system based on complex Nill (at

10 uM concentration) and the longer CdS NRs (L/D = 18) achieved a TON of 57239
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h™! and a TOF of 436.9 h™! over 131 h of blue light irradiation. These three systems
exhibited the best performance among their respective sets of metal complexes. The
present results indicate that controlling the length of the CdS NRs could be a potential
route to optimise the efficiency of photocatalytic systems for water-splitting hydrogen

generation.
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Chapter 5: Synthesis, Structures, Characterisations of Metal-Organic
Cages, and Their Water-Splitting Hydrogen Generation Experiments

in CdS Nanorod System

5.1 Introduction

Because of the fast recombination of photogenerated electron—hole pairs, the
photocatalytic activity of traditional water-splitting hydrogen production systems is low
and needs to be improved.[!! Metal complexes with heterogeneous carrier materials,
such as metal-organic frameworks (MOFs) and covalent—organic frameworks (COFs),
have been developed to enhance hydrogen-generation efficiency.!**! MOFs and COFs
have attracted wide attention because of their excellent properties, including large

7-101 The porous structure of MOFs

surface area, and topological structure diversity.!
enables the reaction molecules attached to their walls to improve catalyst efficiency.!'!]
However, the carrier shells surrounding the metal-complex catalysts of MOFs reduce
the flexibility and accessibility of the photocatalytic centres, thereby decreasing their
catalytic activity.l'?) Therefore, it is vital to design a stable metal catalyst that has the
advantages of MOFs but overcome the drawbacks of them.

Metal-organic cages (MOCs), regarded as inorganic clusters and organic linkers, have
been widely developed.l'*! Supramolecular assembly of predesigned inorganic and
organic building blocks is considered as one of the ideal tools to construct well-defined,

[14-16

nanosized molecular vessels. 1In MOCs, which are a new type of porous crystalline

materials, individual nanoscale molecular structures are formed through weak
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interactions. These materials are considered to have huge potential when applied in
photocatalytic water-splitting.[ " 181 Owing to their MOF-like advantages, easily
modifiable MOCs are useful for binding catalyst centres with functional organic linkers.
In view of the discrete properties of MOCs, incorporating catalyst molecules with a
rigorous design appears to be a practical approach to enhancing catalytic activity and
stability. Recently, it has been reported that MOCs can be used as heterogeneous
catalysts in photocatalytic reactions by anchoring their catalytic active sites or loading
metal nanoparticles, and that they show better performance than nano-MOFs.!"®! For
example, Wu and co-workers have synthesized [FeFe]-hydrogenase MOCs and
employed them in water-splitting hydrogen production, achieving a TON at about 3500
with CdSe QDs and AA (pH=4) for 3 h.[2%-21]

To enhance efficiency in Hz production, the MOCs should be designed appropriately
and possess characteristics such as strong absorption of visible light.[*> 23! In particular,
the redox catalytic sites and the photosensitiser should be in close proximity to each
other, and the possibility of unwanted electron-transfer reactions were reduced. 2+ %!
Inspired by previous studies,!'3! two sets of tetrahedral metal—organic cages with
triphenylamine or benzene as the framework backbone were synthesized in this study.
The framework backbone acts as the supramolecular host and redox catalyst when the
MOC:s are used for the photocatalytic generation of hydrogen from water (Fig. 5.1).
The strong coordination ability of the NS chelators has been shown to enhance the
stability of the MOCs and provide cobalt or nickel ions with redox potentials, which is

suitable for proton reduction.2%27]
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Fig. 5.1. Representative chemical structures of a MOC.

Herein, efficient photocatalytic hydrogen production systems in pure aqueous solution
composed of ligand-free CdS NRs and metal—organic cages were presented. The MOCs
in this chapter were designed on a small tetrahedral organic framework backbone with
nickel or cobalt (Fig. 5.2 and Table 5.1). Furthermore, the photophysical and
electrochemical properties of the MOCs and their photocatalytic performance in

hydrogen production via water-splitting are also presented and discussed.
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Fig. 5.2. Chemical structures of metal-organic cage precursors P1-P8.

Table 5.1. Formation of metal—-organic cages.

Ligand precursor Metal Metal-Organic Cage
P1 Co MOC1
P1 Ni MOC2
P2 Co MOC3
P2 Ni MOC4
P3 Co MOCS5
P3 Ni MOC6
P4 Co MOC7
P4 Ni MOCS
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PS5 Co MOC9

PS5 Ni MOC10
P6 Co MOC11
P6 Ni MOC12
P7 Co MOC13
P7 Ni MOC14
P8 Co MOC15
P8 Ni MOC16

5.2 Syntheses

5.2.1 Synthesis of MOC aldehyde ligands

MOC aldehyde ligands were generally prepared using the classical Suzuki reaction
from 1,3,5-tribromobenzene or tris(4-bromophenyl)amine with corresponding boronic
acid and Vilsmeier—Haack reaction with phosphoryl(V) chloride and corresponding

organic compounds. The synthetic pathways are shown in Scheme 5.1.
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Scheme 5.1. Synthetic pathways of MOC aldehyde ligands.
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5.2.2 Synthesis of MOC precursors

The metal-organic cage precursors were prepared according to a previous literature.!'*]
They were obtained from the reaction of the corresponding aldehyde ligands with
thiosemicarbazide in an acetic acid-MeOH solution. Scheme 5.2 shows the synthetic

pathway for precursor P1 as an example.

H H
H,N_ N, ~. N NH,
T Y
LT .
N

Thiosemicarbazide
>
Acetic acid, MeOH
90°C, 6 h ~
HO N

P1

Scheme 5.2. Synthetic pathway of MOC precursor P1.

5.2.3 Synthesis of MOCs

The MOCs were synthesised by following a procedure described in a previously
published paper.['*) The precursors reacted with Co(CH3COO),-4H,0 or NiNOs-4H,0
in a dry DMF solution to form the final MOC. As an example, the synthetic pathway
for MOC1 is shown in Scheme 5.3. All MOCs prepared in this study were stable solids

1n air.
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Scheme 5.3. Synthetic pathway of MOC1.

5.3 Spectroscopic Characterisation

All MOC aldehyde ligands showed characteristic 'H NMR spectra and indicated a clear
structure for each compound. For example, Fig. 5.3 shows the 'H NMR spectrum of
MOC aldehyde ligand L18 with a singlet at approximately 9.94 ppm attributed to the

proton of aldehyde [!*!,
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Fig. 5.3. '"H NMR spectrum of MOC aldehyde ligand L18 in CDCls.

Owing to the poor solubility of the MOC precursors and final MOCs, only *C NMR
data for the MOC aldehyde ligand could be obtained. The corresponding NMR spectra
reveal the structures of these compounds. For example, Fig. 5.4 shows the 1°C NMR

spectrum of LL18.
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Fig. 5.4. 3C NMR spectrum of MOC aldehyde ligand L.18 in CDCl;.

The MOC precursors were characterised by 'H NMR spectroscopy. Fig. 5.5 shows the
"H NMR spectrum of MOC precursor P1. The appearance of imine proton C(S)-NH

signals at 11.40 ppm indicates the structure./?!
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Fig. 5.5. '"H NMR spectrum of MOC precursor P1 in DMSO-d6.

Due to the poor solubility, only part of the metal-organic cages were confirmed by 'H
NMR as well. According to previous literature, others will be confirmed by MS and
FTIR.[?% Fig. 5.6 shows the 'H NMR spectrum of MOCS5. The disappearance of the
imine proton C(S)—NH signals from the precursor suggests that the bidentate moiety

was coordinated to a metal ion. [']
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Fig. 5.6. "H NMR spectrum of MOC5 in DMSO-d6.

5.4 Mass Spectrum Characterisation

Liquid chromatography—electrospray ionisation quadrupole-time of flight mass
spectrum characterisation was performed for the aldehyde ligands, precursors, and the
final metal-organic cages to confirm the structures. Fig. 5.7 to Fig. 5.9 show the MS
results for compound L.18, MOC precursor P2 and MOC7 as examples. The main peaks
of the MS results match the calculated molecular ion peaks, indicating correct formation

of the structures.
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Fig. 5.8. MS result of MOC precursor P2.
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5.5 Fourier-Transform Infrared Characterisation of MOCs

2w a0 321 322 323 34 s sdle A7 sdie sdle sdo s

Fourier-transformed infrared (FTIR) characterisation of the selective metal-organic

cage MOCS8 was performed to determine its structure. Fig. 5.10 shows the result of the

characterisation, and the corresponding data are presented in Table 5.2. The FTIR

spectrum of MOCS shows two peaks at 615 and 721 cm ™!, attributed to the stretching

vibration of the Ni-N and S-Ni bonds respectively, which confirms the formation of the

expected MOC.
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Fig. 5.10. FTIR spectrum of MOCS.
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Table 5.2. FTIR spectral analysis of MOCS.

Band (cm™) Stretching Vibration Assignment Reference

~3449 —NH, [29]
2918 CH3 [29]
2222 C=N [30]
1598 Cc=C [31]

1491 Cc-—C [30, 32]
1383 N-C=S [33]
1325, 1276 N-N [34]
1189 C-N [30]
1107 Cc-0-C [35]

996 N-C=S [33, 36]
819 NH [30]
721 S—Ni [37]
615 Ni-N [30]

5.6 Transmission Electron Microscopy Characterisation of MOCs
A representative MOC, MOCS, was investigated using transmission electron
microscopy characterisation. A typical TEM image of MOCS (Fig. 5.11) indicated a

cubic structure, in agreement with the structure reported previously.”’! The spatial
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distribution of different elements in MOCS was determined through elemental mapping
analysis (Fig. 5.12). The Co distribution characteristics confirmed the formation of the

desired structure.

Sgral f = FE2
Wag= B0

205 FHT = 20051 Sgral & = B2 Wt = 2287
WO = G.0ma g = E0X gl 20 Jun 022

Sianst & =5E2
Wiag = tO0

Fig. 5.11. TEM images of MOCS.

163



EDS Layered Ima_ge 1

C Kal,2

N Kal,2

Co Kal

25pm

Fig. 5.12. Results of elemental mapping analysis of MOCS.
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5.7. Photophysical Properties of MOCs

The photophysical properties of all metal-organic cages in DMSO were studied.
Photophysical measurements showed that the effect of bonding metals (Ni or Co) on
the absorption properties of the MOCs was very marginal. Their UV/Vis absorption
spectra are shown in Fig. 5.13 and Fig. 5.14, the corresponding data for which are
summarised in Table 5.3. The absorption spectra of MOCs were generally dominated
by an intense UV band below 330 nm, which was attributed to the ligand-centred n-to-
m* transitions of the ligands.['?! Furthermore, broad absorption bands characteristic of
metal-to-ligand charge transfer transitions were observed in the visible region.® 12l The
lowest energy MLCT bands for all metal-organic cages with triphenylamine framework
backbone were red-shifted from those without, attributed to the presence of electron
donors with extended n-conjugation in the triphenylamine backbone.l*® 3% The ¢ of the
MOC in the visible region is a key factor that determines the light-harvesting capability
when it is used for photocatalytic hydrogen generation. All MOCs with triphenylamine
had higher ¢ values than those without, which indicated the superior light-harvesting
capability of the former MOC:s.

The spectra of MOC?7 exhibit slight red-shifting compared to the spectra of MOCS due
to the introduction of furan instead of a thiophene functional group in the organic
backbone, which has a smaller resonance energy*” and can enhance electron
mobility,*!! indicating the better hydrogen generation performance. A similar
observation was made for MOC13 and MOCI1S. Furthermore, a comparison of the

spectra of MOC9 and MOC11 showed that the effect of methyl functional groups on
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the absorption properties of MOCs was marginal.

Molar Absorptivity (x 10°(M!em™))
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Fig. 5.13. UV/Vis absorption spectra of MOCs with Ni metal in DMSO at 293 K.
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Fig. 5.14. UV/Vis absorption spectra of MOCs with Co metal in DMSO at 293 K.
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Table 5.3. UV/Vis absorption parameters of MOC1 to MOC16 in DMSO at 293 K.

MOC Jmax /nm (¢ /103 M em™)

MOC1 306 (0.40), 386 (0.78)
MOC2 305 (0.40), 386 (0.78)
MOC3 273 (0.67), 390 (1.00)
MOC4 273 (0.67), 391 (1.00)
MOC5 305 (0.63), 404 (1.10)
MOC6 305 (0.63), 405 (1.10)
MOC7 315 (0.51), 423 (1.06)
MOC8 314 (0.51), 423 (1.06)
MOC9 316 (1.07), 466 (0.09)
MOC10 316 (1.07), 466 (0.09)
MOCI1 327 (1.03)

MOCI12 327 (1.03)

MOC13 301 (0.45), 372 (0.43)
MOC14 300 (0.45), 373 (0.43)
MOCI15 294 (0.26), 380 (0.52)
MOC16 293 (0.26), 380 (0.52)

5.8. Electrochemical Impedance Spectroscopy Characterisation of MOCs

Electrochemical impedance spectroscopy was used to investigate the charge
recombination properties of metal—-organic cages according to a previously published
procedure.[*> ¥1 EIS Nyquist plots for MOC1 to MOC8 and MOC9 to MOC16 are
shown in Figs. 5.15 and 5.16, respectively. It is known that a smaller arc radius in the
Nyquist plot indicates a lower electric charge transfer resistance, which in turn implies
better HER performance.!*?*’! Overall, the arc radii of MOC?7 and MOC15 were the
smallest in their systems, which suggests that they have better charge carrier transfer
properties.[*] These results are consistent with the water-splitting hydrogen production

performance (Fig. 5.19 to Fig. 5.22).
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Fig. 5.15. EIS Nyquist plots for MOC1 to MOCS.
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Fig. 5.16. EIS Nyquist plots for MOC9 to MOC16.

5.9. Photocurrent of MOCs

Photocurrent measurement was used to examine the stability and charge separation
efficiency of the MOCs."*”] A uniform and fast photocurrent response during the light-
on/light-off test showed their stable photocatalytic activity.*!] In particular, a higher
photocurrent density indicates better charge separation efficiency,*! which implies
better performance in water-splitting hydrogen generation. Photocurrent measurements
were conducted using a previously reported procedure.>®! Fig. 5.17 and Fig. 5.18 show
the photocurrent responses of MOC1 to MOC8 and MOC9 to MOC16 under visible
light irradiation for six on—off cycles, and they provide clear evidence.®” Clear
photocurrent response were observed during the light-on/light-off test, indicating that
the MOCs showed stable photocatalytic activity.*! MOC7 and MOC15 exhibited a

significantly higher photocurrent intensity during light-on that decreased with a
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noticeable delay during light-off in their systems, indicating superior charge separation

efficiency and better hydrogen generation performance.[4% 30-52]
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Fig. 5.17. Photocurrent responses of MOC1 to MOCS.
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Fig. 5.18. Photocurrent responses of MOC9 to MOC16.
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5.10 Light-Driven Hydrogen Generation of MOCs and CdS NRs System

Hydrogen was produced by photocatalytic water-splitting using MOCs as catalysts and
CdS NRs as photosentisizer. The procedural reference details for photocatalytic water
splitting hydrogen production reaction are described in the experimental section of
Chapter 7. The photocatalytic water-splitting reaction for hydrogen generation was
conducted in 5 mL of AA (0.5 M) solution at a pH of 4.0 and with 10 uM of MOC and
1 mg of CdS NRs. The hydrogen generation curves (vs time) for each sample are shown
in Fig. 5.19 to Fig. 5.22, and the corresponding data (TON, TOF, TOF; and Activity;)

are tabulated in Tables 5.4-5.7.
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Fig. 5.19. Photocatalytic hydrogen evolution by metal-organic cage MOC1 to MOCS8
(10 uM) /CdS NR (L/D = 12; 1 mg) /AA (0.5 M) catalysts from H,O (5 mL) upon
irradiation with a 470-nm LED at 19 °C, pH 4.0, and 1 atm initial pressure of N>:CHas

(80:20 mol %), with CHg as the internal standard for hydrogen quantification via GC.
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Table 5.4. Photocatalytic hydrogen evolution by metal-organic cages MOCI1 to

MOCS/CdS NR (L/D = 12)/ AA catalysts under blue-light irradiation.

MOC Time H> TON TOFP!  TOF;! Activity;ld]

/A /mL /h! /h! /umol g! h!
MOC1 84 8.0 13114 156.1 990.3 247585
MOC2 84 7.5 12238 145.7 959.9 239982
MOC3 84 11.5 18698 222.6 1254.5 313629
MOC4 84 9.7 15869 188.9 1057.5 264384
MOCS 84 17.0 27833 331.3 1786.0 446499
MOC6 84 13.5 21961 261.4 1336.4 334093
MOC7 84 31.6 51592 614.2 3765.4 941362
MOCS 84 23.0 37571 4473 3017.1 754272

[a] Turnover number for hydrogen calculated as twice the number of moles of hydrogen
produced divided by the number of moles of metal—organic cages catalyst. [b] Turnover
frequency calculated per hour. [c] Initial turnover frequency for the first 5 h. [d]
Photocatalytic activity of the system defined as the number of micromoles of H>
evolved per mg of CdS NRs loaded per hour.
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Fig. 5.20. Photocatalytic hydrogen evolution by metal-organic cage MOC1 to MOCS8
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(10 uM) /CdS NR (L/D = 18; 1 mg) /AA (0.5 M) catalysts from H,O (5 mL) upon

irradiation with a 470-nm LED at 19 °C, pH 4.0, and 1 atm initial pressure of N2:CH4

(80:20 mol %), with CHj as the internal standard for hydrogen quantification via GC.

Table 5.5. Photocatalytic hydrogen evolution by metal-organic cage MOC1 to MOCS8

/CdS NR (L/D = 18)/ AA catalysts under blue-light irradiation.

MOC Time H» TONEl  TOFM  TOF Activity;l9l
/h /mL /h! /h! /umol g”' h!
MOC1 8 83 13589 161.8  990.3 247585
MOC2 8 8.1 13305 1584  959.9 239982
MOC3 8 116 1888l 2248 12709 317732
MOC4 8 11.0 18018 2145 11848 296206
MOC5 84 189 30829 367.0  2230.7 557671
MOC6 84 150 24506 2917 1753.4 438356
MOC7 8 344 56205 669.1  4038.8 1009703
MOC8 84 265 43201 5143 32878 821955

[a] Turnover number for hydrogen calculated as twice the number of moles of hydrogen
produced divided by the number of moles of metal-organic cages catalyst. [b] Turnover
frequency calculated per hour. [c] Initial turnover frequency for the first 5 h. [d]
Photocatalytic activity of the system defined as the number of micromoles of H»
evolved per mg of CdS NRs loaded per hour.
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Fig. 5.21. Photocatalytic hydrogen evolution by metal-organic cage MOC9 to MOC16
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(10 uM) /CdS NR (L/D = 12; 1 mg) /AA (0.5 M) catalysts from H,O (5 mL) upon

irradiation with a 470-nm LED at 19 °C, pH 4.0, and 1 atm initial pressure of N2:CH4

(80:20 mol %), with CHj as the internal standard for hydrogen quantification via GC.

Table 5.6. Photocatalytic hydrogen evolution by metal-organic cage MOC9 to

MOC16 /CdS NR (L/D = 12)/ AA catalysts under blue-light irradiation.

MOC Time H» TONEl  TOFM  TOF Activity;l9l
/h /mL /h! /h! /umol g”' h!
MOC9 84 2.8 4494 53.5 331.5 82872
MOC10 84 2.1 3470 413 321.1 80263
MOC11 8 39 6415 76.4 482.3 120568
MOC12 84 32 5150 61.3 357.3 89326
MOC13 84 52 8457 100.7  579.4 144849
MOC14 84 45 7292 86.8 499.0 124762
MOC15 84 65 10651 1268 864.9 216236
MOC16 84 59 9651 1149  684.4 171109

[a] Turnover number for hydrogen calculated as twice the number of moles of hydrogen
produced divided by the number of moles of metal-organic cages catalyst. [b] Turnover
frequency calculated per hour. [c] Initial turnover frequency for the first 5 h. [d]
Photocatalytic activity of the system defined as the number of micromoles of H»
evolved per mg of CdS NRs loaded per hour.
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Fig. 5.22. Photocatalytic hydrogen evolution by metal-organic cage MOC9 to MOC16
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(10 uM) /CdS NR (L/D = 18; 1 mg) /AA (0.5 M) catalysts from H,O (5 mL) upon
irradiation with a 470-nm LED at 19 °C, pH 4.0, and 1 atm initial pressure of N>:CHj4

(80:20 mol %), with CHj as the internal standard for hydrogen quantification via GC.

Table 5.7. Photocatalytic hydrogen evolution by metal-organic cage MOC9 to

MOC16 /CdS NR (L/D = 18)/ AA catalysts under blue-light irradiation.

MOC Time H, TONE  TOFDP  TOF; Activity;l9l

/h /mL /h! /h! /umol g”' h!

MOC9 84 29 4809 57.3 333.5 83381

MOC10 84 24 3985 47.4 321.1 80263

MOCI11 84 3.9 6308 75.1 499.0 124762
MOC12 84 3.6 5921 70.5 473.5 118373
MOC13 84 5.6 9123 108.6 647.1 161783
MOC14 84 4.6 7585 90.3 529.6 132402
MOC15 84 7.2 11751 139.9 908.4 227100
MOC16 84 6.1 10035 119.5 748.1 187023

[a] Turnover number for hydrogen calculated as twice the number of moles of hydrogen
produced divided by the number of moles of metal-organic cages catalyst. [b] Turnover
frequency calculated per hour. [c] Initial turnover frequency for the first 5 h. [d]
Photocatalytic activity of the system defined as the number of micromoles of H»
evolved per mg of CdS NRs loaded per hour.

Generally, all the MOCs promoted hydrogen generation. MOCs with a triphenylamine
backbone were better than those with a benzene ring backbone. Triphenylamine with a
donor—m—acceptor (D-n—A) framework can efficiently facilitate intramolecular charge
transfer from the ground state to the excited state, broadening the molecular absorption

23-3] Furthermore, it was found

spectrum and enhancing the charge carrier mobility [
that MOCs with Co were better than those with Ni in water-splitting hydrogen

production owing to their superior charge-transfer ability, which has been shown in Fig.

5.15 to Fig.5.18.
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For the catalytic systems containing CdS NRs (L/D = 12), those with MOC7 and
MOCI1S produced the largest amount of hydrogen, with TONs of 51592 and 10651 and
TOFs of 614.2 h ' and 126.8 h™! over 84 h, respectively, and they were followed by the
systems with MOC8 and MOC16, which had TONs of 37571 and 9651, respectively.
In the catalytic systems containing longer CdS NRs (L/D = 18), the amount of hydrogen
produced was slightly greater. The highest TON values of 56205 and 11751 were
obtained with systems containing MOC7 and MOC1S, respectively, and they were
followed by systems with MOC8 and MOC16, which had TONs of 43201 and 10035,
respectively.

In both systems, MOCs with furan produced the largest amount of hydrogen because
of their large red-shift!*”) and the greatly increased molar extinction coefficients in their
UV spectra. In particular, furan has the lowest energy of charge-transfer transition as it
has the smallest resonance energy,*") Compared with a benzene spacer, the introduction
of a heterocyclic ring spacer such as furan or thiophene in a triphenylamine or benzene
backbone reduces the band gap and broadens the absorption spectra through
intramolecular charge-transfer,°®! which can enhance the water-splitting hydrogen
production ability.

A control system with only MOC1 and AA was also conducted for water-splitting
hydrogen generation. The experimental results are shown in Fig. 5.23 and Table 5.8.
From the results, it is apparent that photocatalytic hydrogen generation with our new
MOCs containing CdS NRs was more efficient and stable. Furthermore, we revisited

the literature and sorted out the performance data of similar MOCs (Table 5.9).
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Compared with the MOCs reported in the literature, our MOCs, especially MOC?7,
showed a significant improvement in light-driven hydrogen evolution. These results
also indicate that our new MOCs are promising candidates for highly stable and

efficient photocatalytic application.
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Time (h)
Fig. 5.23. Photocatalytic hydrogen evolution by metal-organic cage MOC1 (10 uM)
/AA (0.5 M) catalysts from H>O (5 mL) upon irradiation with a 470-nm LED at 19 °C,
pH 4.0, and 1 atm initial pressure of N2:CH4 (80:20 mol %), with CH4 as the internal

standard for hydrogen quantification via GC.

Table 5.8. Photocatalytic H> generation data with MOC1 under blue light irradiation.

MOC Time H, TONE TOFP!  TOF  Activityl
/A /mL /h! /h! /umol g! h!
MOC1 63 0.73 1192 18.9 133.9 33469
[a] Turnover number (TON) of H> was calculated as twice of the number of moles of
H> produced over the number of moles of metal-organic cages attached to platinized
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TiO,. [b] Turnover frequency (TOF) was calculated per hour. [c] Initial turnover
frequency (TOF;) in the first 5 h. [d] Initial photocatalytic activity (Activity;) is defined
as the number of micromoles of H» evolved per gram of platinum loaded per hour.

Table 5.9. Performance for light-driven hydrogen evolution based on different MOCs

systems.

metal-organic cage | Hz performance SED Reference
(umol/g for first 3 h)

g-C3N4/MOC-Q2 | About 20000 Triethanolamine | 2%
15 TBC About 1500 Triethanolamine | ']
Zr-Bpydc-PtCl, About 25000 Triethanolamine | !
MOCs
Pt/ZxT-1-NH: 4024 Acetonitrile [59]
MOC7 with CdS | 408000 AA This study
NRs (pH=4)

The durability of the catalyst is also of considerable importance for water-splitting
hydrogen generation. During the cycling experiment, MOC 1 was performed by every
3 h cyclic tests (Fig. 5.24). After four reaction cycles, the hydrogen production
performance was sustained and showed only a marginal decline. These results showed

the high durability of the MOCs.
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Fig. 5. 24. Cycle durability test for each 3 h on MOCI1 photocatalytic water splitting

under visible light irradiation.

Water splitting hydrogen generation reaction with another common system containing
fluorescein (FI) have been conducted and the result have been presented in Fig. 5.25
and Table 5.10. From the results, the photocatalytic hydrogen generation of our CdS

NRs systems are more efficient with higher stability than that of FI system.
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Fig. 5.25. Photocatalytic hydrogen evolution by metal-organic cage MOC1 (4 uM) /
fluorescein (2 mM) from H>O (5 mL) upon irradiation with a 470-nm LED at 19 °C,
pH 4.0, and 1 atm initial pressure of N2:CH4 (80:20 mol %), with CH4 as the internal

standard for hydrogen quantification via GC.

Table 5.10. Photocatalytic H> generation data with MOC1 with FI under blue light

irradiation

MOC Time H, TONE  TOFP!  TOF  Activityl
/A /mL /h7! /h7! /umol g! h!

MOC1 63 042 1714 27.2 171.4 17143
[a] Turnover number (TON) of H> was calculated as twice of the number of moles of
H> produced over the number of moles of metal-organic cages attached to platinized
TiO,. [b] Turnover frequency (TOF) was calculated per hour. [c] Initial turnover
frequency (TOF;) in the first 5 h. [d] Initial photocatalytic activity (Activity;) is defined
as the number of micromoles of H» evolved per gram of platinum loaded per hour.

5.11. Conclusions
Two sets of metal-organic cages were synthesised and combined with ligand-free CdS

NRs to form photocatalytic water-splitting hydrogen generation systems in a fully
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aqueous environment. The highest TON and TOF values (56205 h™! and 669.1 h™!,
respectively) were obtained for the system containing MOC?7. The catalytic systems
containing MOCI1S5 achieved a TON of 10651 and a TOF of 126.8 over 84 h, the best
among their set of MOCs. MOCs with a triphenylamine framework backbone were
better than those with a benzene backbone for water-splitting hydrogen production. This
study also indicates that controlling the length of the CdS NRs can potentially optimise
the efficiency of MOC/CdS NR/AA photocatalytic water-splitting hydrogen generation
systems. What is more, further optimization of water splitting systems will be

conducted to enhance the water splitting hydrogen generation.
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Chapter 6: Concluding Remarks and Future Work

A series of novel ruthenium(II) complexes used as photosensitisers containing different
functional groups were successfully synthesised and fully characterised by NMR and
mass spectroscopies. Furthermore, their electrochemical and photophysical properties
were investigated. Some selected molecules were structurally analysed using density
functional theory calculations. First, attempts were made to synthesise a series of Ru(II)
dyes using m-conjugation cyclometalating (C"N) ligands by inserting electron-donating
triphenylamine into isoquinoline or pyridine through the thiophene moiety (Fig. 2.2),
inducing ability of strong intramolecular charge transfer. All the Ru(Il) complexes were
used as photosensitisers for light-driven water splitting hydrogen production by
attaching them to platinised TiO> nanoparticles (Pt-TiO») in the presence of sacrificial
electron donor in an aqueous solution. The relationship between the anchoring groups
and their hydrogen production activities was also discussed. An Hz turnover number
(TON) ofup to 14 231 was recorded after 236 h of irradiation with the best Ru(I) water-
splitting system.

Novel synthetic routes were developed to prepare a new class of iridium(III) dyes with
either diethyl [2,2 -bipyridine]-4,4 -dicarboxylate or tetraethyl[2,2 -bipyridine]-4,4 -
diylbis(phosphonate) anchoring units. The absorption spectra of these dyes, especially
those containing the triphenylamine moiety, were broader with enhanced molar
absorptivities (¢) compared to common iridium(IIT) dyes, such as [Ir(bpy)s3]". The

energy levels of our new Ir(Ill) dyes were fine-tuned by chemically modifying the
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cyclometalating (C*N) ligands and the anchoring groups. The attractive photophysical
and redox properties of the Ir(Ill) dyes conferred good potential for light-driven
hydrogen production. Furthermore, efforts were also made to synthesise Ir(IIl) dyes
with aldehyde functional groups in the C*N ligands (Fig. 3.2). A respectable hydrogen
TON of 15 509 in a platinised TiO> hydrogen-production system was demonstrated with
the best Ir(II1) water-splitting system.

Furthermore, a series of salen, thiasalen, or salophen earth-abundant metal complexes
were successfully synthesised. Different electron-withdrawing or electron-donating
functional groups were introduced to determine their influence on hydrogen generation
from water splitting (Fig. 4.2). Additionally, CdS NRs of various sizes and aspect ratios,
having different catalytic activity levels, were examined, suggesting a possible way to
improve photocatalytic system efficiency. Furthermore, the proposed mechanisms of
different metal complexes during hydrogen generation from water splitting were also
discussed. A photocatalytic system containing a metal-salophen complex based on
nickel achieved a steady and impressive catalytic activity with a TON of 57239 and a
turnover frequency (TOF) of 436.9 h™! over 131 h under blue-light irradiation.

Finally, work was conducted on the design and synthesis of new metal-organic cages.
These metal-organic cages were fully characterised by NMR and mass spectroscopies.
Moreover, their photophysical properties and water-splitting performance were
investigated. Selected molecules were structurally analysed by Fourier transform
infrared (FTIR) spectroscopy to confirm their structures. Furthermore, electrochemical

impedance spectroscopy and photocurrents were used to verify their charge separation
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and recombination efficiency, and photostability. The cycle durability test was
performed for selected metal-organic cages and showed satisfactory results. The water-
splitting hydrogen generation reactions of different systems were also investigated. A
photocatalytic system containing a metal—organic cages and CdS NRs achieved a steady
and impressive catalytic activity with a TON of 57 238 and TOF of 389 h™! over 84 h
under blue-light irradiation.

Future work related to this project may focus on employing these materials in biological
applications. For example, iridium-based luminophores will be adopted as high-
sensitivity and low-response time oxygen sensors.!!! Also, ruthenium and iridium
complexes can be designed for luminescence cell imaging for their attractive
photophysical properties.!* >} Moreover, ruthenium and iridium complexes with Pt-
TiOz can be applied in water purification, especially for organic dyes, such as methyl
orange and rhodamine B.!* 3! Furthermore, a deep study of metal-organic cages will be
conducted, for example, to explore the effects of using different light sources or solvent
systems. We will use the 300W Xenon Lamp as the light source to determine the water-
splitting hydrogen generation performance. The water-splitting hydrogen generation
systems of earth-abundant metal complexes will be optimised to improve the hydrogen
generation efficiency, for example, different size of CdS NRs will be applied to the
system to determine the best water splitting hydrogen generation performance.
Moreover, carbon quantum dots will be used instead of CdS NRs to conduct the water-
splitting hydrogen generation experiments for the environmentally friendly reason and

better photocatalytic efficiency.
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Chapter 7 Experimental Details

7.1. General Procedures

All reactions were carried out under nitrogen atmosphere with the use of standard
Schlenk techniques. Glassware was dried with oven at 140 °C before use. All chemicals
and reagents, unless otherwise stated, were purchased from Dieckmann or Sigma and
used without further purification. All the reactions were monitored by thin-layer
chromatography (TLC) with Merck silica gel pre-coated aluminum plates. Purification
of the products were achieved by column chromatography using silica gel (230—400
mesh) or basic aluminum oxide purchased from Dieckmann. TLC was carried out in air

at room temperature using laboratory grade solvents as eluents.

7.2. Instrumentation

7.2.1. Nuclear magnetic resonance

'H and '*C NMR spectra were measured in CDCl3, MeOD or DMSO-d6 on a Bruker
Ultra-shield 400 MHz FT-NMR spectroscopy and tetramethylsilane (TMS) was used

as an internal standard for calibrating the chemical shift.

7.2.2. Mass spectrometry
Matrix-assisted laser desorption ionization time—of—flight (MALDI-TOF) or liquid
Chromatography—electrospray ionization—quadrupole—time—of—flight (LC-ESI-Q-TOF)

mass spectrometry was performed on an Autoflex Bruker MALDI-TOF or Agilent 6540

189



system, respectively.

7.2.3. UV-Vis absorption spectra
UV-Vis absorption spectra were recorded on an Agilent Technologies Cary 8454 UV-

Vis spectrometer in MeOH, CH2Cl> or DMSO solution at 293 K.

7.2.4. Cyclic voltammetry

Cyclic voltammetry (CV) measurements were performed with a CHI 680D
Electrochemical Analyzer/Workstation, using glassy carbon electrode as the working
electrode, platinum wire as the counter electrode, and Ag/Ag" as the reference electrode,
in acetonitrile, DMSO or dichloromethane solution containing 0.1 M

tetrabutylammonium hexafluorophosphate at a scan rate of 100 mV s .

7.2.5. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy characterization was conducted on an
electrochemical workstation CHI660E (Shanghai Chenhua, China), using a three-
electrode system. Ag/AgCl was served as reference electrode with the platinum
electrode as counter electrode, 0.5 M NaxSOgs solution as electrolyte. The working
electrode was prepared by the following procedure: 10 mg of metal complex was
dispersed in 1 mL ethanol and 20 pL Nafion aqueous solution (5 wt%), and was
ultrasonically scattered for 2 h. 0.1 mL of this slurry was then added in dropwise on the

fluorine-doped tin oxide glass (FTO, 1 cm?), and the metal complex was attached to the
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FTO glass surface after the ethanol evaporated. The spectra were scanned in a frequency
range of 0.1 Hz to 100 KHz at room temperature with applied bias potential set at =700
mV. The alternate current amplitude was set at 5 mV. All the experiments were

conducted at room temperature.

7.2.6. Inductively coupled plasma optical emission spectroscopy
Inductively coupled plasma optical emission spectroscopy (ICP-OES) was conducted

by Agilent Technologies 700 series ICP-OES at room temperature.

7.2.7. Transmission electron microscopy and element mapping
Transmission electron microscopy (TEM) and element mapping were performed with

FEI Talos F200S at room temperature.

7.2.8. Scanning electron microscope
Scanning electron microscope (SEM) was performed in Hitachi S-4800 at room

temperature.

7.2.9. Photocurrent

Photocurrent measurements were carried out on a CHI 660E electrochemical system
(Shanghai Chenhua, China). A typical three-electrode system was immersed in a 0.5
mol/L NaySOs electrolyte solution. Sample coated FTO conductive glass, Pt wire, and

Ag/AgCl were employed as the working, counter, and reference electrodes,
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respectively. The working electrode was obtained by dispersing 10 mg of the prepared
sample in a mixed solution of ethanol (1 mL) and Nafion (20 pL, 5%), followed by
ultrasonic dispersion for 2 h. Afterwards, 0.1 mL of the resulting slurry was dropped
on the surface of an FTO glass slide (1 x 1 cm). After evaporating of the ethanol, the
complex was applied onto the FTO glass. The spectra were obtained in the frequency
range of 0.1 Hz to 100 kHz with an applied bias potential of =700 mV and an AC
amplitude of 5 mV. The light power was Xe lamp with 300 W. All of the experiments

were conducted at room temperature.

7.2.10. Fourier-transform infrared spectroscopy
Fourier-transform infrared (FT-IR) characterization were determined by Bruker Vector-

22 infrared spectroscopy at room temperature, and KBr was used as a blank control.

7.3. Experimental Details for Chapter 2

7.3.1. Computational details

Geometry optimizations of the ruthenium(Il) dyes in the ground state and in water
solution have been performed with density functional theory (DFT). CAM-B3LYP
calculation was performed with DFT using the Gaussian 98 program. The geometries
were fully optimized in gas at hybrid DFT levels by CAM-B3LYP functions, which
combine Becke’s three-parameter exchange function (B3) with the correlation function
of Lee, Yang and Parr (LYP). A LanL.2DZ basis set was used for Ru. All geometry

optimizations were computed in water solution using the CPCM solvation model and
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with the 6-311G(d,p) basis set.

7.3.2. Synthesis of ligand compounds

1: To a two-neck round bottom flask containing magnesium (2.200 g, 0.090 mol), 180
mL of dry THF was added by syringe. 2-Bromothiophene (14.020 g, 0.086 mol) was
then added under ice bath, which was stirred at 0 °C for 0.5 h. The reaction mixture was
further stirred at room temperature for 1.5 h before trimethyl borate (15 mL, 0.135 mol)
was added under ice bath. The reaction mixture was then stirred overnight at room
temperature under N> atmosphere. 2M HCI was added to the mixture under ice bath
until the reaction mixture became acidic. After being stirred at 0 °C for another 0.5 h,
the resulting mixture was extracted with diethyl ether and brine. The organic layer was
dried over sodium sulfate, filtered and concentrated under reduced pressure to give the
product as white solid. The titled compound was used in the subsequent reaction

without further purification (yield: 8.799 g, 80%).

L1: To a round bottom flask containing 2-bromopyridine (0.9 mL,10.000 mmol) in
tetrahydrofuran (250 mL), thiophen-2-ylboronic acid (2.000 g, 15.600 mmol) was
added. Tetrakis(triphenylphosphine)palladium(0) (1.155 g, 1.000 mmol) and 2M of
potassium carbonate (32 mL, 6.240 mmol) were added to the reaction mixture, which
was then heated to 85 °C for 48 h. After being cooled to room temperature, the mixture
was extracted with ethyl acetate and brine. The organic layer was dried over sodium
sulfate, filtered and concentrated by reduced pressure. The crude product was purified

by silica gel column chromatography using dichloromethane/n-hexane (1:1, v/v) as
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eluent to give the final product as a yellow solid (yield: 1.321 g, 86%). 'H NMR (400
MHz, CDCls) & 8.62 (d, J=4.8 Hz, 1H), 7.73 (dd, J = 18.9, 7.7 Hz, 3H), 7.45 (d, J =
4.9 Hz, 1H), 7.24 — 7.08 (m, 2H). *C NMR (101 MHz, CDCl;) § 128.2, 127.9, 121.9,
119.1. Found: [M+H]" 162.0376; 'molecular formula CoH7NS ' requires [M+H]"

162.0372.

L.2: To a round bottom flask containing 2-chloro-5-(trifluoromethyl)pyridine (0.454 g,
2.500 mmol) in tetrahydrofuran (250 mL), thiophen-2-ylboronic acid (0.500 g, 3.900
mmol) was added. Tetrakis(triphenylphosphine)palladium(0) (0.288 g, 0.250 mmol)
and 2M of potassium carbonate (8§ mL, 16.000 mmol) were added to the reaction
mixture, which was then heated to 115 °C for 48 h. After being cooled to room
temperature, the mixture was extracted with ethyl acetate and brine. The organic layer
was dried over sodium sulfate, filtered and concentrated by reduced pressure. The crude
product was purified by silica gel column chromatography using dichloromethane/n-
hexane (2:1, v/v) as eluent to give the final product as a yellow solid (yield: 0.498 g,
87%). '"H NMR (400 MHz, CDCls) & 8.84 (s, 1H), 7.93 (dd, J = 8.3, 1.8 Hz, 1H), 7.78
—7.72 (m, 2H), 7.49 (dd, J=22.8, 4.4 Hz, 1H), 7.18 (dd, J=4.8, 4.0 Hz, 1H). *C NMR
(101 MHz, CDCls) 6 155.6, 146.5, 143.2, 133.8, 129.4, 128.3, 126.3, 118.1. Found:

[M]"229.0038; 'molecular formula C1oHsF3NS ' requires [M]"229.0168.

L.3: To a round bottom flask containing 1-chloroisoquinoline (1.636 g, 10.000 mmol)
in THF (50 mL), thiophen-2-ylboronic acid (2.000 g, 15.600 mmol) was added.

Tetrakis(triphenylphosphine)palladium(0) (1.155 g, 1.000 mmol) and 2 M of potassium

194



carbonate (32 mL, 62.400 mmol) were then added, and the reaction mixture was heated
up to 115 °C for 48 h. After being cooled to room temperature, the mixture was
extracted with ethyl acetate and brine. The organic layer was dried over sodium sulfate,
filtered and concentrated by reduced pressure. The crude product was purified by silica
gel column chromatography using dichloromethane/n-hexane (1:1, v/v) as eluent to
give the target compound as a yellow solid (yield: 1.667 g, 79%). '"H NMR (400 MHz,
CDCl) 6 8.62 — 8.53 (m, 2H), 7.92 (d, J = 8.1 Hz, 1H), 7.76 (t, J = 7.5 Hz, 1H), 7.66
(dd, J=10.4, 7.0 Hz, 3H), 7.59 (d, J = 5.2 Hz, 1H), 7.26 (dd, J=5.0, 3.7 Hz, 1H). 13C
NMR (100 MHz, CDCls): 6 153.5, 142.6, 142.0, 137.2, 130.3, 128.2, 127.8, 127.3,
126.9, 126.3, 120.1. Found: [M+H]" 212.0533; 'molecular formula Ci3HoNS ' requires

[M+H]" 212.0528.

2: To a round bottom flask containing 2-(thiophen-2-yl)pyridine (0.500 g, 3.063
mmol) in dichloromethane (10 mL), n-bromosuccinimide (0.599 g, 3.369 mmol) was
added slowly. The reaction mixture was then stirred at room temperature overnight. The
mixture was extracted with ethyl acetate and brine. The organic layer was dried over
sodium sulfate, filtered and concentrated by reduced pressure. The crude product was
purified by silica gel column chromatography using dichloromethane/n-hexane (1:1,
v/v) as eluent to give the final product as a yellow oil (yield: 0.626 g, 84%). 'H NMR
(400 MHz, CDCl;) 6 8.56 (d,J=4.7 Hz, 1H), 7.71 (td, J=7.8, 1.6 Hz, 1H), 7.60 (d, J
=79 Hz, 1H), 7.35 (d, /= 3.9 Hz, 1H), 7.19 (dd, /= 6.9, 5.3 Hz, 1H), 7.08 (d, /= 3.9
Hz, 1H). *C NMR (101 MHz, CDCl3) § 151.6, 149.3,136.9, 130.9, 124.6, 122.2, 118.2,

115.2. Found: [M+H]" 241.9457; 'molecular formula CoHsBrNS ' requires [M+H]"
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241.9456.

3: To a round bottom flask containing 1-(thiophen-2-yl)isoquinoline (0.500 g, 2.367
mmol) in dichloromethane (10 mL), N-bromosuccinimide (0.505 g, 2.840 mmol) was
added slowly. The reaction mixture was stirred at room temperature overnight. The
mixture was then extracted with ethyl acetate and brine. The organic layer was dried
over sodium sulfate, filtered and concentrated by reduced pressure. The crude product
was purified by silica gel column chromatography using dichloromethane/n-hexane
(2:1, v/v) as eluent to give the target product as a yellow oil (yield: 0.295 g, 43%). 'H
NMR (400 MHz, CDCI3) & 8.51 (dd, J = 15.7, 6.8 Hz, 2H), 7.89 (d, J = 7.7 Hz, 1H),
7.78 —7.50 (m, 3H), 7.40 (s, 1H), 7.18 (s, 1H). *C NMR (101 MHz, CDCl3) & 152.3,
144.8, 142.1, 137.2, 130.4, 130.3, 128.9, 127.9, 127.4, 126.3, 125.8, 120.2, 115.6.

Found: [M+H]" 291.9616 'molecular formula Ci3HsBrNS ' requires [M+H]" 291.9613.

4: To a two-neck round bottom flask containing 4-bromo-N,N-diphenylaniline (2.000
g, 6.618 mmol), dry THF (50 mL) was added. After being cooled to —78 °C, n-
butyllithium (3.084 mL from 2.4 M in hexane, 7.402 mmol) was introduced. The
reaction mixture was stirred at =78 °C for 20 mins and trimethyl borate (1.057 mL,
9.252 mol) was added by syringe slowly. The mixture was stirred overnight at room
temperature under N> atmosphere. 2M HCI was added to the mixture under ice bath
until the pH became acidic. After being stirred at 0 °C for 30 mins, the resulting mixture

was extracted with diethyl ether and brine. The organic layer was dried over sodium
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sulfate, filtered and concentrated under reduced pressure. The crude product was
purified by silica gel column chromatography using dichloromethane/diethyl ether (4:1,
v/v) as eluent to give the target product as a white solid. The titled compound was used

in the subsequent reaction without further purification (yield: 0.783 g, 44%).

L4: To a round bottom flask containing 2-(5-bromothiophen-2-yl)pyridine (0.429 g,
1.771 mmol) in toluene (50mL), (4-(diphenyl-amino) phenyl)boronic acid (0.799 g,
2.763 mmol) was added. Tetrakis(triphenylphosphine)palladium(0) (0.205 g, 0.177
mmol) and 2M of potassium carbonate (5.526 mL, 11.052 mmol) were added to the
reaction mixture, which was then heated to 85 °C for 48 h. After being cooled to room
temperature, the mixture was extracted with ethyl acetate and brine. The organic layer
was dried over sodium sulfate, filtered and concentrated by reduced pressure. The crude
product was purified by silica gel column chromatography using dichloromethane/n-
hexane (1:1, v/v) as eluent to give the final product as a yellow solid (yield: 0.643 g,
89%). 'H NMR (400 MHz, CDCls) § 8.61 (d, J = 4.7 Hz, 1H), 7.79 — 7.61 (m, 3H),
7.53 (t, J = 15.6 Hz, 2H), 7.37 — 7.22 (m, 6H), 7.19 — 7.01 (m, 8H). 1*C NMR (101
MHz, CDCl3) & 147.3, 129.3, 126.5, 124.7, 123.4, 123.3, 121.6. Found: [M+H]"

405.1424; 'molecular formula C27H20N>2S ' requires [M+H]" 405.1420.

L5: To a round bottom flask containing 1-(5-bromothiophen-2-yl)isoquinoline (0.400
g, 1.379 mmol) in THF (50 mL), (4-(diphenylamino)phenyl)boronic acid (0.622 g,
2.151 mmol) was added. Tetrakis(triphenylphosphine)palladium(0) (0.159 g, 0.138

mmol) and 2M of potassium carbonate (4 mL, 8.602 mmol) were then introduced. The
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reaction mixture was heated up to 85 °C for 48 h. After being cooled to room
temperature, the mixture was extracted with ethyl acetate and brine. The organic layer
was dried over sodium sulfate, filtered and concentrated by reduced pressure. The crude
product was purified by silica gel column chromatography using dichloromethane/n-
hexane (1:1, v/) as eluent to yield L2 as a yellow solid (yield: 0.288 g, 46%). 'H NMR
(400 MHz, CDCI3) & 8.68-8.54 (m, 2H), 7.90 (d, J= 8.1 Hz, 1H), 7.75 (t,J = 7.4 Hz,
1H), 7.69 — 7.52 (m, 5H), 7.33 (dt,J= 14.1, 5.1 Hz, 4H), 7.19 — 6.97 (m, 9H). 1*C NMR
(101 MHz, CDCls) 6 153.2, 147.3, 141.9, 141.0, 137.1, 130.1, 129.9, 129.3, 127.9,
127.6,127.2,126.7,126.0, 124.6, 123.3, 123.2, 122.7, 119.7. Found: [M+H]" 455.1585;

'molecular formula C31H2N»S ' requires [M+H]" 455.1576.

7.3.3. Synthesis of Ru(II) complexes

Rul: To a round bottom flask containing [RuClz(p-cymene)]> (0.592 g, 1.183 mmol)
in degassed acetonitrile (10 mL), .1 (0.500 g, 2.367 mmol) and KPFs (0.762 g, 4.141
mmol) were introduced. NaOH (0.095 g, 2.367 mmol) was then added, and the reaction
mixture was heated up at 45 °C for 20 h. After cooling to room temperature, the reaction
mixture was purified by basic aluminum oxide column chromatography using
dichloromethane/acetonitrile (1:1, v/v) as eluent to afford the ruthenium intermediate
[Ru(CH3CN)4(L1)]"PFs . This raw product was then further purified by redissolving its
solid in dichloromethane and precipitate with n-hexane to afford a brown solid. This
intermediate was used directly for the next step.

To a flask containing [Ru(CH3CN)4(L1)]'PFs (0.400 g, 0.841 mmol) in MeOH (15
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mL), 4,4’-dicarboxylic acid-2,2’-bipyridine (0.378 g, 1.682 mmol) and NaOH (0.135
g, 3.364 mmol) were added. The solution was heated to reflux at 100 °C overnight. The
dark purple reaction mixture was then poured in distilled water and acidified with 0.2
M HNOs; until dark purple precipitate was formed. This dark purple precipitate was
collected and purified by silica gel column chromatography using MeOH as eluent.
Rul was obtained by further washing with dichloromethane to give a dark purple solid
(vield: 0.315 g, 50%). '"H NMR (400 MHz, MeOD) § 7.22 (d, J = 44.1 Hz, 4H), 7.12 —
6.85 (m, 4H), 6.65 (d, J=7.8 Hz, 2H), 6.60 — 6.40 (m, 5H), 6.36 — 6.20 (m, 4H). Found:

[M+K]" 788.9577; 'molecular formula C33H22NsOsRuS ' requires [M+K]" 788.9872.

Ru2: To a flask containing [Ru(CH3CN)4(L1)]"PFs (0. 400 g, 0.772mmol) in MeOH
(15 mL), tetraethyl[2,2 -bipyridine]-4,4 -diylbis(phosphonate) (0.918 g, 2.144 mmol)
was added. The solution was heated to reflux at 100 °C overnight. After cooling to room
temperature, the dark purple reaction mixture was dried and purified by silica gel
column chromatography using methanol as eluent. Ru2 was afforded as a dark purple
solid (yield: 0.475 g, 55%). 'H NMR (400 MHz, MeOD) § 8.66 (d, J = 66.3 Hz, 5H),
8.34 (d, J=7.7 Hz, 3H), 8.01 (dd, J=36.5, 32.5 Hz, 8H), 7.39 (s, 2H), 4.71 — 4.04 (m,
16H), 1.52 — 1.32 (m, 24H). Found: [M+NH4]" 1136.0243; 'molecular formula

CasHssNsO12PsRuS ' requires [M+NH4]" 1136.2147.

Ru3: This product was synthesized similarly as Rul, in which L1 was replaced by L2
to give the final product as a brown-red solid (yield: 0.282 g, 41%). '"H NMR (400 MHz,

MeOD) 5 8.80 (s, 3H), 8.15 — 7.93 (m, 6H), 7.86 (d, J = 3.5 Hz, 3H), 7.64 (d, J = 5.0
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Hz, 3H), 7.25 — 7.11 (m, 3H). Found: [M]" 818.0111; 'molecular formula

C34H21F3NsOsRuS ' requires [M]* 818.0110.

Ru4: This product was synthesized similarly as Ru2, in which L1 was replaced by L2
to give the target product as a brown-red solid (yield: 0.403 g, 44%). '"H NMR (400
MHz, MeOD) 6 9.08 — 8.74 (m, 5H), 8.26 — 7.94 (m, 4H), 7.94 — 7.53 (m, 7H), 7.39 (s,
1H), 4.53 — 3.95 (m, 16H), 1.54 — 1.22 (m, 24H). Found: [M]" 1186.1771; 'molecular

formula C46Hs7F3NsO12P4RuS ' requires [M]" 1186.1677.

Ru5: This product was synthesized similarly as Rul, in which L1 was replaced by L3
to give the final product as a brown-red solid (yield: 0.336 g, 50%). 'H NMR (400 MHz,
MeOD) 6 9.48 (d, J= 5.8 Hz, 1H), 9.14 (d, J = 9.6 Hz, 1H), 9.05 (d, /= 9.8 Hz, 1H),
8.92 (dd, J=26.3,16.2 Hz, 2H), 8.12 - 8.01 (m, 2H), 8.00 — 7.81 (m, 5H), 7.81 — 7.57
(m, 5H), 7.49 (d, J=5.7 Hz, 1H), 7.37 (d, J= 6.4 Hz, 1H), 7.27 — 7.18 (m, 1H). Found:

[M+K]" 839.0322; 'molecular formula C37H24NsOsRuS ' requires [M+K]" 839.0030.

Ru6: This product was synthesized similarly as Ru2, in which L1 was replaced by L3
to give the target product as a brown-red solid (yield: 0.442 g, 49%). '"H NMR (400
MHz, MeOD) 6 8.91 (dd, J=13.9, 8.6 Hz, 4H), 8.75 (d, J = 14.3 Hz, 2H), 8.20 — 8.08
(m, 3H), 7.83 —7.78 (m, 3H), 7.72 — 7.64 (m, 4H), 7.57 — 7.50 (m, 2H), 7.36 — 7.20 (m,
2H), 3.98 — 3.74 (m, 16H), 1.67 — 0.98 (m, 24H). Found: [M]" 1168.1971; 'molecular

formula C49HesoNsO12P4RuS ' requires [M]" 1168.1961.
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Ru7: This product was synthesized similarly as Rul, in which L1 was replaced by L4
to give the final product as a brown-red solid (yield: 0.434 g, 52%). '"H NMR (400 MHz,
MeOD) & 8.12 (d, J = 5.7 Hz, 3H), 8.00 (d, /= 7.5 Hz, 2H), 7.92 — 7.89 (m, 1H), 7.78
(dd, J=18.1, 9.9 Hz, 4H), 7.67 (d, J = 7.1 Hz, 2H), 7.49 — 7.42 (m, 3H), 7.38 — 7.26
(m, 6H), 7.19 (d, J=5.5Hz, 3H), 7.08 (d, /= 12.9 Hz, 4H), 6.98 — 6.88 (m, 3H). Found:

[M+H]" 994.1504; 'molecular formula CsiH3sNsOsRuS ' requires [M+H]" 994.1367.

Ru8: This product was synthesized similarly as Ru2, in which L1 was replaced by L4
to give the target product as a brown-red solid (yield: 0. 452 g, 43%). 'H NMR (400
MHz, MeOD) 6 8.99 —8.71 (m, 6H), 8.43 (dd, J=11.7,6.3 Hz, 1H), 8.21 (dd, J=11.8,
7.6 Hz, 1H), 8.15 (dd, J =9.7, 4.8 Hz, 2H), 7.86 — 7.72 (m, 2H), 7.65 — 7.41 (m, 5H),
7.36 (t, J=7.9 Hz, 1H), 7.21 (dt, J = 11.1, 10.3 Hz, 5H), 7.04 — 6.90 (m, 5H), 6.82 —
6.72 (m, 3H), 4.23 (tdd, J=12.1, 6.1, 2.4 Hz, 16H), 1.39 — 1.26 (m, 24H). Found: [M]"

1361.3008; 'molecular formula Cs3H71N6O12PsRuS ' requires [M]" 1361.2856.

Ru9: This product was synthesized similarly as Rul, in which L1 was replaced by L5
to give the final product as a brown-red solid (yield: 0.351 g, 40%). '"H NMR (400 MHz,
MeOD) 6 9.06 (s, 1H), 8.99 — 8.88 (m, 3H), 8.14 (d, /= 5.8 Hz, 3H), 7.93 (s, 3H), 7.81
(s, 2H), 7.79 — 7.62 (m, 5H), 7.46 (d, J= 8.3 Hz, 2H), 7.41 — 7.19 (m, 6H), 7.10 (dd, J
= 21.5, 7.6 Hz, 6H), 6.96 (d, J = 8.7 Hz, 2H). Found: [M]'1043.1463; 'molecular

formula CssH37NsOsRuS ' requires [M]" 1043.1446.
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Ru10: This product was synthesized similarly as Ru2, in which L1 was replaced by L5
to give the target product as a brown-red solid. (yield: 0.458 g, 42%). '"H NMR (400
MHz, MeOD) & 8.85 (ddt, J=22.5, 14.5, 10.7 Hz, 6H), 8.39-8.30 (m, 1H), 8.22 —8.08
(m, 3H), 7.82 (ddd, J = 17.7, 12.8, 6.2 Hz, 3H), 7.69 — 7.51 (m, 5H), 7.38 — 7.14 (m,
8H), 7.04 (dt, J=20.1, 9.9 Hz, 5H), 6.90 — 6.83 (m, 2H), 4.44 — 4.10 (m, 16H), 1.45 —
1.27 (m, 24H). Found: [M]" 1411.3030; 'molecular formula C¢;H73N6O12P4RuS '

requires [M]" 1411.3014.

7.3.4. Light-driven hydrogen generation study with Ru(Il) dyes @Pt-TiO2
7.3.4.1. Calibration curve

Various of proportions of hydrogen and methane were used to plot the calibration curve
obtained the area ratio obtained from GC (Agilent 6890 Series GC System with a

molecular sieve 5 A column and thermal conductivity detector).

7.3.4.2. Preparation of platinized TiO:

To a one-neck round bottom flask containing 1.6 g of titanium oxide powder (anatase,
< 25 nm particle size, 99.7% trace metals basis, Sigma-Aldrich) and 0.1 mL of H>PtCle
aqueous solution (8 wt%), 40 mL MeOH was added. The reaction mixture was then
subjected to radiation by a 300 W Hg lamp (HF300PD, EYE Lighting) for 24 h with
stirring. The mixture was undergone centrifugation at 4000 rpm for 5 minutes and the

solid obtained was washed with MeOH three times. The remaining solid was dried
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under vacuum in darkness overnight.

7.3.4.3. Adsorption of ruthenium(II) photosensitizer onto platinized TiO2

To a centrifuge tube containing 20 mg of Pt-TiOz, 2.5 mL of 50 uM photosensitizer in
MeOH solution was added, and the mixture was then sonicated for 30 mins. The
solution was decolorized and became clear gradually, while the grey color solid was
changed to dark pink. The tube was centrifuged at 4000 rpm for 15 mins and the liquid
layer was removed by a dropper. The remaining solid was dried in darkness overnight.
The whole dried pellet was directly utilized in the photocatalytic reaction. The dye-
loading percentage was estimated by comparing the absorbance of the absorption peaks

between the supernatant and the original photosensitizer solution.

7.3.4.4. Light-driven H: production studies

To a one-neck pear-shaped round bottom flask containing the dye-adsorbed platinized
TiO2, 5 mL of 0.5 M of AA (pH = 4) was added as the hole scavenger. The flask was
then sealed by rubber septa and was purged with a mixture of argon/methane (80:20
mol%) for 15 mins. The methane present in the gas mixture was served as an internal
standard for GC analysis of each experiment. The flask was steadily stirred and
continuously radiated from the bottom with green (ca. 520 nm) or blue (ca. 470 nm)
light-emitting diodes inside a just-fit container, which blocks the stray light from the
environment. The light power was measured using a thermal sensor and power meter

(Model: BIM-7203-0100F & BIM-7001; Hangzhou Brolight Technology Co., Ltd.) and
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estimated to be 50 mW for each reaction. The produced hydrogen was measured by GC
(Agilent 6890 Series GC System with a molecular sieve 5 A column and thermal
conductivity detector) at different time points from the headspace of reaction mixtures
and was quantified by the calibration plot. The LED radiation is assumed to be
monochromatic at emission intensity maximum (470 nm and 520 nm for blue and green

LEDs, respectively).

7.4. Experimental Details for Chapter 3

7.4.1. Computational details

The Gaussian 16 suite of programs was used to optimize the configurations. Structural
optimization and molecular orbitals were performed using the b3lyp functional with the

6-311G(d) basis set for non-metal elements and SDD for Ir.

7.4.2. Synthesis of ligand compounds and anchoring functional groups

L6: To a round bottom flask containing 2-bromopyridine (0.8 mL,8.549 mmol) in
tetrahydrofuran (250 mL), (5-formylthiophen-2-yl)boronic acid (2.000 g, 12.824 mmol)
was added. Tetrakis(triphenylphosphine)palladium(0) (0.988 g, 0.855 mmol) and 2M
of potassium carbonate (25.6 mL, 51.295 mmol) were added to the reaction mixture,
which was then heated to 85°C for 48 h. After being cooled to room temperature, the
mixture was extracted with ethyl acetate and brine. The organic layer was dried over
sodium sulfate, filtered and concentrated by reduced pressure. The crude product was

purified by silica gel column chromatography using dichloromethane/n-hexane (1:1,
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v/v) as eluent to give the final product as a yellow solid (yield: 1.405 g, 88%)."H NMR
(400 MHz, CDCl3) 8 9.95 (s, 1H), 8.66 (d, J = 4.8 Hz, 1H), 7.84 — 7.65 (m, 4H), 7.31
(d, J=1.7 Hz, 1H). >*C NMR (101 MHz, CDCl3) § 183.2, 153.9, 151.1, 149.9, 144.1,
136.9, 125.1, 123.6, 119.7. Found: [M+H]" 190.0325; 'molecular formula C;oH7NOS '

requires [M+H]" 190.0321.

L7: To a round bottom flask containing 1-chloroisoquinoline (1.400 g, 8.549 mmol) in
tetrahydrofuran (250mL), (5-formylthiophen-2-yl)boronic acid (2.000 g, 12.824 mmol)
was added. Tetrakis(triphenylphosphine)palladium(0) (0.988 g, 0.855 mmol) and 2M
of potassium carbonate (25.6 mL, 51.295 mmol) were added to the reaction mixture,
which was then heated to 115 °C for 48 h. After being cooled to room temperature, the
mixture was extracted with ethyl acetate and brine. The organic layer was dried over
sodium sulfate, filtered and concentrated by reduced pressure. The crude product was
purified by silica gel column chromatography using dichloromethane/n-hexane (1:1,
v/v) as eluent to give the final product as a white solid (yield: 1.737 g, 85%). '"H NMR
(400 MHz, CDCl3) 6 9.92 (d, J = 16.3 Hz, 1H), 8.32 (d, /= 8.3 Hz, 1H), 7.84 (d, J =
8.1 Hz, 1H), 7.77 — 7.63 (m, 5H), 7.59 (s, 1H). *C NMR (101 MHz, CDCl;) & 183.0,
182.6, 141.4, 131.2, 128.5, 128.3, 126.9, 126.3, 120.8. Found: [M]" 239.0219;

'molecular formula C14HoNOS ' requires [M]" 239.0399.

Diethyl [2,2 -bipyridine]-4,4 -dicarboxylate: To a round bottom flask containing

[2,2 -bipyridine]-4,4 -dicarboxylic acid (0.950 g, 3.893 mmol), concentrated H>SO4
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(10.5 mL) and ethanol (22.5 mL) was added. The mixture was then heated to 80 °C
overnight. After being cooled to room temperature, the mixture was poured on the ice
and neutralized to pH equal to 8 with 25% NaOH solution. The mixture was extracted
with dichloromethane and brine. The organic layer was dried over sodium sulfate,
filtered and concentrated by reduced pressure. The crude product was recrystallized
from toluene to give the final product as a white solid (yield: 1.018 g, 87%). 'H NMR
(400 MHz, CDCls) & 8.96 (s, 2H), 8.89 (s, 2H), 7.92 (s, 2H), 4.47 (t, J = 10.6 Hz, 4H),
1.55 - 1.37 (m, 6H). 3C NMR (101 MHz, CDCls) § 165.1, 156.5, 150.1, 138.9, 123.2,
120.5,61.9, 14.2. Found: [M+Na]" 323.1045; 'molecular formula C16Hi6N2O4 ' requires

[M+Na]* 323.1002.

7.4.3. Synthesis of Ir(I1I) dyes

Ir1: To a round bottom flask containing L.1 (0.500 g, 3.101 mmol), iridium(III) chloride
hydrate (0.365 g, 1.034 mmol) were added with 2-ethoxyethanol: deionized water (3:1,
v/v, total 8 mL). The reaction mixture was heated at 90 °C for 20 h. The reagent was
purified by filtration to give the yellow solid as the iridium dimer Ir2LL14Cl>. The titled
compound was used in the subsequent reaction without further purification.

To a round bottom flask containing iridium dimer Ir2LL14Cl> (0.100 g, 0.091 mmol) in
dichloromethane: methanol (1:1, v/v, total 6 mL), diethyl [2,2-bipyridine]-4,4 -
dicarboxylate (0.068 g, 0.228 mmol) was added. The reaction mixture was then heated
to 65 °C for 6 h. After cooling to room temperature, the pH was adjusted to 5 by 1M of

HCI. The precipitate product was filtered. The crude product was purified by silica gel
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column chromatography using dichloromethane/methanol (1:1, v/v) as eluent to give
the final product as a yellow solid (yield: 0.061 g, 42%). 'H NMR (400 MHz, CDCI;)
09.12 (s, 2H), 8.18 (s, 1H), 8.10 — 7.96 (m, 2H), 7.73 (d, J=26.6 Hz, 4H), 7.54 (d, J =
3.5 Hz, 3H), 6.90 (d, J = 18.2 Hz, 3H), 6.80 (s, 1H), 6.34 — 6.18 (m, 2H), 3.84 (s, 4H),
0.12 (s, 6H). Found: [M]* 813.1168; 'molecular formula C34H23IrN4O4S: ' requires [M]"

813.1174.

Ir2: To a round bottom flask containing iridium dimer Ir;LL14Cl> (0.100 g, 0.091 mmol)
in dichloromethane: methanol (1:1, v/, total 6 mL), tetraethyl[2,2 -bipyridine]-4,4 -
diylbis(phosphonate) (0.098 g, 0.228 mmol) was added. The reaction mixture was then
heated to 65 °C for 6 h. After cooling to room temperature, the pH was adjusted to 5 by
IM of HCI. The precipitate product was filtered. The crude product was purified by
silica gel column chromatography using dichloromethane/methanol (1:1, v/v) as eluent
to give the final product as a yellow solid (yield: 0.075 g, 44%). '"H NMR (400 MHz,
CDCl3) 6 7.72 — 7.63 (m, 5H), 7.60 — 7.54 (m, 4H), 7.51 — 7.41 (m, 7H), 7.23 — 7.20
(m, 2H), 4.61 — 3.74 (m, 8H), 1.43 — 1.24 (m, 12H). Found: [M]" 941.1339; 'molecular

formula C36H33IrN4OgP2S: ' requires [M]" 941.1330.

Ir3: This product was synthesized similarly as Ir1, in which L1 was replaced by L3 to
give the final product as an orange solid (yield: 0.068 g, 41%). 'H NMR (400 MHz,
CDCls3) 6 9.00 — 8.82 (m, 6H), 7.94 (d, J = 4.8 Hz, 3H), 7.88 — 7.69 (m, 7H), 7.67 —

7.49 (m, 6H), 1.47 (t,J = 7.1 Hz, 4H), 1.28 (s, 6H). Found: [M]" 913.1489; 'molecular
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formula C42H32IrN4O4S; ' requires [M]" 913.1488.

Ir4: This product was synthesized similarly as Ir2, in which L1 was replaced by L3 to
give the target product as an orange solid (yield: 0.083 g, 44%). '"H NMR (400 MHz,
CDCl3) 6 8.86 (d, J = 6.9 Hz, 2H), 8.13 — 7.93 (m, 4H), 7.92 — 7.74 (m, 9H), 7.57 (dd,
J=18.7,3.5Hz, 3H), 7.35 (d, /= 6.4 Hz, 2H), 6.40 — 6.32 (m, 2H), 4.51 — 4.09 (m, 8H),
1.39 (d, J = 4.1 Hz, 12H). Found: [M]" 1041.1663; 'molecular formula

C4sHaoIrN4O6P2S: ' requires [M]" 1041.1644.

Ir5: This product was synthesized similarly as Ir1, in which L1 was replaced by L6 to
give the final product as an orange solid (yield: 0.059 g, 37%). '"H NMR (400 MHz,
CDCl3) 6 9.20 (d, J= 5.4 Hz, 2H), 7.99 — 7.86 (m, 7H), 7.79 (dd, J=11.4, 6.8 Hz, 6H),
7.60 (d, J= 7.9 Hz, 3H), 2.64 (s, 4H), 2.16 (s, 6H). Found: [M]" 869.1070; 'molecular

formula C36H23IrN4O6S: ' requires [M]" 869.1073.

Ir6: This product was synthesized similarly as Ir2, in which L1 was replaced by L6 to
give the target product as an orange solid (yield: 0.071 g, 39%). 'H NMR (400 MHz,
CDCl3) 6 9.94 — 9.47 (m, 3H), 9.20 (s, 2H), 7.84 (dd, J = 57.8, 50.0 Hz, 4H), 7.67 —
7.37 (m, 5H), 6.82 — 6.33 (m, 4H), 4.53 — 3.39 (m, 8H), 1.58 — 0.87 (m, 12H). Found:

[M]"997.1233; 'molecular formula C3gH3sIrN4OgP2S; ' requires [M]" 997.1229.

Ir7: This product was synthesized similarly as Ir1, in which L1 was replaced by L7 to
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give the final product as a red solid (yield: 0.072 g, 41%). 'H NMR (400 MHz, CDCls)
0 8.97 (dd, J=25.1, 7.4 Hz, 2H), 7.98 — 7.85 (m, 5H), 7.85 — 7.73 (m, 4H), 7.68 (d, J
= 6.2 Hz, 1H), 7.19 — 7.06 (m, 10H), 2.46 (s, 4H), 2.02 (s, 6H). Found: [M]"

969.0983; 'molecular formula C44H32IrN4OeS: ' requires [M]" 969.1387.

Ir8: This product was synthesized similarly as Ir2, in which L1 was replaced by L7 to
give the target product as a red solid. (yield: 0. 078 g, 39%). '"H NMR (400 MHz, CDCls)
0 9.04 — 8.87 (m, 2H), 7.94 (dd, J = 20.9, 8.0 Hz, 4H), 7.85 — 7.73 (m, 3H), 7.56 (d, J
= 8.8 Hz, 4H), 7.37—-7.31 (m, 2H), 7.15 (dd, J = 8.6, 2.4 Hz, 7TH), 4.18 (ddd, /= 17.5,
10.6, 5.2 Hz, 8H), 2.29 (d, J = 6.5 Hz, 12H). Found: [M]" 1097.1545; 'molecular

formula C46Ha2IrN4OsP2S; ' requires [M]" 1097.1543.

Ir9: This product was synthesized similarly as Ir1, in which L1 was replaced by L4 to
give the final product as a red solid (yield: 0.099 g, 42%). 'H NMR (400 MHz, CDCls)
0 7.56 (d, J = 8.8 Hz, 13H), 7.38 (s, 10H), 7.21 — 6.92 (m, 21H), 2.29 (d, J = 6.4 Hz,
4H), 1.44 (s, 6H). Found: [M]" 1299.3294; 'molecular formula C70HssIrN¢O4S; '

requires [M]" 1299.3275.

Ir10: This product was synthesized similarly as Ir2, in which L1 was replaced by L4
to give the target product as a red solid. (yield: 0.109 g, 42%). 'H NMR (400 MHz,
CDCl3) 6 8.05 (d,J=2.7 Hz, 3H), 7.84 (dd, J=12.3, 5.3 Hz, 3H), 7.72 — 7.45 (m, 9H),

7.39 (t, J= 8.6 Hz, 9H), 7.09 — 7.00 (m, 16H), 6.85 — 6.66 (m, 4H), 4.44 — 3.98 (m, SH),
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1.39 (ddd, J = 66.4, 35.8, 15.3 Hz, 12H). Found: [M]" 1427.3459; 'molecular formula

C72HeaIrN6O6P2S: ' requires [M]" 1427.3431.

Ir11: This product was synthesized similarly as Ir1, in which L1 was replaced by L5
to give the final product as a brown-red solid (yield: 0.109 g, 43%). 'H NMR (400 MHz,
CDCls3) 6 8.99 (s, 6H), 8.89 (d, J=4.9 Hz, 6H), 7.93 (dd, /= 4.9, 1.4 Hz, 5H), 7.52 (d,
J=8.4Hz, 4H), 7.12 — 6.94 (m, 27H), 1.28 (s, 4H), 1.10 — 0.44 (m, 6H). Found: [M]"

1399.3309; 'molecular formula C7gHssIrNeO4S, ' requires [M]" 1399.3589.

Ir12: This product was synthesized similarly as Ir2, in which L1 was replaced by L5
to give the target product as a brown-red solid. (yield: 0.119 g, 43%). 'H NMR (400
MHz, CDCl;) 6 8.01 — 7.89 (m, 6H), 7.70 (ddd, J = 18.9, 14.6, 7.1 Hz, 17H), 7.56 (dd,
J =175, 6.8 Hz, 10H), 7.42 — 7.34 (m, 7H), 7.04 — 6.91 (m, 6H), 6.87 (d, J = 5.8 Hz,
2H), 4.28 — 4.06 (m, 8H), 1.27 (dd, J = 14.2, 7.3 Hz, 12H).Found: [M]" 1527.3749;

'molecular formula CgoHesIrN6OsP2S: ' requires [M]" 1527.3746.

7.5. Experimental Details for Chapter 4

7.5.1. Computational details

Geometry optimizations of the complexes in the ground state and in water were
performed with density functional theory (DFT). The Gaussian 16 suite of programs
were used to optimise and calculate the configurations. Structural optimization was

performed using the B3PW91-D3BJ functional with the def2-TZVPP basis set.
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7.5.2. Synthesis of CdS NRs

CdClL2.5H>0 (2.312 g, 10.125 mmol) and thiourea (2.312 g, 30.375 mmol) were
added into a Teflon-lined stainless steel autoclave (50 mL). 30 mL ethylenediamine was
added into the autoclave and the reaction mixture was vigorously stirred for an hour.
The autoclave was then maintained at 160 °C for 24 or 48 h. After cooling down to
room temperature, a yellow precipitate was filtered and washed several times with
distilled water and ethanol. The CdS nanorod material was then dried under vacuum
overnight. The obtained CdS nanorod (1.234 g for L/D =12; 1.051 g for L/D = 18) was

stored in dark before the photocatalytic reaction.

7.5.3. Synthesis of ligand compounds

L8: A solution of 2-hydroxybenzaldehyde (1.7 mL, 16.377 mmol) in methanol (20 mL)
was added dropwise to a solution of ethylenediamine (0.492 g, 8.189 mmol) in
methanol (20 mL). The mixture was refluxed for 2 h and the precipitate comprising
Schiff base ligand was obtained as a solid product. The solid was then separated by
filtration, washed with cold methanol, and dried under vacuum. Finally, the product
was recrystallised from methanol to yield an orange solid as the pure ligand (yield:
1.383 g, 63%). '"H NMR (400 MHz, DMS0-d6) § 13.39 (s, 2H), 8.60 (s, 2H), 7.37 (dd,
J=45.8, 6.9 Hz, 4H), 7.00 — 6.63 (m, 4H), 3.93 (s, 4H). '*C NMR (101 MHz, DMSO-
d6) & 167.4, 161.0, 132.8, 132.1, 119.0, 116.9, 59.2; Found: [M+Na]® 291.1118;

'molecular formula Ci6H16N20> ' requires [M+Na]" 291.1104.
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L9: This product was synthesized similarly as L8, in which ethylenediamine was
replaced by benzene-1,2-diamine to give the target product as a yellow solid. (yield:
1.636 g, 63%). '"H NMR (400 MHz, DMSO0-d6) & 12.95 (s, 2H), 8.95 (s, 2H), 7.67 (d,
J=7.7 Hz, 2H), 7.49 — 7.33 (m, 6H), 6.98 (t, J = 8.1 Hz, 4H). '3*C NMR (101 MHz,
DMSO-d6) 6 164.5, 160.8, 142.7, 133.9, 132.9, 128.2, 120.2, 119.9, 119.5, 117.1.

Found: [M+H]" 317.1304; 'molecular formula C20H6N20> ' requires [M+H]"317.1285.

L10: This product was synthesized similarly as L8, in which ethylenediamine was
replaced by 3-methylbenzene-1,2-diamine to give the target product as a yellow solid.
(vield: 1.789 g, 66%). '"H NMR (400 MHz, DMSO-d6) § 9.38 (s, 2H), 8.14 — 7.96 (m,
3H), 7.91 (t, J = 18.1 Hz, 3H), 7.65 (d, J = 8.0 Hz, 2H), 7.33 (t, /= 7.3 Hz, 3H), 7.16
(t,J=7.2 Hz, 2H), 1.57 (s, 3H). ?*C NMR (101 MHz, DMSO-d6) § 146.4, 142.6, 138.4,
137.6, 131.6, 130.0, 129.6, 23.5. Found: [M+H]" 331.1446; 'molecular formula

C21HisN2O» ' requires [M+H]" 331.1441.

L11: This product was synthesized similarly as L8, in which ethylenediamine was
replaced by 4,5-dichlorobenzene-1,2-diamine to give the target product as a yellow
solid. (yield: 1.918 g, 61%). 'H NMR (400 MHz, DMSO-d6) § 12.64 (s, 2H), 8.94 (s,
2H), 7.78 — 7.57 (m, 4H), 7.53 — 7.36 (m, 2H), 7.11 — 6.82 (m, 4H). '*C NMR (101
MHz, DMSO-d6) & 165.2, 160.7, 134.2, 132.9, 119.9, 119.7, 117.2. Found: [M]"

384.3087; 'molecular formula C20H14CIN>O; ' requires [M]" 384.0427.
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L12: This product was synthesized similarly as L8, in which ethylenediamine was
replaced by 4,5-dimethylbenzene-1,2-diamine to give the target product as a yellow
solid. (yield: 1.747 g, 62%)."H NMR (400 MHz, DMSO-d6) & 9.38 (s, 2H), 8.10 (s,
2H), 7.89 (dd, J=42.3, 13.6 Hz, 4H), 7.65 (d, /= 8.0 Hz, 2H), 7.33 (t, /= 7.3 Hz, 2H),
7.16 (t,J=7.2 Hz, 2H), 1.57 (s, 6H). '*C NMR (101 MHz, DMSO-d6) 5 158.8, 142.6,
138.4, 137.6, 122.3, 13.9. Found: [M+Na]" 367.1426; 'molecular formula C22H2N>0;

'requires [M+Na]" 367.1417.

L13: This product was synthesized similarly as L8, in which ethylenediamine was
replaced by naphthalene-2,3-diamine to give the target product as a yellow solid. (yield:
1.864 g, 62%). 'H NMR (400 MHz, DMSO-d6) & 12.91 (s, 2H), 9.08 (s, 2H), 7.94 (s,
4H), 7.75 — 7.65 (m, 2H), 7.59 — 7.37 (m, 4H), 7.14 — 6.82 (m, 4H). 1*C NMR (101
MHz, DMSO-d6) 6 164.7,160.9, 142.9, 134.0, 132.9, 132.8, 128.2, 126.8, 120.0, 119.7,
117.2, 117.1. Found: [M+Na]" 389.1266; 'molecular formula C24HisN,O, ' requires

[M+Na]" 389.1260.

7.5.4. Synthesis of metal complexes

Nil: A solution of L8 (0.363 g, 1.364 mmol) in methanol (10 mL) was added dropwise
to a solution of nickel(Il) acetate (0.241 g, 1.364 mmol) in methanol (10 mL). The
mixture was refluxed for 2 h and precipitate was formed. The solid was separated by

filtration, washed with cold methanol, and dried under vacuum. Finally, it was
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recrystallised from methanol to yield a yellow solid as the pure complex Nil (yield:
0.349 g, 79%). '"H NMR (400 MHz, DMS0-d6) § 7.91 (s, 2H), 7.27 (d, J= 7.6 Hz, 2H),
7.18 (t,J=7.6 Hz, 2H), 6.71 (d, J = 8.5 Hz, 2H), 6.52 (t,J = 7.3 Hz, 2H), 3.43 (s, 4H).
Found: [M+Na]" 347.0305; 'molecular formula CicHi4N2NiO> ' requires [M+Na]"

347.0301.

Ni2: This product was synthesized similarly as Ni, in which L8 was replaced by L9 to
give the target product as a yellow solid. (yield: 0.309 g, 61%). 'H NMR (400 MHz,
DMSO0-d6) 6 8.93 (d, J = 14.7 Hz, 2H), 8.26 — 7.96 (m, 2H), 7.62 (d, J = 7.8 Hz, 2H),
7.41 —7.16 (m, 4H), 6.90 (d, J = 8.6 Hz, 2H), 6.68 (t, /= 7.3 Hz, 2H). Found: [M+Na]"

395.0304; 'molecular formula C20H14N2NiO; ' requires [M+Na]" 395.0301.

Ni3: This product was synthesized similarly as Ni, in which L8 was replaced by L10
to give the target product as a yellow solid. (yield: 0.301 g, 57%)."H NMR (400 MHz,
DMSO0-d6) 6 8.92 (s, 1H), 8.62 (s, 1H), 8.00 (d, J= 7.9 Hz, 1H), 7.59 (d, J = 8.0 Hz,
2H), 7.32(dd, J=9.9, 5.6 Hz, 2H), 7.26 — 7.14 (m, 2H), 6.86 (d, J = 8.6 Hz, 2H), 6.65
(dd, J=14.2,7.1 Hz, 2H), 2.65 (s, 3H). Found: [M+Na]" 409.0462; 'molecular formula

C21Hi6N2NiO: ' requires [M+Na]" 409.0457.

Ni4: This product was synthesized similarly as Ni, in which L.8 was replaced by L11 to
give the target product as a yellow solid. (yield: 0.374 g, 62%).'H NMR (400 MHz,

DMSO0-d6) 5 8.97 (s, 2H), 8.36 (t, J = 9.6 Hz, 2H), 7.56 (d, J = 7.9 Hz, 2H), 7.35 (d, J
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= 7.4 Hz, 2H), 6.92 (d, J = 8.6 Hz, 2H), 6.70 (t, J = 7.2 Hz, 2H). Found: [M+Na]"

464.9489; 'molecular formula C20H2CI:N2NiO> ' requires [M+Na]" 464.9489.

Ni5: This product was synthesized similarly as Ni, in which L8 was replaced by L12
to give the target product as a yellow solid. (yield: 0.349 g, 64%)."H NMR (400 MHz,
DMSO0-d6) 6 8.78 (s, 2H), 7.93 (s, 2H), 7.57 (d, J= 7.5 Hz, 2H), 7.31 (s, 2H), 6.88 (d,
J = 8.5 Hz, 2H), 6.66 (t, J = 7.3 Hz, 2H), 2.29 (s, 6H). Found: [M+Na]" 423.0616;

'molecular formula C2,HisN2NiO; ' requires [M+Na]" 423.0614.

Ni6: 2,2'-disulfanediyldibenzaldehyde (0.252 g, 0.842 mmol),
Bis(cyclooctadiene)nickel(0) (0.100 g , 0.842 mmo), and ethylenediamine (0.051 g,
0.842 mmol) were mixed in dry methanol and stirred for 5 days at room temperature.
The mixture was separated by filtration, washed with cold methanol, and dried under
vacuum. Finally, recrystallisation from methanol yielded a dark green solid as the final
product. (yield: 0.167 g, 56%). 'H NMR (400 MHz, DMSO-d6) § 7.92 (s, 2H), 7.27
(dd,J=7.8, 1.4 Hz, 2H), 7.20 - 7.13 (m, 2H), 6.71 (d, J= 8.5 Hz, 2H), 6.52 (t,J= 7.3
Hz, 2H), 3.43 (s, 4H). Found: [M+Na]" 378.9848; 'molecular formula C;6H4N2NiS; '

requires [M+Na]* 378.9844.

Ni7: This product was synthesized similarly as Ni6, in which ethylenediamine was
replaced by benzene-1,2-diamine to give the target product as a brown solid. (yield:

0.183 g, 54%). 'H NMR (400 MHz, DMSO-d6) 8 9.45 (s, 2H), 8.31 (s, 2H), 7.97 (d, J

215



= 6.4 Hz, 2H), 7.66 (d, J = 6.9 Hz, 2H), 7.53 (s, 2H), 7.35 (s, 2H), 7.16 (s, 2H). Found:

[M+Na]" 426.9844; 'molecular formula C20H14N2NiS; ' requires [M+Na]" 426.9844.

Ni8: This product was synthesized similarly as Ni6, in which ethylenediamine was
replaced by 3-methylbenzene-1,2-diamine to give the target product as a brown solid.
(yield: 0.204 g, 58%). 'H NMR (400 MHz, DMSO-d6) & 8.91 (s, 1H), 8.61 (s, 1H),
8.00 (d, J=8.0 Hz, 1H), 7.59 (d, J= 8.0 Hz, 2H), 7.32 (t, /= 7.6 Hz, 2H), 7.28 — 7.15
(m, 2H), 6.86 (d,J= 8.6 Hz, 2H), 6.65 (q,J=7.0 Hz, 2H), 2.65 (s, 3H). Found: [M+Na]"

441.0001; 'molecular formula C21H6N2NiS: ' requires [M+Na]" 441.0001.

Ni9: This product was synthesized similarly as Ni6, in which ethylenediamine was
replaced by 4,5-dichlorobenzene-1,2-diamine to give the target product as a brown solid.
(vield: 0.226 g, 57%). '"H NMR (400 MHz, DMSO-d6) & 8.51 (s, 2H), 8.10 (s, 2H),
7.93 (s, 2H), 7.52 (s, 2H), 7.34 (s, 2H), 7.16 (s, 2H). Found: [M+K]" 512.9790;

'molecular formula C20H12CLLN,NiS; ' requires [M+K]" 512.8771.

Nil0: This product was synthesized similarly as Ni6, in which ethylenediamine was
replaced by 4,5-dimethylbenzene-1,2-diamine to give the target product as a brown
solid. (yield: 0.221 g, 61%)."H NMR (400 MHz, DMSO-d6) § 9.38 (s, 2H), 8.10 (s,
2H), 7.94 (d, J= 7.4 Hz, 2H), 7.65 (d, /= 7.5 Hz, 2H), 7.33 (s, 2H), 7.16 (s, 2H), 2.37
(s, 6H). Found: [M+Na]" 455.0161; 'molecular formula CHisN2NiS; ' requires

[M+Na]" 455.0157.
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Nill: A solution of ligand L.13 (0.500 g, 1.364 mmol) in methanol (10 mL) was added
dropwise to a solution of nickel(Il) acetate (0.241 g, 1.364 mmol) in methanol (10 mL).
The mixture was refluxed for 2 h and precipitate was formed. The solid was separated
by filtration, washed with cold methanol, and dried under vacuum. Finally, it was
recrystallised from methanol to yield a yellow solid as the pure complex 1 (yield: 0.471
g, 82%). 'H NMR (400 MHz, DMSO-d6) § 9.08 (s, 2H), 8.65 (s, 2H), 7.93 (dd, J=6.1,
3.3 Hz, 2H), 7.71 — 7.49 (m, 4H), 7.35 (s, 2H), 6.90 (d, /= 8.5 Hz, 2H), 6.70 (t, J=7.3
Hz, 2H). Found: [M+H]" 423.0461; 'molecular formula C24sHisN2NiO, ' requires

[M+H]" 423.0638.

Zn1: The synthesis of this product was similar to complex Nill, except that zinc(II)
acetate was used instead of nickel(Il) acetate to provide a brown-red solid as the target
product (yield: 0.491 g, 84%). 'H NMR (400 MHz, DMSO-d6) § 9.16 (s, 2H), 8.35 (s,
2H), 7.95 (dd, J= 6.1, 3.2 Hz, 2H), 7.59 — 7.41 (m, 4H), 7.27 (t, J = 7.6 Hz, 2H), 6.73
(d, J = 8.5 Hz, 2H), 6.54 (t, J = 7.2 Hz, 2H). Found: [M+Na]" 451.1165; 'molecular

formula C24H16N2ZnO; ' requires [M+Na]" 451.0395.

Cul: This synthesis of this product was similar to complex Nill, except that copper(Il)
acetate was used instead of nickel(Il) acetate to yield the final product as a brown-red
solid (yield: 0.489 g, 84%). '"H NMR (400 MHz, DMSO-d6) & 9.09 (s, 2H), 8.65 (s,

2H), 7.93 (dd, J = 6.2, 3.3 Hz, 2H), 7.64 (dd, J = 8.0, 1.5 Hz, 2H), 7.57 (dd, J= 6.3, 3.2
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Hz, 2H), 7.40 — 7.29 (m, 2H), 6.90 (d, J = 8.5 Hz, 2H), 6.70 (t, J = 7.3 Hz, 2H). Found:

[M+H]" 450.0181; 'molecular formula C24H16N2CuO> ' requires [M+Na]" 450.0400.

7.5.5. Light-driven hydrogen generation study with metal complex and CdS NRs
To a one-neck pear-shaped round bottom flask containing 1 mg of CdS NRs and 10
uM of metal complex, 5 mL of 0.5 M of AA (pH = 4) was added as the hole
scavenger. The flask was then sealed by rubber septa and was purged with a mixture of
argon/methane (80:20 mol%) for 15 mins. The methane present in the gas mixture
was served as an internal standard for GC analysis of each experiment. The flask was
steadily stirred and continuously radiated from the bottom with blue (ca. 470 nm)
light-emitting diodes inside a just-fit container, which blocks the stray light from the
environment. The light power was measured using a thermal sensor and power
meter (Model: BIM-7203-0100F & BIM-7001; Hangzhou Brolight Technology Co.,
Ltd.) and estimated to be 50 mW for each reaction. The produced hydrogen was
measured by GC (Agilent 6890 Series GC System with a molecular sieve 5 A column
and thermal conductivity detector) at different time points from the headspace of
reaction mixtures and was quantified by the calibration plot. The LED radiation is
assumed to be monochromatic at emission intensity maximum (470 nm for blue and

LEDs).

7.6. Experimental Details for Chapter 5
7.6.1. Synthesis of ligand compounds

5: To a round bottom flask containing triphenylamine (1.100 g, 4.445 mmol) in dry
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DMF (10 mL), N-bromosuccinimide (3.561 g, 20.003 mmol) in dry DMF (5 mL) was
added dropwise. After stirring at room temperature overnight, the reaction mixture was
poured into D.I. water at ice-bath. The white precipitate was filtration and dried in oven
at room temperature to give the product as white solid. (yield: 1.912 g, 88%). 'H NMR
(400 MHz, CDCls) 6 7.37 (t,J = 8.3 Hz, 6H), 6.95 (d, J = 8.8 Hz, 6H). *C NMR (101
MHz, CDCls) 8 146.0, 132.5, 125.6, 116.0. Found: [M]" 480.8494; 'molecular formula

CisHi2Br3N ' requires [M]" 480.8494.

L14: To a two-neck round bottom flask containing triphenylamine (1.100 g, 4.445
mmol) in dry DMF (30 mL) at 0 °C, POCI3 (30 mL, 320.890 mmol) was added dropwise.
After stirring at 0 °C for 60 mins, the reaction mixture was heated at 90 °C overnight.
After cooling to room temperature, the reaction mixture was poured into ice and
neutralized with NaOH and then extracted with chloroform. The organic layer was dried
over sodium sulfate, filtered and concentrated by reduced pressure. The crude product
was purified by silica gel column chromatography using ethyl acetate /n-hexane (1:9,
v/v) as eluent to yield L14 as a yellow solid (yield: 0.673 g, 46%). '"H NMR (400 MHz,
CDCl3) 8 9.94 (s, 3H), 7.91 (d, J= 8.5 Hz, 6H), 7.28 (d, J = 8.4 Hz, 6H). 1*C NMR (101
MHz, CDCl3) & 190.5, 151.2, 132.5, 131.5, 124.5. Found: [M+Na]" 352.0951;

'molecular formula C21HisNO;3 ' requires [M+Na]" 352.0944.

L15: To a round bottom flask containing compound 5 (1.431 g, 2.960 mmol) in

tetrahydrofuran (250mL), (4-formylphenyl)boronic acid (2.000 g, 13.341 mmol) was
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added. Tetrakis(triphenylphosphine)palladium(0) (0.342 g, 0.296 mmol) and 2M of
potassium carbonate (26.5 mL, 53.284 mmol) were added to the reaction mixture,
which was then heated to 85 °C for 48 h. After being cooled to room temperature, the
mixture was extracted with ethyl acetate and brine. The organic layer was dried over
sodium sulfate, filtered and concentrated by reduced pressure. The crude product was
purified by silica gel column chromatography using dichloromethane/n-hexane (4:1,
v/v) as eluent to give the final product as a white solid (yield: 1.022 g, 62%). '"H NMR
(400 MHz, CDCl3) 6 10.08 (s, 3H), 7.98 (d, J= 8.2 Hz, 6H), 7.79 (d, J = 8.2 Hz, 6H),
7.63 (d, J=8.6 Hz, 6H), 7.31 (d, J= 8.6 Hz, 6H). '*C NMR (101 MHz, CDCl;) & 147.4,
146.3, 134.9, 134.4, 130.4, 128.4, 127.1, 124.6. Found: [M]" 557.2004; 'molecular

formula C39H27NOs ' requires [M]" 557.1985.

6: To a round bottom flask containing tris(4-bromophenyl)amine (1.673 g, 3.472 mmol)
in tetrahydrofuran (250mL), compound 1 (2.000 g, 16.631 mmol) was added.
Tetrakis(triphenylphosphine)palladium(0) (0.400 g, 0.347 mmol) and 2M of potassium
carbonate (31.2 mL, 62.464 mmol) were added to the reaction mixture, which was then
heated to 85 °C for 48 h. After being cooled to room temperature, the mixture was
extracted with ethyl acetate and brine. The organic layer was dried over sodium sulfate,
filtered and concentrated by reduced pressure. The crude product was purified by silica
gel column chromatography using dichloromethane/n-hexane (1:1, v/v) as eluent to
give the final product as a white solid (yield: 0.921 g, 54%). 'H NMR (400 MHz, CDCl;)

§7.55 (d, J = 8.6 Hz, 6H), 7.31 — 7.25 (m, 6H), 7.16 (d, J = 8.5 Hz, 6H), 7.10 (dd, J =
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5.0, 3.7 Hz, 3H). >*C NMR (101 MHz, CDCl;) § 146.5, 144.1, 129.3, 128.0, 126.9,
124.4, 124.2, 122.4. Found: [M]" 491.0840; 'molecular formula C30H2NS3 ' requires

[M]" 491.0831.

7: This product was synthesized similarly as compound 6, in which compound 1 was
replaced by furan-2-ylboronic acid to give the target product as a yellow solid (yield:
0.876 g, 57%). "H NMR (300 MHz, CDCl3) § 7.59 (d, J = 8.7 Hz, 6H), 7.47 (d, J=1.3
Hz, 3H), 7.16 (d, J = 8.7 Hz, 6H), 6.59 (d, J = 3.1 Hz, 3H), 6.49 (dd, J = 3.3, 1.8 Hz,
3H). *C NMR (101 MHz, CDCl3) & 153.8, 146.3, 141.7, 125.8, 124.8, 124.2, 111.6,

104.1. Found: [M]" 443.1516; 'molecular formula C30H21NO3 ' requires [M]" 443.1516.

L16: This product was synthesized similarly as L14, in which triphenylamine was
replaced by compound 5 to give the target product as a yellow solid (yield: 1.456 g,
57%). "H NMR (400 MHz, CDCl3) § 9.91 (s, 3H), 7.77 (d, J = 4.0 Hz, 3H), 7.64 (d, J
= 8.6 Hz, 6H), 7.38 (d, J = 3.9 Hz, 3H), 7.22 (d, J = 8.6 Hz, 6H). 3C NMR (101 MHz,
CDCls) & 182.7, 153.6, 147.5, 142.0, 137.6, 128.4, 127.6, 124.6, 123.6. Found: [M]"

575.0677; 'molecular formula C33H21NO3S3 ' requires [M]" 575.0678.

L17: This product was synthesized similarly as L14, in which triphenylamine was
replaced by compound 6 to give the target product as a yellow solid (yield: 1.335 g,
57%). "H NMR (400 MHz, CDCl;3) § 9.65 (s, 3H), 7.78 (d, J = 8.6 Hz, 6H), 7.35 (d, J

=3.7 Hz, 3H), 7.21 (d, J = 8.7 Hz, 6H), 6.82 (d, J = 3.7 Hz, 3H). >*C NMR (101 MHz,

221



CDCl3) & 159.0, 151.8, 147.6, 126.7, 124.4, 107.2. Found: [M+H]" 528.0180;

'molecular formula C33H21NOg ' requires [M+H]" 528.1442.

L18: This product was synthesized similarly as L15, in which compound 5 was
replaced by 1,3,5-tribromo-2,4,6-trimethylbenzene to give the target product as a
yellow solid (yield: 0.704 g, 55%). '"H NMR (400 MHz, CDCls) § 10.13 (s, 3H), 8.05
(d,J=8.2 Hz, 6H), 7.90 (d, J= 8.2 Hz, 6H), 1.61 (s, 9H). 1*C NMR (101 MHz, CDCI;)
5191.9, 148.2, 139.0, 135.1, 132.7, 130.1, 19.3. Found: [M+Na]" 455.1625; 'molecular

formula C30H2403 ' requires [M+Na]" 455.1618.

L19: This product was synthesized similarly as L15, in which compound 5 was
replaced by 1,3,5-tribromobenzene to give the target product as a yellow solid (yield:
0.658 g, 57%). 'H NMR (400 MHz, CDCls) & 10.11 (s, 3H), 8.23 — 8.14 (m, 9H), 8.06
(d, J= 8.3 Hz, 6H). 1*C NMR (101 MHz, CDCl5) § 191.7, 146.3, 141.6, 135.7, 130.4,
127.9, 126.4. Found: [M+H]" 391.1932; 'molecular formula C,7H;303; ' requires

[M+H]" 391.1329.

8: This product was synthesized similarly as compound 6, in which compound 5 was
replaced by 1,3,5-tribromobenzene to give the target product as a yellow solid (yield:
0.686 g, 61%). 'H NMR (400 MHz, CDCl3) § 7.78 (s, 3H), 7.45 (d, J = 3.1 Hz, 3H),
7.42 — 7.34 (m, 3H), 7.16 (dd, J = 4.9, 3.8 Hz, 3H). '3C NMR (101 MHz, CDCl:) &

143.5,135.7,128.1, 125.4, 123.8, 122.7. Found: [M+K]" 362.9259; 'molecular formula
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Ci1sH12S3 " requires [M+K]" 362.9733.

9: This product was synthesized similarly as compound 7, in which compound 5 was
replaced by 1,3,5-tribromobenzene to give the target product as a yellow solid (yield:
0.565 g, 59%). 'H NMR (400 MHz, CDCl3) § 7.90 (s, 3H), 7.54 (d, J = 1.4 Hz, 3H),
6.80 (d, J= 3.3 Hz, 3H), 6.54 (dd, J= 3.3, 1.8 Hz, 3H). '*C NMR (101 MHz, CDCl3) §
153.4,142.3,131.7,118.0, 111.7, 105.7. Found: [M+Li]" 283.0120; 'molecular formula

Ci1sH1203 ' requires [M+Li]" 283.0941.

L20: This product was synthesized similarly as L14, in which triphenylamine was
replaced by compound 8 to give the target product as a yellow solid (yield: 1.031 g,
57%). '"H NMR (400 MHz, CDCls) § 9.97 (s, 3H), 7.95 (s, 3H), 7.84 (d, J = 4.0 Hz,
3H),7.56 (d,J=3.9 Hz, 3H). >*C NMR (101 MHz, CDCl3) § 143.2, 137.1, 134.8, 128.3,
126.2, 125.1, 124.5. Found: [M+Li]" 414.9818; 'molecular formula C H;203S3 '

requires [M+Li]" 415.0104.

L21: This product was synthesized similarly as L14, in which triphenylamine was
replaced by compound 9 to give the target product as a yellow solid (yield: 0.576 g,
36%). '"H NMR (400 MHz, CDCls) § 9.76 (s, 3H), 8.27 (s, 3H), 7.43 (d, J = 3.8 Hz,
3H), 7.11 (d,J=3.7 Hz, 3H). >*C NMR (101 MHz, CDCl5) § 182.7, 152.4, 143.2, 137.1,
134.8, 125.1, 124.6. Found: [M+Na]" 383.0325; 'molecular formula C21H120s ' requires

[M+Na]" 383.0526.
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7.6.2. Synthesis of ligand precursors

P1: Five drops of acetic acid were added to a mixture of L.14 (0.333 g, 1.000 mmol)
and thiosemicarbazine (0.270 g, 3.000 mmol) in a methanol solution. After the mixture
was refluxed for 6 h, the yellow precipitate was filtration and dried in oven at room
temperature to give the product as yellow solid. (yield: 0.224 g, 41%). 'H NMR (400
MHz, DMSO-d6) 6 11.40 (s, 3H), 8.17 (s, 3H), 7.97 (d, J = 28.4 Hz, 6H), 7.75 (d, J =
8.7 Hz, 6H), 7.05 (d, J = 8.7 Hz, 6H). Found: [M+K]" 587.1107; 'molecular formula

C24H24N10S3 ' requires [M+K]" 587.0979.

P2: This product was synthesized similarly as P1, in which L14 was replaced by
compound L15 to give the target product as a yellow solid (yield: 0.248 g, 32%). 'H
NMR (400 MHz, DMSO-d6) & 8.64 (s, 12H), 7.56 (s, 12H), 7.20 (s, 12H). Found: [M]"

776.0178; 'molecular formula C4H36N10S3 ' requires [M]" 776.2281.

P3: This product was synthesized similarly as P1, in which L14 was replaced by
compound L16 to give the target product as a yellow solid (yield: 0.341 g, 43%). 'H
NMR (400 MHz, DMSO-d6) 6 9.90 (s, 3H), 8.05 (d, J = 4.0 Hz, 3H), 7.86 — 7.70 (m,
9H), 7.70 (d, J = 4.0 Hz, 6H), 7.19 (d, J = 8.7 Hz, 9H). Found: [M+H]" 795.1053;

'molecular formula C36H30N10S¢ ' requires [M+H]" 795.1052.

P4: This product was synthesized similarly as P1, in which L14 was replaced by
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compound L17 to give the target product as a yellow solid (yield: 0.298 g, 40%). 'H
NMR (400 MHz, DMSO-d6) 6 11.49 (s, 3H), 8.27 (s, 3H), 7.87 — 7.64 (m, 12H), 7.24
— 7.06 (m, 12H). Found: [M+H]" 747.1749; 'molecular formula C3cH30N;oO3S3 '

requires [M+H]" 747.1737.

PS: This product was synthesized similarly as P1, in which L14 was replaced by
compound L18 to give the target product as a yellow solid (yield: 0.280 g, 43%). 'H
NMR (400 MHz, DMSO-d6) 6 11.44 (s, 3H), 8.20 (s, 3H), 8.03 (s, 3H), 7.89 (d, /= 6.9
Hz, 3H), 7.46 (d, J = 6.6 Hz, 6H), 7.24 — 7.20 (m, 6H), 1.63 — 1.60 (m, 9H). Found:

[M+Na]" 674.0285; 'molecular formula C33H33NoS3 ' requires [M+Na]" 674.1913.

P6: This product was synthesized similarly as P1, in which L14 was replaced by
compound L19 to give the target product as a yellow solid (yield: 0.225 g, 37%). 'H
NMR (400 MHz, DMSO-d6) 6 10.08 (s, 3H), 8.29 —8.12 (m, 15H), 8.06 (d, /= 8.3 Hz,
9H). Found: [M+H]" 610.1798; 'molecular formula C30H27N¢S3 ' requires [M+H]"

610.1624.

P7: This product was synthesized similarly as P1, in which L14 was replaced by
compound L20 to give the target product as a yellow solid (yield: 0.257 g, 41%). 'H
NMR (400 MHz, DMSO-d6) 6 9.98 — 9.98 (m, 3H), 8.19 (s, 6H), 8.14 (d, /= 4.0 Hz,
6H), 8.08 (d, /= 3.9 Hz, 6H). Found: [M]" 627.0209; 'molecular formula C24H21NoSe '

requires [M]" 627.0239.
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P8: This product was synthesized similarly as P1, in which L14 was replaced by
compound L21 to give the target product as a yellow solid (yield: 0.226 g, 39%). 'H
NMR (400 MHz, DMSO-d6) 6 11.52 (s, 3H), 8.33 (s, 3H), 8.17 (s, 3H), 8.05 (d, J =
21.2 Hz, 6H), 7.45 (d, J=3.6 Hz, 3H), 7.15 (d, /= 3.6 Hz, 3H). Found: [M]" 579.1622;

'molecular formula C24H21N9O3S3 ' requires [M]" 579.0924.

7.6.3. Synthesis of metal-organic cage

MOCT: To a round bottom flask containing P1 (0.054 g, 0.100 mmol) in dry DMF
(5mL), Co(CH3COO)2:4H>0 (0.024 g, 0.100 mmol) was added. The solution was
refluxed at 190 °C for 4 h. After cooling to room temperature, black crystals of MOC1
were obtained by diffusing methanol into the reaction solution. (yield: 0.025 g, 42%).
'H NMR (400 MHz, DMSO-d6) & 8.23 — 8.16 (m, 48H), 8.07 (d, J = 8.2 Hz, 36H).
Found: [M]" 2418.4895; 'molecular formula Co04CosHsaN4oSi2 ' requires [M]"

2418.1786.

MOC2: This product was synthesized similarly as MOC1, in which
Co(CH3C0OO0),;-4H>0 was replaced by compound Ni(CH3COO);-4H,0O to give the
target product as a black solid (yield: 0.023 g, 39%). 'H NMR (400 MHz, DMSO-d6)
5 823 (s, 36H), 8.10 (s, 48H). Found: [M]" 2416.2675; 'molecular formula

NisCosHsaNaoS12 ' requires [M]" 2416.1818.
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MOC3: This product was synthesized similarly as MOCI1, in which P1 was replaced
by compound P2 to give the target product as a black solid (yield: 0.032 g, 38%). 'H
NMR (400 MHz, DMSO-d6) 6 7.78 (d, J=29.8 Hz, 72H), 7.60 (s, 24H), 7.55 (s, 36H).
Found: [M]" 3330.5361; 'molecular formula Co4CissHi32N40S12 ' requires [M]"

3330.5565.

MOC4: This product was synthesized similarly as MOC?2, in which P1 was replaced
by compound P2 to give the target product as a black solid (yield: 0.032 g, 38%). 'H
NMR (400 MHz, DMSO-d6) 6 7.99 (dd, J = 10.1, 7.2 Hz, 72H), 7.90 (d, J = 12.5 Hz,
60H). Found: [M]" 3329.4702; 'molecular formula NisCi6sH132N40S12 ' requires [M]"

3329.5602.

MOCS: This product was synthesized similarly as MOCI1, in which P1 was replaced
by compound P3 to give the target product as a black solid (yield: 0.034 g, 40%). 'H
NMR (400 MHz, DMSO-d6) 6 8.04 (s, 12H), 7.80 (s, 24H), 7.70 (s, 36H), 7.19 (d, J =
7.9 Hz, 36H). Found: [M]" 3403.1902; 'molecular formula CosC144H108N40S24 ' requires

[M]" 3403.0316.

MOCG6: This product was synthesized similarly as MOC?2, in which P1 was replaced
by compound P3 to give the target product as a black solid (yield: 0.035 g, 41%). 'H
NMR (400 MHz, DMSO-d6) & 8.04 (s, 24H), 7.79 (s, 48H), 7.18 (s, 36H). Found: [M]"

3402.4314; 'molecular formula NisC144H10sN40S24 ' requires [M]" 3402.0339.
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MOCT7: This product was synthesized similarly as MOCI1, in which P1 was replaced
by compound P4 to give the target product as a black solid (yield: 0.034 g, 42%).'H
NMR (400 MHz, DMSO-d6) ¢ 8.00 — 7.82 (m, 72H), 7.75 (t, J = 18.8 Hz, 24H), 7.27
—7.15 (m, 12H). Found: [M]" 3210.6537; 'molecular formula Co4C144H10sN40S12012 '

requires [M]" 3210.3071.

MOCS: This product was synthesized similarly as MOC?2, in which P1 was replaced
by compound P4 to give the target product as a black solid (yield: 0.033 g, 41%).'H
NMR (400 MHz, DMSO-d6) & 7.81 — 7.70 (m, 24H), 7.19 — 7.03 (m, 84H). Found:

[M]" 3209.4507; 'molecular formula NisC144H10sN40S12012 ' requires [M]* 3209.3105.

MOC9: This product was synthesized similarly as MOC1, in which P1 was replaced
by compound PS5 to give the target product as a black solid (yield: 0.033 g, 46%). Found:
[M]" 2830.3467; 'molecular formula Co4Ci32Hi20N36S12 ' requires [M]" 2830.4494.

FTIR (with KBr): v(Co-S/Co-N): 525 cm™'.

MOCI10: This product was synthesized similarly as MOC?2, in which P1 was replaced
by compound PS5 to give the target product as a black solid (yield: 0.030 g, 42%). Found:
[M]" 2828.4151; 'molecular formula NisCi32Hi20N36S12 ' requires [M]" 2828.4530.

FTIR (with KBr): v(Ni-S): 670 cm.
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MOCI11: This product was synthesized similarly as MOCI1, in which P1 was replaced
by compound P6 to give the target product as a black solid (yield: 0.030 g, 45%). Found:
[M]" 2662.3949; 'molecular formula CosCi20Ho¢N36S12 ' requires [M]" 2662.2612.

FTIR (with KBr): v(Co-S/Co-N): 505 cm™.

MOCI12: This product was synthesized similarly as MOC?2, in which P1 was replaced
by compound P6 to give the target product as a black solid (yield: 0.031g, 46%). Found:
[M]"2660.2262; 'molecular formula NisC120HosN36S12 ' requires [M]" 2660.2646. FTIR

(with KBr): v(Ni-N): 616 cm™.

MOCI13: This product was synthesized similarly as MOCI1, in which P1 was replaced
by compound P7 to give the target product as a black solid (yield: 0.030 g, 44%). Found:
[M]" 2733.7669; 'molecular formula Co4CosH72N36S24 ' requires [M]" 2733.7358. FTIR

(with KBr): ¥(Co-S/Co-N): 499 cm’!.

MOC14: This product was synthesized similarly as MOC?2, in which P1 was replaced
by compound P7 to give the target product as a black solid (yield: 0.031 g, 45%). Found:
[M]"2733.8635; 'molecular formula NisCosH72N36S24 ' requires [M]" 2733.7372. FTIR

(with KBr): v(Ni-N): 613 cm™.

MOCI1S5: This product was synthesized similarly as MOCI1, in which P1 was replaced

by compound P8 to give the target product as a black solid (yield: 0.029 g, 45%). Found:
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[M]" 2542.1790; 'molecular formula Co4CosH72N36S12012 ' requires [M]" 2542.0114.

FTIR (with KBr): v(Co-S/Co-N): 533 cm™'.

MOCI16: This product was synthesized similarly as MOC?2, in which P1 was replaced
by compound P8 to give the target product as a black solid (yield: 0.029g, 46%). Found:
[M]" 2540.2184; 'molecular formula NisCosH72N36S12012 ' requires [M]" 2540.0147.

FTIR (with KBr): v(Ni-N): 630 cm™.

7.6.4. Light-driven hydrogen generation study with MOC and CdS NRs

To a one-neck pear-shaped round bottom flask containing 1 mg of CdS NRs and 10 uM
of MOC, 5 mL of 0.5 M of AA (pH = 4) was added as the hole scavenger. The flask
was then sealed by rubber septa and was purged with a mixture of argon/methane (80:20
mol%) for 15 mins. The methane present in the gas mixture was served as an internal
standard for GC analysis of each experiment. The flask was steadily stirred and
continuously radiated from the bottom with blue (ca. 470 nm) light-emitting diodes
inside a just-fit container, which blocks the stray light from the environment. The light
power was measured using a thermal sensor and power meter (Model: BIM-7203-
0100F & BIM-7001; Hangzhou Brolight Technology Co., Ltd.) and estimated to be 50
mW for each reaction. The produced hydrogen was measured by GC (Agilent 6890
Series GC System with a molecular sieve 5 A column and thermal conductivity detector)
at different time points from the headspace of reaction mixtures and was quantified by

the calibration plot. The LED radiation is assumed to be monochromatic at emission
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intensity maximum (470 nm for blue and LEDs).
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Appendix I Nuclear Magnetic Resonance Spectrum
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Figure S 1.60. '"H NMR spectrum of Ni6 in DMSO-d6
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Figure S 1.61. '"H NMR spectrum of Ni7 in DMSO-d6
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Figure S 1.62. '"H NMR spectrum of Ni8 in DMSO-d6
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Figure S 1.63. 'H NMR spectrum of Ni9 in DMSO-d6
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Figure S 1.64. '"H NMR spectrum of Nil0 in DMSO-d6
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Figure S 1.65. '"H NMR spectrum of Nill in DMSO-d6
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Figure S 1.66. '"H NMR spectrum of Zn1 in DMSO-d6

265



xiao-02-2022-05-17
xiao-02-2022-05-17-xia0222-h 'I

i VAN AR Lsoono
8 I (r f g (
[ [ i
| | ‘ | | | | f45000
| | | \ |
] an
‘| [ | | | 140000
/
| | [ I ‘ |
J / 1N /I )
F35000
F30000

20000

10000

TS

86 34 82 30 78
1 (ppm)

Figure S 1.67. '"H NMR spectrum of Cul in DMSO-d6
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Figure S 1.68. '"H NMR spectrum of 5 in CDCls
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Figure S 1.69. 3C NMR spectrum of 5 in CDCl3
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Figure S 1.70. '"H NMR spectrum of L14 in CDCl3
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Figure S 1.71. 3C NMR spectrum of L14 in CDCls
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Figure S 1.72. '"H NMR spectrum of L15 in CDCl3
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Figure S 1.73. 3C NMR spectrum of L15 in CDCls
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Figure S 1.74. '"H NMR spectrum of 6 in CDCls
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Figure S 1.76. '"H NMR spectrum of 7 in CDCls
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Figure S 1.77. 3C NMR spectrum of 7 in CDCl3
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Figure S 1.78. '"H NMR spectrum of L16 in CDCls
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Figure S 1.80. '"H NMR spectrum of L17 in CDCl3
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Figure S 1.82. '"H NMR spectrum of L18 in CDCls
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Figure S 1.83. 3C NMR spectrum of L18 in CDCls
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Figure S 1.84. '"H NMR spectrum of L19 in CDCl3
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Figure S 1.85. 3C NMR spectrum of L19 in CDCls
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Figure S 1.86. '"H NMR spectrum of 8 in CDCls
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Figure S 1.87. 3C NMR spectrum of 8 in CDCl3
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Figure S 1.88. '"H NMR spectrum of 9 in CDCls
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Figure S 1.90. '"H NMR spectrum of L.20 in CDCl3
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Figure S 1.92. '"H NMR spectrum of L.21 in CDCl3
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Figure S 1.93. 3C NMR spectrum of L21 in CDCls
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Figure S 1.94. '"H NMR spectrum of P1 in DMSO-d6
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Figure S 1.95. 'H NMR spectrum of P2 in DMSO-d6
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Figure S 1.96. '"H NMR spectrum of P3 in DMSO-d6
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Figure S 1.97. 'H NMR spectrum of P4 in DMSO-d6

Ria0{03-2021-11-03-xiao31 2h

xiao-03-2021-11-03-xia031 Z‘Tﬂ

Ll

10000

7000

6000

5000

4000

3000

2000

L1000

T T T T T T
M 65 60 55 50 4S5
1 (ppm)

= m.:_I
(!
it 1

] P
-

=)
=
=
=]
o
Bd
=
n
=
[

Figure S 1.98. 'H NMR spectrum of P5 in DMSO-d6
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Figure S 1.99. 'H NMR spectrum of P6 in DMSO-d6
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Figure S 1.100. 'H NMR spectrum of P7 in DMSO-d6
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Figure S 1.102. 'H NMR spectrum of MOC1 in DMSO-d6
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Figure S 1.104. '"H NMR spectrum of MOC3 in DMSO-d6
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Figure S 1.105. 'H NMR spectrum of MOC4 in DMSO-d6
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Figure S 1.106. 'H NMR spectrum of MOC5 in DMSO-d6
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Figure S 1.107. '"H NMR spectrum of MOC6 in DMSO-d6
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Figure S 1.108. 'H NMR spectrum of MOC7 in DMSO-d6
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Figure S 1.109. 'H NMR spectrum of MOCS8 in DMSO-d6

287



Appendix II Mass Spectrum Results
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Figure S. 2.3. MS result of L3
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Figure S. 2.6. MS result of L4
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Figure S. 2.9. MS result of Ru2

#104 +ESIA3HS (0522 min) Fuag=175.0V 31.d

a18.p111
3
B17.012 s00121
4 #1600
150108 190144
2
0 ~ [
E o )

2lo &l1 BR a3 als 33 al7 ala BE] B 7 ) k4 B3 3
Counts v, FHRTEL (miz)
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Figure S. 2.11. MS result of Ru4

2104 |+EST43H (1408 i) Fesgm 1750 smew-10.4

44 a3
3 2410257
24 24010554
420026 430277
1
0 A A - J I 5 A L

s 23 a7 3 o 840 241 P27 843 244 s 846 247 23 849 o 1 a2
Counts v, FHTEL (miz)

Figure S. 2.12. MS result of Ru5
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Figure S. 2.14. MS result of Ru7

106 [+EST 43 (0572 win) Frag=175.0V 324

#1364 2048
14 *1358.2002

1365.2351

l 1366.2359
A

15] 13613008 * 1363 2066
E 054 -
ﬂ 52908 1357.2916

* 15592950
l\ JL J J | L‘_l \

1355 135 1957 1358 1350 1360 1361 1362 1363 1964 1365 13k 1367 1368 1369 130 1371 1372 13 139 138 3% 1377
Counts v, FfFEL (mdz)

|
|

Figure S. 2.15. MS result of Ru8
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Figure S. 2.16. MS result of Ru9
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Figure S. 2.17. MS result of Ru10
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Figure S. 2.18. MS result of L6
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Figure S. 2.19. MS result of L7
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Figure S. 2.20. MS result of diethyl [2,2 -bipyridine]-4,4 -dicarboxylate
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Figure S. 2.21. MS result of Ir1
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Figure S. 2.22. MS result of Ir2
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Figure S. 2.23. MS result of Ir3
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Figure S. 2.24. MS result of Ir4
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Figure S. 2.25. MS result of Ir5
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Figure S. 2.26. MS result of Ir6
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Figure S. 2.27. MS result of Ir7
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Figure S. 2.28. MS result of Ir8
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Figure S. 2.29. MS result of Ir9
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Figure S. 2.30. MS result of Ir10
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Figure S. 2.31. MS result of Ir11
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Figure S. 2.32. MS result of Ir12
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Figure S. 2.33. MS result of L8
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Figure S. 2.34. MS result of L9
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Figure S. 2.35. MS result of L10
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Figure S. 2.36. MS result of L11
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Figure S. 2.37. MS result of .12
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Figure S. 2.38. MS result of .13
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Figure S. 2.39. MS result of Nil
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Figure S. 2.40. MS result of Ni2
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Figure S. 2.41. MS result of Ni3
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Figure S. 2.42. MS result of Ni4
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Figure S. 2.43. MS result of Ni5
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Figure S. 2.44. MS result of Ni6
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Figure S. 2.45. MS result of Ni7
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Figure S. 2.46. MS result of Ni8
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Figure S. 2.47. MS result of Ni9
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Figure S. 2.48. MS result of Nil0
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Figure S. 2.49. MS result of Nill
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Figure S. 2.50. MS result of Zn1
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Figure S. 2.51. MS result of Cul
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Figure S. 2.52. MS result of §
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Figure S. 2.53. MS result of L14
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Figure S. 2.54. MS result of L15
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Figure S. 2.55. MS result of 6
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Figure S. 2.56. MS result of 7
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Figure S. 2.57. MS result of L16
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Figure S. 2.58. MS result of L17
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Figure S. 2.59. MS result of L18
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Figure S. 2.60. MS result of L19
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Figure S. 2.61. MS result of 8
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Figure S. 2.62. MS result of 9
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Figure S. 2.63. MS result of L20
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Figure S. 2.64. MS result of L21
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Figure S. 2.65. MS result of P1
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Figure S. 2.66. MS result of P2
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Figure S. 2.67. MS result of P3
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Figure S. 2.68. MS result of P4

105 |+EST43H (0,168 vrin) Frag=175.07 s10.d
154 6740285
q 6730251
6720261
asd 671,014 75,0058
L lamuzm
0 L

657 608 Gl9 EM0 671 GU2 613 G/4 615 616 6V7 618 619 6A0 6Bl GB2 643 64 65 a6 637 e 6do 6l0 €01 el e oM 65 ede 697 el e MO MWL M2
Counts v, FTLL (miz)

Figure S. 2.69. MS result of PS5
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Figure S. 2.70. MS result of P6
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Figure S. 2.71. MS result of P7
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Figure S. 2.72. MS result of P8
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Figure S. 2.73. MS result of MOC1
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Figure S. 2.74. MS result of MOC2
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Figure S. 2.75. MS result of MOC3
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Figure S. 2.76. MS result of MOC4
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Figure S. 2.77. MS result of MOCS5
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Figure S. 2.78. MS result of MOC6
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Figure S. 2.79. MS result of MOC7
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Figure S. 2.80. MS result of MOCS8
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Figure S. 2.81. MS result of MOC9
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Figure S. 2.82. MS result of MOC10
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Figure S. 2.83. MS result of MOC11
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Figure S. 2.84. MS result of MOC12
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Figure S. 2.85. MS result of MOC13
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Figure S. 2.86. MS result of MOC14

3102 |+EST4AHS (0,300 rin) Frag=175.07 4.4

2642 1750

1.7
154
1.25-

0.75
05
0.25

25315 282 2925 253 25 234 B35 5 BB5 286 BIS5 B37 2375 258 B35 2539 5395 540 5405 241 545 242 2305 283 BH5 544
Counts vs. BT L (ndz)

302



Figure S. 2.87. MS result of MOC15
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Figure S. 2.88. MS result of MOC16
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Appendix II1. Fourier-Transform Infrared Spectroscopy Results
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Figure S. 3.1. FTIR spectrum of MOC9.

Table S. 3.1. FTIR spectral analysis of MOC9.

Band (cm™) Stretching Vibration Reference
Assignment
3424 N-H [.2]
2955 -CH2/-CHj3 [.2]
1699 N-H/C=N [3.4]
1603 C=C [3.4]
1565 C=C 3, 4]
1507 C=C 3, 4]
1445 N-C=S 5]
1389 N-C=S [3. 3]
1303 N-C=S 5]
1256 N-C=S [5]
1209 N-C=S [5]
1113 N-C=S [5]
842 C=C B3]
751 C=C B3]
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Figure S. 3.2. FTIR spectrum of MOC10.

Table S. 3.2. FTIR spectral analysis of MOC10.

4000

Band (cm™) Stretching Vibration Reference
Assignment
3407 N-H [.2]
1646 N-H/C=N [3.4]
1556 Cc=C 3, 4]
1485 N-C=S 5]
1382 N-C=S 5]
1274 N-C=S 5]
1098 N-C=S 5]
800 C=C B3]
670 Ni-S [#]
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Figure S. 3.3. FTIR spectrum of MOCI1.
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Table S. 3.3. FTIR spectral analysis of MOCI11.

Band (cm™) Stretching Vibration Reference
Assignment

3441 N-H [.2]
1692 N-H/C=N [3.4]
1603 C=C [3.4]
1568 C=C [3.4]
1385 N-C=S 5]
1212 N-C=S 5]
854 C-H B3]
812 C=C B3]
792 C=C B3]
505 Co-S/Co-N [6.7]
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Figure S. 3.4. FTIR spectrum of MOC12.
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Table S. 3.4. FTIR spectral analysis of MOC12.

Band (cm™) Stretching Vibration Reference
Assignment
3373 N-H [.2]
2935 -CH; /-CH2 [3.4]
2873 -CH; /-CH2 [3.4]
1655 N-H/C=N 3. 41
1592 C=C [3.4]
1504 C=C [3.4]
1441 N-C=S 5]
1323 N-C=S 5]
1291 N-C=S 5]
1232 N-C=S 5]
1118 N-C=S 5]
803 C=C 31
616 Ni-N ]
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Figure S. 3.5. FTIR spectrum of MOC13.

Table S. 3.5. FTIR spectral analysis of MOC13.

Band (cm™) Stretching Vibration Reference
Assignment
3407 N-H [.2]
1652 C-N/C=N [3.4]
1592 C=C [3.4]
1502 Thiophene ring [10]
1442 N-C=S 5]
1323 N-C=S 3. 5]
1113 N-C=S 5]
815 Thiophene ring (10]
740 C=C B3]
499 Co-S/Co-N [6.7]
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Figure S. 3.6. FTIR spectrum of MOC14.

Table S. 3.6. FTIR spectral analysis of MOC14.

4000

Band (cm™) Stretching Vibration Reference
Assignment
3404 N-H [.2]
1607 C-N/C=N [3.4]
1479 Thiophene ring (10]
1419 N-C=S 5]
1328 N-C=S/N-H 3. 3]
1223 N-C=S/N-H 3. 5]
1132 N-C=S/C=C 5]
1056 N-C=S/C=C 5]
797 Ni-S (8]
613 Ni-N ]
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Figure S. 3.7. FTIR spectrum of MOCI15.

Table S. 3.7. FTIR spectral analysis of MOCI1S.

Band (cm™) Stretching Vibration Reference
Assignment
3432 N-H [.2]
1661 N-H/C=N [3.4]
1595 C=C [3.4]
1473 N-C=S 5]
1320 N-C=S 5]
1263 N-C=S 5]
1181 furan ring (1]
1101 furan ring (1]
1016 furan ring (1]
795 C=C 3]
533 Co-S/Co-N [6.7]
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Figure S. 3.8. FTIR spectrum of MOC16.

T
3500

4000

Table S. 3.8. FTIR spectral analysis of MOC16.

Band (cm™) Stretching Vibration Reference
Assignment
3378 N-H [.2]
1658 N-H/C=N [3.4]
1598 C=C [3.4]
1496 N-C=S 5]
1391 N-C=S 5]
1283 N-C=S 5]
1107 furan ring (1]
817 C=C B3]
732 furan ring (1]
630 Ni-N ]
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Appendix IV UV/Vis spectrums for determining of the dye loading

percentage
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Figure S 4.1. UV/Vis absorption spectra of Rul before and after dye loading in

MeOH solution at 293 K.
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Figure S 4.2. UV/Vis absorption spectra of Ru2 before and after dye loading in

MeOH solution at 293 K.
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Figure S 4.3. UV/Vis absorption spectra of Ru3 before and after dye loading in

MeOH solution at 293 K.
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Figure S 4.4. UV/Vis absorption spectra of Ru4 before and after dye loading in

MeOH solution at 293 K.
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Figure S 4.5. UV/Vis absorption spectra of Ru5 before and after dye loading in

MeOH solution at 293 K.
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Figure S 4.6. UV/Vis absorption spectra of Ru6 before and after dye loading in

MeOH solution at 293 K.
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Figure S 4.7. UV/Vis absorption spectra of Ru7 before and after dye loading in MeOH

solution at 293 K
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Figure S 4.8. UV/Vis absorption spectra of Ru8 before and after dye loading in MeOH

solution at 293 K

3.0

Ru9
— After dye loading
2.5 1
-~
g 2.0
E
D
2]
5 151
=
£
=]
wn
=
< 1.04
0.5
0.0
T T T T T T T T T T T
300 400 500 600 700 800

Wavelength (nm)

Figure S 4.9. UV/Vis absorption spectra of Ru9 before and after dye loading in MeOH

solution at 293 K
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Figure S 4.10. UV/Vis absorption spectra of Rul0 before and after dye loading in

MeOH solution at 293 K
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Figure S 4.11. UV/Vis absorption spectra of Ir1 before and after dye loading in CH>Cl»

solution at 293 K
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Figure S 4.12. UV/Vis absorption spectra of Ir2 before and after dye loading in CH>Cl

solution at 293 K
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Figure S 4.13. UV/Vis absorption spectra of Ir3 before and after dye loading in CH>Cl,

solution at 293 K
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4.0 - Ird
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Figure S 4.14. UV/Vis absorption spectra of Ir4 before and after dye loading in CH>Cl

solution at 293 K
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Figure S 4.15. UV/Vis absorption spectra of Ir5 before and after dye loading in CH>Cl,

solution at 293 K
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Figure S 4.16. UV/Vis absorption spectra of Ir6 before and after dye loading in CH>Cl,

solution at 293 K
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Figure S 4.17. UV/Vis absorption spectra of Ir7 before and after dye loading in CH>Cl,

solution at 293 K
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Figure S 4.18. UV/Vis absorption spectra of Ir8 before and after dye loading in CH>Cl,

solution at 293 K
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Figure S 4.19. UV/Vis absorption spectra of Ir9 before and after dye loading in CH>Cl,

solution at 293 K
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Figure S 4.20. UV/Vis absorption spectra of Ir10 before and after dye loading in

CHCl; solution at 293 K
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Figure S 4.21. UV/Vis absorption spectra of Irll before and after dye loading in

CHCl; solution at 293 K
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Figure S 4.22. UV/Vis absorption spectra of Ir12 before and after dye loading in

CHCl; solution at 293 K
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