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ABSTRACT

Natural Photosynthesis process is the source of life; it converts the sunlight into chemical
energy. This process takes place in the chloroplast of the green plants in a sophisticated
and complex pathway. It involves electron transfer cascades from the photoexcited
reaction centre to sustainable energy storage. As a route to develop new chemical systems
for artificial photosynthesis in an efficient and fast electron transfer cascade, it is essential
to propose three-dimensional molecular ensembles of both electrochemically and

photochemically active systems.

This thesis studies the behaviour of using L-cysteine and potassium iodide as
electroactive species in a reduction reaction of chlorpromazine hydrochloride on glassy
carbon electrodes and rotating glassy carbon disk electrodes with the aid of cyclic

voltammetry and linear sweep voltammetry.

The electrochemical characteristics of chlorpromazine hydrochloride (CPZ.HCI) in
various concentrations, which induce catalytic oxidation reactions of different
concentrations of the electroactive materials, are investigated. The experimental results
show that the increase in oxidation peaks current of chlorpromazine hydrochloride
depends on the concentrations of L-cysteine and potassium iodide. The current response
was enhanced through fast transport via a rotating glassy carbon disk electrode. The peak
potentials of chlorpromazine hydrochloride in the solution containing L-cysteine shift to
more negative values for all concentrations and speeds; similarly for potassium iodide.
The electrochemical reaction of chlorpromazine hydrochloride with the electroactive
materials determined EC’ reactions. The diffusion coefficient for chlorpromazine
hydrochloride was found to be 1.28x10° m2s™. This thesis studies the adsorption and

electrochemical investigation of one of the derivatives of chlorophyll — chlorophyllin, at



gold and glassy carbon electrodes. Parameters such as the adsorption time, the electrolyte
nature and concentration and chlorophyllin concentration were investigated. The use of
chlorophyllin as a redox mediator was examined, with a gold electrode being employed.
The importance of gold electrode surface preparation in determining the mechanism of
redox was described, and the environment of adsorption process of the different
concentrations of chlorophyllin on the surface of the gold electrode had been elucidated
in this study. The electrochemical method shows that the cyclic voltammetry responses
of studied adsorption chlorophyllin pigment on the gold electrode were more efficient

than glassy carbon electrode, with processes being more favourable in aqueous solution.

Third, the oxidation reaction of various concentrations of chlorophyllin is investigated in
the bulk solution in the presence of Triton X 100 and potassium iodide. The extraction
and identification of chlorophyll in fresh spinach were examined by using thin layer
chromatography and UV-visible spectrophotometry techniques. The cyclic voltammetry
for this pigment was elucidated in the presence of Triton X 100 and vitamin K at the gold

electrode, the mechanism of this reaction was suggested to be EC’.

Lastly, this study has emphasised chlorophyll a and Total chlorophyll (Tchl), based on
the effect of electrode materials and diameter, pH, solvent and electrolyte. The inducing
of electron transfer of Tchl pigment was examined in presence and absence of vitamin K
through light and dark atmosphere. The system of chlorpromazine-lyotropic liquid crystal
(CPZ-LLC) was highlighted in this thesis. The effect of parameters such as electrode
materials, electrode diameters and CPZ.HCI concentrations in this system have been
documented. The self-assembled phase was recorded using polarising optical microscopy
and X-ray scattering. The CPZ-LLC system was fabrication into photogalvanic cells. The

power conversion efficiency (PCE) of this cell is (0.58%), which is useful and novel.
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Chapter 1

Photosynthesis system (Natural and Artificial)

This thesis is concerned with the development of electron transfer cascades

for light-to-electrical energy harvesting.

Accordingly, this chapter provides an overview of research within this

field. It is divided into three sections:

The first section deals with the basics of the photosynthesis process,

definition, structure, electron transfer and Z-scheme system.

The second section covers photosynthetic processes, both natural and
artificial. The types of artificial photosynthetic process are covered here

such as carbon compounds and water splitting.

The last section illustrates light-energy harvesting.



1.1 The natural Photosynthesis Process

In Photosystem, there is a vital phenomenon, which takes place in the chloroplast of the
green plants called: Natural Photosynthesis process. Food (carbohydrates) by this process
is synthesised for plants using water (H20) and carbon dioxide (COy) in the presence of
solar light. In general, oxygenic photosynthesis has been summarised by the following

equation:

Light
C02+ + 12H20 e — 602 + C6H1206

Green pigment
carbohydrates

Equationl.1: Photosynthesis process in the green plants

Photosynthesis sometimes is termed “carbon assimilation”, which means uptake of
carbon into a system. This process produces chemical energy from the light energy, which
is stored as carbohydrate (glucose; organic substance). During the photosynthesis process,
oxygen and glucose are formed from the raw materials (carbon dioxide and water) in the

presence of light. Each molecule of glucose comprises about 686 kcal energy.

In 1727, Stephen Hales was the first scientist to identify the relationship between sunlight
and leaves'? and later in 1887 Sachs established that the visible product of photosynthesis
process was glucose.® The scientists between (1930-1960) discovered from their
experiments by measuring the activity of photosynthetic upon lighting with various
wavelengths of light (i.e. green to far-red light) that there are two photosynthetic
processes working together sequentially,*® there are given as follows.

» The first process is photosynthesis | or light reactions, which converts excited energy
into chemical energy (NADPH and ATP).

> The second one is photosynthesis 1l or dark reactions or Calvin-Benson cycle’, which
produces glucose by using the product of the first photosynthetic process. Figure 1.1

shows the electromagnetic spectrum of the visible light.



Wavelength A (nm)

Frequency, v (Hz)
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| | I— | | |
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Infrared

Figure 1.1: The electromagnetic spectrum, highlighting the wavelengths of

the visible light adapted from reference®

1.1.1 The Photosystem I and Il structure and electron transfer

Photosynthesis occurs in organelles known as chloroplasts. The structure of a chloroplast
is shown in figure 1.2. There are two-bilayer membranes (outer and inner) covering the
chloroplast. Inside the chloroplast region, there are thylakoid membranes, which are
covered by the inner membrane (stroma) and served for light reaction. Grana is one of the
thylakoids. Inside of the stroma of the chloroplast, there are enzymes that catalyse CO>
fixation and three other biosynthetic pathways. The stroma consists of protein-pigment
complexes such as Photosystem | (PSI), Photosystem Il (PSII), cytochrome bef (cyt bef)

light-harvesting complex Il (LHCII) and F- adenine nucleotide bound to three phosphates

synthase (F-ATPase).>10

Inner Membrane

Granum
(stack of thylakoids)

Thylakoid

Outer membrane

Stroma
(aqueous space)

Figure 1.2: The chloroplast function structure, adapted from reference*

Radio




In both oxygenic Photosystems PSI and PSII, solar light is trapped and used to elicit a
series of oxidation-reduction reactions resulting in electrons transfer across the thylakoid

membrane via a chain of electron carriers.1%1213

The first step of the photosynthesis process produces O» by oxidation of two H>O
molecules. Also, it is enabled by the excited state of the primary electron donor of PSII
(the P680). Furthermore, the electrons are passed from PSII to the cytochrome bef
complex by a mobile plastoquinone pool and then to PSI by the soluble electron carrier

proteins plastocyanin (plants and algae) or cytochrome ce (Cyanobacteria).

In the final step, ferredoxin is reduced by PSI to provide the essential electrons for the

reduction of NADP*to NADPH by the ferredoxin-NADP™ oxidoreductase.

An electrochemical potential is formed across the thylakoid membrane by coupling all
the electron transfer process. It is this proton motive force that is used to drive ATP
synthesis later. In the stroma, NADPH and ATP cooperate in consequent dark reactions

to reduce COz to carbohydrates.*®213 Figure 1.3 elucidates the photosynthetic reactions.

Dark reaction

Outer /

membrane
Inner
membrane
C
H,0 il
\) —

Figure 1.3: A diagram of the Photosynthesis | and Il reactions,

adapted from reference®



1.1.2 The required steps of converting light energy into chemical energy

In natural photosynthesis, the conversion process of sunlight to chemical energy in plants

involves four main steps.>16

1. Lightabsorption: the electromagnetic radiation (photon) is absorbed and concentrated
in antenna molecules, so as to capture energy that will be used later in reaction centres.

2. Charge separation: this step happens in the reaction centre of Photosystem 11, which
uses the sunlight energy to a separate positive charge of a chlorophyll holes from
negative charge of the chlorophyll molecules (electron) from each other.

3. Water splitting: the positive charges from the second step are collected, and then used
in the splitting step of H2O molecule into H* and O; with releasing four electrons.

4. Fuel production: these electrons with photons from sunlight are utilised in a chemical

reaction of Photosystem | to produce food for plants (carbohydrates). The following

equations are the chemical reactions of water splitting to produce fuel:

2l 0- 200, 448 86

Equation1.2

4hv
CO,+4H*+4e- —(H,CO)+H,0

Equation1.3
The total photosynthesis reaction, equation 1.4, is combined with both chemical reactions:

8hv
COs+ H,0— (H,CO)+ 0,

Equationl.4
The effect of all these steps is important for achieving significant efficiencies of converting

solar energy to chemical energy. Until now, no material meets the requirements of

converting solar energy, i.e., electronic properties, band gap and band edge position.’



1.2 Artificial Photosynthetic Systems

Artificial photosynthesis (AP) is technology that researchers develop in order to try to
understand the natural processes of photosynthesis. It mimics natural photosynthesis
through applying the similar principles of converting the solar energy into chemical fuels
using human-made devices. Artificial Photosynthesis is an efficient and a direct way to
convert abundant and natural materials to fuels such as CO2 and steam produce CO, H>
and hydrocarbons.*"*8 It is considered as an alternative, sustainable and renewable energy
sources for the future.!” In general, such systems meet some requirements such as
efficient, durable and cost-effective for the more sustainable source of renewable energy.
Photovoltaic (PV) solar panels are one aspect of AP, which produces electrical energy by

using the solar energy.

1.2.1 Z-Scheme Photocatalytic Systems and the Comparison between
Natural and Artificial Photosynthesis Systems

Solar conversion, which occurs in the natural photosynthesis systems (NPS), is achieved
through a series of step-wise electron transfer processes, which is called the ‘Z-scheme’
that is demonstrated in figure 1.4. The ‘Z-scheme’ occurs as the light energy is collected

by two Photosystems, i.e. Photosystem | (PSI) and Photosystem 11 (PSII).

First, inside a reaction centre, chlorophyll electrons are excited to higher electronic states
through light-harvesting methods. The electrons progress over the two Photosystems
involving a number of electron transfer chains. The water splitting happens at a
CaMn204-x H20 complex at the donor side of PSII. In this process, the charge separation

quantum efficiency is close to 100% under (optimal conditions).

For Artificial Photosynthesis Systems (APS), there are two different types of materials.
A single light-excitation site, which is placed between an electron donor and an electron

acceptor on the other. An excitation site (chromophore) could be either visible-light-



absorbing semiconductor or a dye molecule. Wavelengths of absorption light are adjusted
by modifying the structure of dye molecule, i.e., the energy gap between the lowest
unoccupied molecular orbital (LUMO) or band and the highest occupied molecular
orbital (HOMO) or band. The structure of dye molecule could be modified by designing

the semiconductors or molecules with certain electronic structure.

There are a number of requirements for a potential material to be either an electron donor
or an electron acceptor. The potential of energy level has to be more negative than the
excited state reduction potential of the chromophore and more positive than the water
oxidation potential for the electron donor. In addition, the donor must be linked to the
chromophore to support a rapid electron transfer reaction prior to the decay of the
chromophore-excited state. For the electron acceptor, the potential of energy level must
be between the water reduction potential and the chromophore excited state oxidation

potential. Water splitting, co-catalysts are usually introduced to induce the reaction.8

2NADPH

Photosystem Il

Figure 1.4: Z-Scheme of Electron Transport, adapted from reference *°



1.2.2 Types of artificial photosynthesis systems
This section focuses on the kinds of artificial photosynthesis such as carbon dioxide and

water splitting and the comparison between them.

1.2.2.1 Artificial Photosynthesis with Carbon Compound Production

A high-density fuel is a preferable material for power generation and transportation, such
as carbon compounds fuel. Carbon compounds are considered an alternative fuel to
petrochemicals. It is a carbon source for renewable polymers, plastics and solvent. Carbon

dioxide is an excellent source of carbon compounds fuel.

Reduction of CO- in the presence of sunlight is an example of converting the solar energy
into chemical energy. The photoreduction of CO; involves reduction of the C=0 bonds
into C—H bonds and forms carbon compounds, such as methane, methanol, CO and other

higher hydrocarbons.?02!

Despite various attempts, using numerous reaction conditions and achieving different
products, this process is still challenging.?>?* Halmann, in 1978, first reported CO,
reduction by using photocatalysis. When CO2 was bubbled over a p-type GaP cathode
illuminated with Hg lamp and single crystal through an electrochemical cell, formic acid,

formaldehyde and methanol were formed as products.’

Mimicking this procedure would require the production of fuel feedstock that is far from
depending on oil, coal and natural gas. In other words, the utilising of CO2 would reduce
its emissions on the environmental. Figure 1.5 showsthe utilisation of CO.that emissions
from factory to solar fuels and renewable alkanes during the photocatalytic reduction

process. °
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Figure 1.5: The route of CO; through the photocatalytic reduction
of CO, adapted from reference®

Some materials have been investigated for over 40 years. Currently, there is much work
on nanotechnological materials. These new materials include the modification of the
physicochemical properties of various semiconductor materials such as TiO2, g-C3Na,
TaON, BiVOg4, TazNs, SrTiOs, AgsPOs, CdS. It is reported that for different oxidation-

reduction reactions, the photocatalysts process harnesses solar energy directly.?®

Considerable attention has been directed to TiOg, for it has been considered as “golden”
photocatalyst. The most published work dedicated to heterogeneous photocatalysis TiO>
due to its chemical stability, high inertness chemically, low-cost and limited toxicity.
Nevertheless, Anatase TiO> has a large bandgap, i.e., 3.2 eV that limits the exploitation
of broad spectrum of solar light. This spectrum is ultraviolet, which incomes 4% of the
solar spectrum. In other words, the solar spectra were utilised in much lower quantum
efficiencies. There were two approaches to overcome used limitation and enrich the
photocatalytic efficiency of titanium dioxide under the visible light that is equal 43% of
the solar light. Regarding titania materials: the band gap, band structure, optical properties

and available surface area for photo-induced reactions need to control. The other approach



has modified the strategies of utilising TiO2 involving surface sensitisation, doping, a
hybrid with carbon and other semiconductors, nanostructuring and introducing defects or
amorphous disorder layers.?® Nevertheless, no available material meets all requirements
of the Artificial Photosynthesis, i.e., stability, high visible-light quantum efficiency,
stability, cost-effective and safety?. Consequently, it is essential to drive semiconductor
materials under the visible light as well as build efficient systems with architectures for

energy source and eco-friendly solution.

In 2009, Wang and his assistants exposed the photocatalytic oxygen and hydrogen
progression over graphite-carbon nitride (g-CsNa) firstly. The later material has seven

different phases, i.e., pseudo-cubic C3Na4, cubic C3N4, a-C3sNa, B-C3N4 and g-CsNa.

g-CaNsg, i.e., graphite is the most stable form of CaN4 under ambient conditions. G-C3N4
is classified as a metal-free polymer n-type semiconductor, a 2-D n-conjugated polymeric
and mild bandgap 2.7 eV. Due to these possessions with promising physicochemical
properties, for instance, unique optical, electric and structural properties, g-CsN4-based
materials became a new caste of multi- practical nano-platforms for catalytic, electronic
and energy applications. Thus, the photocatalysts of g-CsN4 became more interested

universal.

Moreover, g-CsNs-based nanostructures are perfect applicants through different energy
and photocatalytic environmental purposes, for example, carbon dioxide reduction,

degradation of contaminants and photocatalytic water (oxidation and reduction).26:?

g-C3N4 has been synthesised by using some approaches to different structure and
physicochemical properties, for example, chemical vapour deposition (CVD), physical
vapour deposition (PVD), solvothermal, isothermal synthesis, solid state, sonochemical,
single step nitridation and thermal condensation. Thermal condensation method is a

preferable for preparation, for it is a simple procedure, cost-effective and abundant starter
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materials. Moreover, nitrogen-rich compounds have been used as starter materials in
thermal condensation method, for example, cyanamide, urea, dicyanamide, thiourea and

trit isocyanuric acid.?’

Pure g-C3Ns has lower photocatalytic efficiency and low conductivity. Through
modifying g-CsN4 by using polymers, dyes and surface complexes, thus the photoactivity
of g-CsNa, visible light utilisation and charge separation will be enhanced. Regarding
improving photocatalytic activity of g-CsNa, heterostructures (non-metal and metal
doping) have been introduced into this material. The examples of this improvement were
hybridising with carbon nanomaterials, metal deposition and coupling with other

semiconductors.?’%

M. Li et al., in 2017 reported the novel core/shell structured of the LaPOa/g-C3N4
nanocomposite was synthesised by the facile hydrothermal method. The photocatalytic
activity of this nanocomposite was enhanced without the presence of noble metal co-
catalyst. It is supposed that the attribution due to a synergic project effect between LaPO4
and g-C3Ng4 origination from their well-matched band structures. In this approach, it is
enhancement the light sensitivity and effectively accelerates of the charge transfer or
separation through the interfacing bond tCN/LaPOa. LaPQO4/g-C3N4 nanocomposite has

potential in solar fuel production and CO2 photocatalytic reduction.

F. Razig et al. studied the heterogeneous photocatalysts activities of tin oxide (SO)/ Boron
and phosphorus Co-doped CN nanosheets (B-P-CN). The CN-based photocatalysts
involved co-doping B and P, and then coupling SO. This novel work showed that using
SO/B-P-CN nanocomposite was enhanced visible-light activities efficiently through
converting CO, compound contained approximately nine times water molecule to CHs
compound, as well as for phenol and acetaldehyde degradation~7 times when it was

compared with the bare of CN nano-sheets. Additionally, a highly produced of OH
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radicals on that nanocomposite was responsible for the significantly improved
photocatalysis activity. This was interpreted by visible-light absorption, which was
extended from 460 nm to 550 nm as a result of co-doping B-P, charge separation via the
dopant-induced surface states promoted and coupled SO. SO/B-P-CN is a promising in

the utilisation of solar energy in environmental applications.3!

B. Zhu et al. synthesised g-CsN4/Ag2WO4 composite photocatalysts using in situ
precipitation of B-Ag2WO4 nanoparticles (NPs) on the surface of g-C3N4 nanosheets. g-
C3N4/Ag2WO4 composite has excellent photocatalysts activity for methyl orange (MO)
degradation. The study showed that the degradation rates were 95%, 71% and 42% in the
presence of g-CaN4/Ag2WO4, Ag2WO4 and g-CsNa, respectively. The existence of f-
Ag2WOs improved the light absorption as well as an efficient decrease in the

rearrangement of photoinduced electron-hole pairs.2

1.2.2.2 Studying Artificial Photosynthesis with Water-Splitting Approach.
The second approach of Artificial Photosynthesis is the water-splitting approach. Water
molecules can be split into oxygen Oz and hydrogen H> as seen in equation 1.5. This
method could be referred to hydrogen and oxygen evolution reactions (HER and OER),
respectively. Water-splitting approach is a more attractive approach to generate energy
from solar energy than the reduction of CO..

There is a limited CO- reduction yield for mainly systems. In solar energy application,
even though there was an extensive usage of CO2 atmosphere to generate fuels, hydrogen
feedstock met the artificial photosynthesis requirement, for its availability was more than
COz in the air. Therefore, the best raw materials are signified a synthetic, sustainable, and
pure fuel. Conversely, hydrogen gas generated from water splitting could be stocked (see
equation 1.5). Hydrogen could be oxidised into create energy, i.e. carbon-neutral fuel and

regenerate water.*"3
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2H20 — O2 + 2H2
Equationl.5

Another reason for preferring the water-splitting approach is that seawater is nontoxic
and most resource on earth. It is sustainable and a clean supply of energy for future. A
number of methodologies and materials have been reported in the development of
artificial photosynthesis using water-splitting approach. Semiconducting catalysts that are
photocatalytic have shown the potential for water splitting into O and H.. Those
photocatalytic have attracted interest from both environmental concerns and economy as

it is renewable power.

In 1972, Fujishima and Honda reported the potential of semiconductor materials; i.e.,
TiO. in the electrochemical photolysis of water.>*® Their investigation initiated the
advanced application of the semiconducting photocatalysts in energy and environmental
applications.®® Water splitting is a thermodynamically uphill process. It is not a
spontaneous process and requires input energy about 286 kJ moltat room temperature
and pressure.3”3 The water splitting over semiconductor photocatalysts is achieved

through three main steps:

1. Photons absorption: only those photons with energies exceeding the semiconductor
band gap will be observed by the semiconductors, resulting in the electron (e”) and
hole (h™) pairs being formed.

2. Charge separation: this step involved the passing of the photogenerated carriers that
resulted in the first step in the particles of the semiconductor.

3. Chemical reactions on the surface: these steps are followed by chemical reactions
between these photons and different compounds such as H.O. It might recombine

holes with electrons without any contribution of chemical reactions.*
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Water splitting into O2 and H using photocatalysts materials have efficacies that depend
on both crystal structure and the particle size of semiconductor materials. Therefore, the
preparation conditions for the elements requires significant consideration.*®3#3*There are
other requirements for photocatalytic water regarding band levels and band gaps. Water
reduction reaction, the potential of the conduction band gap should be less than 0.0 V vs
NHE (H*/H2), and the potential of the valence band should be more than 1.23 V that
corresponds to light of 1008 nm. Visible light has much lower photonic energy than
ultraviolet light. Therefore, hydrogen production via solar water splitting is preferable for

ultraviolet-based photocatalysts than visible light-based ones.

Studies have been conducted for photocatalysts material under ultraviolet light
irradiation. However, the total solar irradiation consists of 4% of ultraviolet light (<400
nm), 53% of visible light (400-800 nm) and 43% of infrared light (>800 nm). Due to the
fact that ultraviolet light has a small portion of solar energy, it is indispensable to
manufacture active photocatalysts to get the visible/infrared light to improve the

efficiency of their low solar-to-hydrogen conversion over a broad spectral range.*’

1.2.2.2.1 Photoelectrochemical (PEC) water splitting

The photoelectrochemical (PEC), water splitting approach, is a preferable approach to
solar energy conversion for some reasons, i.e., a direct conversion, a single-step process

for generating hydrogen, cost-effective, long-lasting and environmentally friendly.*

In the photoelectrochemical (PEC), water splitting requires electrical charges, i.e.,
electron-hole pairs of catalysts under the solar light.** The PEC water splitting has three
electrodes, which is a build-up of four critical components: a photoelectrode (with one

semiconductor), a counter electrode, a reference electrode and an electrolyte.*!
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A large number of materials have been reported in the development of
photoelectrochemical water splitting such as Fe,O3, BiVO4 and WOs3. The modification
to these chemical structures includes one of the following methods: doping, the formation

of heterojunctions, swift heavy ion irradiation and co-catalyst deposition.%’

Banerjee et al. reported the surface modification of Fe.Oz to enhance the oxygen
evolution reaction during PEC water splitting. Co-Ac/Ti—Fe>O3 photo-anode systems
were fabricated. The Fe>Os was doping via Ti then Co-Ac co-catalyst was deposited on
the base semiconductor. The figures showed that the catalyst-modified photo-anode
systems at two different pHs are more efficient than the unmodified systems.** Fang et
al. demonstrated the novel dodecahedron BixY1xVOs solid solution, which has a new
dodecahedron shape with two exposed facets. The results display a highly efficient

photocatalytic activity in response to the crystal system.*2

Sun et al. developed an uncompleted procedure to fabricate TiO2 NTs/WQO3 composite
electrode. 3D hierarchical structure of WO3 was grown into the TiO2 nanotube arrays.
This composite showed the highest photocurrent density under visible light and the high

photocurrent density under simulated solar irradiation.*?

1.2.2.3 Photovoltaic-photoelectrochemical (PV-PEC) hybrid systems

The conversion of solar light to electrical energy is achieved via a photovoltaic system.
Solar light can be converted to energy through hydrogen production, i.e., solar-to-
hydrogen (STH). The new generation of the conversion of solar light into energy is the
combination of the photovoltaic system and the electrolytic water splitting. The efficiency

of hybrid systems has been investigated with three different approaches.

The first system is photovoltaic with integrated PEC devices; the second is photovoltaic
with partially integrated PEC devices. The last system is photovoltaic with non-integrated

PEC devices. The photovoltaic system with integrated PEC devices has the highest
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efficiency of solar hydrogen production. Khaselev et al. were the pioneers in reporting
the first monolithic PV-PEC device; the GalnP./GaAs tandem cell was used. The
effectiveness of solar-to-hydrogen was more than 10%. In recent years, Bonke et al.
reported a high efficiency of the solar-to-hydrogen system. A multi-junction
GalnP/GaAs/Ge solar cell and Ni electrodes were fabricated; more than 20% efficiency
of the system. The effectiveness of the photovoltaic solar cell and electro-catalyst was

used to measure the efficiency of PV-PEC hybrid system.>"44

1.3 Energy system

This section presents the types of energy that were used in daily life and how they were

developed to achieve sustainable and clean energy in the ecosystem.

1.3.1 Conventional and non-conventional (renewable energy)

Energy plays a crucial role in improving and driving man’s life in various forms:
conventional and non-conventional energy (renewable energy). Conventional energy
sources are based on fossil fuel hydraulic and nuclear energy. Although it provides around
60% of the current total the world energy request, it causes a severe damaging to our
planet natural resources and human health. Evidently, the future growth in the energy
sector needs sustainability in the new system of renewables and the increase in electricity

generating.

Renewable energy resources are one of the possible solutions, which refer to energy
sources: (hydro, wind, and tidal power) or solar cell technologies offer many
opportunities to supplement world energy demands.*® These energies currently supply
between 15 and 20 percent of world’s total energy demand. All forms of renewable energy
come either directly from the sun or indirectly from its impacts on the earth. As a result

of creating long-term sustainable energy these human-made energy name renewable.* In
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addition, solar cells address the long-term power concerns with minimal environmental

degradation.*’

1.3.2 The history of solar technologies
Solar technologies refer to the use of light or the direct heat of the sun to generate energy
for industrial processes, transportation, and buildings.*® Using solar energy offers a clean,
climate-friendly and infinite energy resource to human life, which will spread over the
universe.*® The technologies of sun energy are classified into passive and active. The first
form collects the energy without converting the heat or light to other types such as the
system of heating or lighting, which is used in building design. The second form of solar
energy stores or converts energy for other applications, which is classified into two
groups*:°0:

1. Photovoltaic cells (PV): the photovoltaic (PV) cell or related devices are the most
valuable method for direct conversion of the sunlight energy into electrical energy.
The device, which is used for this process is called solar cells. The first attempt to
generate electric energy was in 1954 at the Bell Telephone Laboratories in the United
States of America using a p- junction type solar cell with ~ 6% efficiency.

It was later followed by utilising semiconductor as PV cells in the space programme. The

principle of a conventional process in PV cell depends on excited electrons through the

absorption of photons and energy, which consequently lose this energy as heat.5**2 There
are two types of PV generation technologies:

e The first generation of PV cell is crystalline-silicon (c-Si) either single crystalline (sc-
Si) or multi-crystalline (mc-Si).

e The second generation of PV cell is thin film technologies, which involve a variety of
different semiconductor materials such as cadmium telluride (CdTe), unstructured

silicon [amorphous (a-Si) and micro-morph silicon (u-Si)], copper indium selenide
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(CIS) and copper indium gallium diselenidz (CIGS). There is another generation under
development and still not widely marketing such as organic and concentrating PV
cells.

2. Solar thermal energy: solar thermal technologies collect the incoming solar heat,
converts it into heat energy for useful heating application or electricity generation.
Thus, thermal is divided into two categories:

e Solar thermal non-electric: the applications for this type of agricultural drying, solar
(water and air) heaters, solar cookers, and solar cooling systems.>?

e Solar thermal: it uses solar heat to produce steam for electricity generation.

The history of solar energy technologies goes far back. It is noticed that upon the steam
revolution between 1860 and the First World War series of machinery were developed
these making use of the solar’ s heat and through that engines and irrigation pumps were
run.>* In 1954 solar PV cells were invented at Bell Labs, which had been used to generate

electricity in space satellites since the 1950s.

In the 1970s, PV cell witnessed an interest in the development and marketable of solar
energy technologies through the oil-shock. The 1970s and early 1980s experienced a
decrease in the oil prices and a shortage of a sustained policy collaboration, which was
reflected in the collapse of the solar manufacturing.*® According to investment analysts,
photovoltaic witnessed significant increasing after 2000 because of increasing the cell
efficiency, beneficial policy and reducing the capital costs.>® In the coming year, it is

predicted that solar energy will gain a high level in a particular the future of PV system.>’

18



1.4 Objectives of this study

There are two critical questions that this thesis aims to study.

1. s it possible to exploit liquid nanotechnology to develop an electron-transfer chain
that may mimic the first stages of photosynthesis, using natural materials, such as
chlorophyll (or its derivatives)?

2. ls it possible to use self-assembled systems for light-to-electrical energy harvesting

via photogalvanic cell?
The approach is taken to answering thesis questions:

The first study was the electrochemical behaviour of active materials and their electron

transfer cascade on a working electrode as well as in the bulk solution.,

The second study was the conditions of forming LCs, which can be used in a

photogalvanic cell under appropriate light. The thesis is organised as follows.

¢+ Chapter one presents the photosynthesis system and solar energy.

¢+ Chapter two provides an outline of the fundamental and experimental principles
underpinning the electrochemical processes.

¢+ Chapter three describes the electrochemical cell and techniques.

s Chapter four investigates the electrochemical attitude of chlorpromazine
hydrochloride and the influence of some electroactive species on it.

+«+ Chapter five and six discuss the electron transfer cascade in homogeneous and
heterogeneous processes of chlorophyll and its derivative.

¢+ Chapter seven describes the liquid crystals system of chlorpromazine hydrochloride
shows the using of chlorpromazine gel in the photogalvanic cell.

¢ Chapter eight outlines a summary of this work.

+»+ Chapter nine is an appendix.
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Chapter 2

Electrochemistry (EC)

This introductory chapter furnishes an outline of the fundamental
principles and theoretical aspects of electrochemistry and the techniques
used in this work. Specifically, provide an overview of the basic concepts
of electrochemistry including the Nernst equation, Faradaic law and the
setup of an electrochemical cell. The chapter discusses electrode kinetics
and experimental techniques, such as linear sweep voltammetry, cyclic

voltammetry, hydrodynamic method and chronoamperometry.
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2.1 Basic Concepts of Electrochemistry

Electrochemistry is a branch of chemistry that studies chemical reactions which occur in
a solution across an interface between an electric conductor (the electrode: a metal or a
semiconductor)® and an ionic conductor (the electrolyte). Both of these reactions involve

charge transfer across the electrode and the electrolyte interface.

If the chemical reaction is driven by an externally applied voltage or, if a redox reaction
produces electrical energy from chemical species, as in a battery. In contrast, chemical
reactions where electrons are transferred between molecules in homogeneous solution are
called redox (oxidation-reduction) reactions.? In general, electrochemistry deals with
redox reactions when connected to an external electric circuit. There are three essential

advantages of using electrochemical methods over other procedures.

1. Electrochemical methods make it possible to determine the concentration of a
particular oxidation state of an element, whereas as most other analytical techniques
can reveal only the total element concentration.

2. Inexpensive instrumentation.

3. These methods provide information for about the activities of chemical species rather

than their concentration.®

2.1.1 Nernst equation and Faradaic law

Dynamic electrochemistry is concerned with the reactions between electrodes and
electroactive species during electrolytic processes when electrons are exchanged across a
solid/liquid interface resulting in a redox reaction that is driven by the size of the applied
potential (E) imposed across the electrode/electrolyte interface. It is the exchange of
charge over the interface that gives rise to current flow. For simplicity, a single electron

transfer reaction is considered, see equation 2.1:
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Equation2.1
Where O corresponds to the oxidised species, R corresponds to the reduced species and

n is the number of electrons which are transferred. At equilibrium, when ka and k. are
equal, the Nernst equation gives the relationship between E of an electrode and the

concentration of O and R, equation 2.2:

E=E +20, (C")
= —INn|—
nF CR

Equation2.2
Where E° is the redox potential for the reaction when all species have unit concentration,

R is the gas constant (8.314 JK* mol™), T is the absolute temperature, while nis the
number of electrons transferred, F is the Faraday constant (96484.6 C.mol™), and Co/
Cr are the concentrations of the O and R species. The Nernst equation is used to study
the thermodynamic concept of the redox reaction; therefore, electron transfer is easy to

understand.*

2.1.2 Faradaic and non-Faradaic currents

At an electrode surface, two fundamental electrochemical processes can be distinguished
(Faradaic and non-Faradaic processes) that can transfer currents across the
electrodes/analytes phase boundary. The process that includes electron transfer directly
by way of the oxidation-reduction reaction, thus changing the oxidation state of the

analyte, is called a “Faradic current” due to being governed by Faraday’s Law?, equation

2.3.

Q = nFN

Equation2.3
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Here Q is the charge, F is Faraday’s constant (96484.6 C mol™?), n is the number of
electrons transferred per mole of product, and N is the number of moles of molecule
reacted. Electrochemical cells will only enable the Faradaic processes to occur provided
the applied potential exceeds a certain threshold. At lower potentials, however, a variety
of non-Faradaic processes will occur. Such processes include adsorption and desorption

processes that may take place on the electrode.®

Non-Faradaic currents are also called capacitive currents or double-layer currents. They
occur whenever the electrical charges from both the electrode-side and the electrolyte-
side without any chemical reactions. They can only happen whenever the applied

potential changes in time.

2.1.3 The Interfacial Region and Electrolyte Double Layer
The region, which contains the electrode/electrolyte interface, is called an interfacial
region. It plays a vital role regarding electron transfer reactions and the electric potential

that occurs in the electrical circuit.

Diffusion

3@ @ Electrolyte
W © Cation

mp  Interdigital Au Electrode

Figure 2.1: The electrical double layer adapted from reference®
Figure 2.1 shows the model of double layer elucidated by Helmholtz, Gouy and Chapman,

and Stern. The electric double layer occurs at the electrode/solution interface. The concept

of this phenomenon is that two charges exist, one at the electrode surface, gm: this is equal
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to that of the solution, but with opposite charge, gs, equation 2.4. This phenomenon occurs

when applying potential to the cells.*

Am=-9s
Equation2.4
This charged layer of the solvent molecules involves two planes. The inner Helmholtz
plane (IHP) is formed from dissolved molecules/ions adsorbed to the metal surface, the
outer Helmholtz plane (OHP), which consists of solvated ions, is ~1nm along the surface
and closer to the first plane. Promoting of these two layers and extending from the OHP
to the bulk solution, the so-called diffuse layer is located. The concentration of ions in the
solution determines the thickness of the diffuse layer: for more than 0.1 M concentration,
the thickness will be less than ~ 10 nm.® Figure 2.2 is a schematic representation of a

typical electric double layer according to Newman and Thomas-Alyea.’

Diffuse Diffusion layer {E;Jrl |:n100r;1}ﬂ[]n m
layer 20,000nm
{0.03)min
tretal TEP P
0. 2nm 0.2nm | 1-10 nm

f |

Electrically natural

Charged regions regions

Figure 2.2: Typical schematic of an electric double layer adapted from reference’
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2.2 Electrochemical cells and electrodes

Electrochemical cells are devices that are used for either generating electrical energy from
chemical reactions (Galvanic cells), as mentioned in chapter one; or providing an external

potential into a system which induces a chemical reaction (electrolytic cell) figure 2.3.

anode cathode

Figure 2.3: (A) An electrolytic electrochemical cell, (B) A galvanic
electrochemical cell adapted from reference?
Although the latter system requires at least two electrodes, a system with a three-

electrodes is the most commonly used.>® A three-electrode system, comprising of
working, reference and counter electrodes were used in this thesis and is represented in

figure 2.4.

@ “

Counter electrode

Figure 2.4: Photographic diagram of an electrochemical three-electrode system
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2.2.1 Working electrode (WE)

A working electrode plays a vital role in electroanalysis, concerning the source of
electrons that are transferred to its surface and electroactive species in the solution. Thus,
the properties of materials that are used for the electrode can affect the heterogeneous

kinetics of the electrochemical reaction (see chapter 5).

Furthermore, there are some essential factors reflected in the successful reaction: the
potential window, the stability of electrode substrates, reproducible surface, reliability,
cost, and toxicity. Commonly, a range of materials can be used for working electrodes,
from inert metals such as silver, gold, and platinum to inactive form of carbon such as

glassy (and pyrolytic) carbon, and mercury drop electrodes.®®

2.2.2 Reference electrode (RE)

A reference electrode is an electrode whose potential is known and constant under applied
external potential in the electrochemical cell. A proper electrode needs to be reversible,
reproducible, and capable of regaining the original potential.2%* The common types used
for studying electrochemical reactions are silver-silver chloride electrode and saturated

calomel electrode: these electrodes will be discussed in more detail in chapter 3.

2.2.3 Counter Electrode (CE)

A counter electrode is an inert conductor that is used to complete an electrical circuit and
let flow a current connection with a working electrode.®*2 Thus, the surface area of one
of these is either equal to or larger than that of a working electrode. Platinum and nickel
are common materials used for an auxiliary electrode; they do not need any special care,

such as polishing.
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Figure 2.5: A schematic diagram of a three-electrode cell and notation
for the different electrode adapted from reference®®
From figure 2.5, we can see that the working electrode (WE) must be connected to the

counter electrode (CE) to ensure that no current will be passed through the second
electrode (RE). The potential E that applies to the electrical circuit with different potential

at an electrode surface (@) and a solution (@) is given by:

E = Dy — Bs)working — (Dm — D) refernce
Equation2.5
As mentioned previously, the potential of the reference electrode is constant, so potential
E depends on (@, — @) at the working electrode only. When a potential, E, is applied
to the working electrode it will induce current flow between two electrodes (working and
reference) electrodes. The bulk solution gives an ohmic (resistive) voltage drop, which is

accounted in equation (2.6).

E=(@u- (Ds)working — (Om — (DS)refernce — IR

Equation2.6
In which I is the total current flowing and R is the solution resistance. The IR voltage

drop can be minimised or neglected by increasing the conductivity of electrolyte

(€.9.0.1M KCI).*
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2.2.4 Solvents and Supporting Electrolytes

Electrochemical measurements are carried out in a solvent containing a supporting
electrolyte. The choice of solvent depends on a number of factors such as the solubility
and redox behaviour of the analyte, as well as the properties of the solvent (i.e., electrical
conductivity, electrochemical activity and chemical reactivity). The chosen solvent
should not react with the analyte or any products and should be electrochemically inert

over a wide potential window for the study of the redox reaction.

Supporting electrolytes are necessary for potential controlled experiments to disregard
electro-migration effects, decrease resistance and sustain a constant ionic strength. Thus,

possible electrolytes are inorganic salts, mineral acids or buffers (Table 2.1).8%°

Table 2.1: The common standard solvents and supporting electrolytes utilised in
electrochemical methods

Standard Solvent Standard Supporting Buffer solution
electrolytes
Aqueous Double Agueous KCI, HCI,
distilled NH4CI,
H20 NaOH, KNOs | Acetate, citrate
Non- DMSO, Non- Tetra-alkyl and phosphate
Aqueous DMF, Aqueous ammonium salts
CH3CN

2.2.5 Removal of Oxygen
The electrochemical reduction of oxygen proceeds via a two-step mechanism as outlined

below (Reactions 2.1 and 2.2).

0, +2H" +2e~ - H,0,................. Reaction 2.1
H,0, + 2H" + 2e” - 2H,0..............Reaction 2.2
Hydrogen peroxide is formed in the first reaction, while peroxide reacts to form water in

the second reaction. The E1/, of these two reactions against a saturated calomel electrode

is approximately (-0.1 V and -0.9 V) respectively. A significant current can arise from
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these processes, which is likely to interfere with the measurement of analytical cathodic
currents. Furthermore, chemical products may affect the chemical processes under
investigation. It is, therefore, prudent to remove dissolved oxygen from the
electrochemical cell. The most common method has been purging the cell with an inert

gas such as N2 or Ar.1°

2.3 Mass transfer

Generally, in electroanalytical reactions, if electroactive species in solution are
transported to the surface of an electrode, for electrochemical reaction, the process is
called mass transfer. It plays a critical role in the concept of the dynamic reactions. Mass
transport at the electrode-electrolyte phase boundary is classified into three different

processes: diffusion, migration, and convection.

2.3.1 Diffusion

Diffusion takes place by transport of an active species due to the effect of a concentration
gradient. So an unequal concentration distribution in the boundary region between
electrode and electrolyte will diminish.!? In other words, the electrode is oxidised as a
result of reducing the analyte; therefore the concentration of the analyte in the interface
area of the electrode will be reduced. Fick’s first Law (equation 2.7) has described the

relationship between the rate of diffusion (flux) of chemical species and the concentration

gradient:
. DGC
J=""ax
Equation2.7

where j is a flux of material by diffusion in the X direction, D is the diffusion coefficient

(cm2s™) for the transported species, and Z—; is the concentration gradient (mol ml®) at
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distance X (m). Fick’s second Law, (equation 2.8), describes how the concentration of

material at point X changes with time:

ac D a*c
at  axz
Equation2.8

When the movement of the species is considered in three dimensions, the last equation

becomes:
A azc+D a%C D 9%C
at  caxz ¢ ay? €972
Equation2.9

2.3.2 Migration
Migration occurs when an electrostatic force is used. As a result, charged particles are

moved. The migration flux (jm) is described by:

. a0
Jjma = pu(c) X

X
Equation2.10
It can be seen that jm is proportional to the concentration of the charged particles, the ionic

mobility (u), and the electric field % , although, the charge transfer process can occur at
the electrode by a change in concentration of electroactive particles, ohmic resistance in
solution and/or electric field.®> Thus, the experimental data will be difficult to interpret. In

this case, the experimental conditions can be modified by using an inert supporting

electrolyte.

2.3.3 Convection
Convection is the name for the process of transportation by currents through the bulk
fluid. It may be classified into two types. Natural convection is caused by density or

thermal variations within the solution: electrolysis to form products near the electrode
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with a different density to those in the bulk solution will give rise to natural convection.
The other type is forced convection, which occurs by pumping, stirring or bubbling gas
through the solution. Natural convection is observed in some voltammetric experiments
using conventional electrodes with longs time scales (10-20 s)'®!’. Thus, convection can
be eliminated by stopping the use of mechanical forces or doing an experiment over
shorter time-scales. In contrast, it may be necessary to introduce this force into a solution,
so that the mass transport pattern to the electrode can be dictated. The changing in

concentrations as a result of moving solution with a velocity (Vx) is given by:

ac _ ac
at | Xax

Equation2.11
Figure 2.6 signifies all of the mass transfer processes that have been discussed.

|

2|l —9 _9g—00 0009
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Figure 2.6: Schematic carton representation of three types processes of mass transfer in the
electrode/electrolyte interface, which are: A. diffusion, B. migration and C. convection,
adapted from reference?®
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2.4 Electrochemical Kinetic Theories

This section gives an overview of essential theories such as the Butler-Volmer and Tafel
equations. Through these theories, the kinetic behaviour at the electrode concerning
potential and concentration will be understood, beginning with a practical potential of the

electrochemical system and going on to details of these theories.>"°

2.4.1 Overpotential
To stimulate the flow of current into the electrochemical cell, it is necessary to apply
overpotential (), which can be given by:
n=E—-E°
Equation2.12
where E is applied potential and E°is the standard potential. The flowing current (i) can

be given by:

i= %nFjdA

Equation 2.13
where n is the number of electrons transferred per mole of reaction, F is Faraday’s
constant, A is the electrode area and j is the flow of electroactive materials.

To describe the electrode kinetics, the general reaction is considered with a rate constant.

kc
O+ne-ZR

ka

Equation 2.14
The following theories have elucidated the kinetics of electrons in the interfacial region.

2.4.2 Butler-VVolmer Kinetics
The Butler—VVolmer model can be used to interpret the current of electrode Kkinetics that

results from applying an overpotential and an elimination of mass-transfer limitations:
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n=1is assumed. From equation 2.14, it can be seen that the heterogeneous rate constants
ke and ka describe the forward reduction and backward oxidation electrode reactions,
respectively. The following law can be viewed as net current (i) which refers to the
difference between the cathodic current [(ic) reduction] and the anodic current [(ia)
oxidation]:

i=i,—1i,

Equation 2.15
In applying Equation 2.13, each current can be presented by:

i, = FAk.C,
ia = FAkaCR

Equation 2.16
In addition, the net current (i) is given by:

i= FA(kCCR - kaCO)

Equation 2.17
The rate of forwarding and backward reactions at the (cathode and anode) surfaces can

be described as a function of the standard rate constant, k°:
kc = koe_af(E_Eo)

ka — koe(l—a)f(E—E")

Equation 2.18
When the transfer coefficient (0<a<1), and is often suggested to be 0.5 *, and the

coefficient f = F/ (RT). By substituting equation 2.18 into equation 2.17, the Butler—

Volmer equation? is formed:
i = FAK®[C, e~ (E-E") _ Cpe(1-@f E-E)]

Equation 2.19
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At equilibrium, net current will be equal to zero, because a cathodic current is equal and

opposite to an anodic current, thus:
i, =i, =i,

—-a
The exchange current, io, can be used to calculate K° when e ¢™ (Eeq=E°) = (_go)
R

then it can be written as:
io - FAkOCO(l_a)CRa

Equation 2.20
When the mass transfer is efficient, the bulk concentrations of the solution being equal to

the concentrations at the electrode surface, the apply overpotential equation 2.12 is

substituted. Thus, the Butler—\Volmer equation is simplified to:

i= io[e_"‘f" — e(l—a)fn]
Equation 2.21
2.4.3 Tafel equation
The Tafel equation links the applied overpotential to the current, i (A) that passes through
the circuit. The flux for a reduction process of O to R (Equation 2.17) is calculated

according to the equation below:

j=k’exp

—aF(E — E°) c
RT 0

Equation 2.22
and for an oxidation process:

;] — o
j = kexp RT

(1 - a)F(E — E")l c
R

Equation 2.23
Therefore, the net flux for the redox process is described in equation 2.27:
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—aF(E — E°)

;] — o
j = k°exp RT

Co — Koexp [Ml Ce

RT

Equation 2.24

Where k°=ka=Kc, B=1-0. When the redox process is under overpotential, it becomes
possible to neglect the reductive current in the oxidation process, and the Butler—\Volmer
equation 2.24 is simplified:

Ini =Ini, + gf

Equation 2.25
Similarly, the Butler—\VVolmer equation for the reductive process is simplified:

In—i=Ini, —afn

Equation 2.26
The transfer coefficient a and B can be calculated by plotting of In /i/ vs E. This plot is

known as a Tafel plot: see figure 2.6. The factors o and B can be calculated by using

_ —aF _ _PBF 17
slope = S3RT and slope = S3RT for redox process.
0
Ey
I/l Reduction Oxidation
(1774 2 e R T I ASISOR A,

Figure 2.6: The Tafel plot, adapted from reference®
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2.5 Electrochemical Techniques and Their Theoretical

Backgrounds

Electrochemical techniques are analytical techniques that are applied to determine a wide
variety of both organic and inorganic species and offer high sensitivity, accuracy and
large linear concentration range. These methods are based on applying a potential to an
electrode (the working electrode): then the current is measured as a function of the applied
potential over a period. Thus, electroactive species in solution will be electrolysed,;
reduced or oxidised, at the electrode surface. The plot results (current/voltage) are known
as a voltammogram. During the last decades, electrochemical analysis has witnessed an
extraordinary progression in discovery, synthesis, and sensitivity.?*?® Several techniques
of voltammetry such as cyclic voltammetry, linear sweep, and hydrodynamic
voltammetry have been investigated. These methods have been used in this study and are

described here. Their theoretical background is given below.

2.5.1 Linear Sweep Techniques

Linear Sweep Voltammetry (LSV) is the simplest and earliest electrochemical methods:
this technique and cyclic voltammetry (CV) are widely used for studying thermodynamic
or kinetic mechanisms of electrode reactions mostly in an unstirred solution. Thus, a

gradient in concentration governs the transfer of electroactive species.

Initially, in LSV, the applied potential is too low compared with a formal potential, so
that the analyte remains at its initial redox state. As the potential gets close to the formal
potential, the electrode kinetics for redox transformation of the analyte increase. As more
significant quantities of analyte are consumed through redox transformation at the
electrode surface, while the potential inverses beyond the formal potential. Thus, the

results depletion in active material near the electrode surface gives rise to a concentration
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gradient, so that the voltammogram is dominated by the diffusion transfer of the analyte
from the bulk solution to the electrode surface.?” This dual effect of electrode kinetics

and mass transfer give rise to the peak in the current-voltage curve in figure 2.7.

voltage

N
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0.2 0.1 op e 04 02
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Figure 2.7: linear sweep waveform (left side), current vs voltage for linear sweep
voltammograms (right side), adapted from reference®

The current as a function of potential is given by the Randles-Sevick equation (2.27):
ip = (2.69 x 10%)n3/24CDY/?v1/2
Equation 2.27
where n is the number of electrons, A is the electrode area in cm?, C is the concentration
of the bulk solution in mole m=3, D is the diffusion coefficient of the electroactive species
(m?s™), and v is the sweep rate of potential in Vs™. Therefore, the relationship between
current and concentration is directly proportional. Using various sweep rates, a plot of
peak current against square rate should be linear, and the diffusion coefficient of species

can be determined from the slope by using the following information, equation 2.28:
Slope = (ip/V¥?) = 2.69x10° n¥2 ACD?

Equation 2.28
2.5.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is widely used in different areas of electrochemistry due to its

simplicity, and its high information gathering®®>%®, although it is also used for studying
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thermodynamics observed in the system and the potentials at which they occur. At the

same time, this technique is seldom used for determining the specified quantity.3!

This method was first described in 1948 and defined theoretically by Randles, it is
considered as an extension of LSV. Therefore, the theory and equations, which explained
in the previous section, also apply with more detail in this part. Briefly, this technique can
be presented as a reversal process, which is based on sweeping different potential at an
electrode surface in two directions (forward and backward): thus, the current will be
recorded. Consequently, cyclic voltammetry and linear sweep voltammetry are similar in
sweeping potential but they are different in reversible cases. Figure 2.8 b shows a typical

cyclic voltammogram for a reversible single electron transfer reaction.

Faradaic EP" Anadic (oxidation)
= Positive Current

Current

Capacitive (sahte)
< Current
| (Backgroead) "u_.,..:
-
c M"“"‘ \ Ry o
g e xR LR RRENT P 1 o / Potential/V
a .

Cathodic {reduction)
- Negative Current E

pc

Figure 2.8: (a). A typical plot of the potential sweep during cyclic voltammetry; E;is the initial
value; E1 and E; are two limiting values. (b). Cyclic voltammogram for reversible electron
transfer reaction adapted from reference®

In the previous figure (a) introduces reversible CV technique when a potential is applied
to the working electrode and changes with time. In the beginning, no electrode reactions
occur and some potential, Ej, is held at the working electrode. During an experiment, there
is a linear sweep of the potential at a rate v between two limiting potentials E1 and Ex.
Usually the same sweep rate is chosen for the forward and reverse sweep when the

corresponding current is recorded as a function of different rates of the potential.
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In figure (b), the current had a negative sign (peak ipc) for the cathodic scan and applied

a potential (Epc) is decreasing, while the current had a positive sign (peak ipa) for the
anodic scan and applied a potential (Epa) is increasing. The mechanisms of electron
transmission in this technique can be categorised as the following process.

1. Reversible process

When a redox reaction is completely reversible, the peak ipc and the peak ipa are equivalent
and present in a cyclic voltammogram. Thus, it is easy to identify this reversibility from
a CV figure. The peak current is given by the Randles-Sev¢ik equation?’
i, = (2.69 x 10%)n324CD/*v'/?
Equation2.29
where n is the number of electrons, A is the electrode area in cm?, C is the concentration
of the bulk solution in mol mI3, D is the diffusion coefficient of the species (m? s), and
v is the sweep rate in Vs™. Thus, from equation (2-31), the peak current (ipa) is directly

proportional to the concentration of electroactive species.

In the case of variable scan rates, a linear plot of ipa vis v/ should be shown: in other

words, if the scan rate is increased, both cathodic and anodic peak potentials are
proportionally increased. This indicates that the redox process is under diffusion control,
which means that the reaction is reversible. The value of the diffusion coefficient is
determined from the linear slope of the electroactive species.

2. Irreversible process

An irreversible process can be described by using a modification of the Randles-Sev¢ik

equation®:
i, = (2.99 x 10°)n(an,)/>ACD?*v1/?

Equation2.30
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Again, from equation 2.32, the increase in the concentration and scan rate will reflect on
increasing the peak current (ipa) Or (ipc), and only one of these peaks is present in a cyclic
voltammogram. Figure 2.9 shows cyclic voltammograms for reversible, quasi-reversible

and irreversible voltammetry redox process.

(a) current (b)
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Figure 2.9: (a). Typical voltammograms for depicting the increasing of scan rate. (b). Cyclic
voltammograms for reversible (a), quasi-reversible (b) and irreversible (c). Adapted from

reference®*
3. Quasi-reversible process
In this system, charge transfer and mass transport are controlled at peak current. From the
above figure (right-hand side), a quasi-reversible voltammogram can be located between
both reversible and irreversible processes. Also from this figure, in the quasi-reversible

process, the separation in peak potential is larger than in the reversible.

2.5.3 Hydrodynamic Methods and rotating disk electrode (RDE)

In all the methods described previously, the electrolyte solution is not stirred. Thus, the
diffusion is controlled by getting electroactive species to an electrode surface. The
techniques that introduce forced convection (that is, stirring) into the electrochemical
regime, thereby very quickly bring the analyte to the electrode. Such methods are called

hydrodynamic.
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Hydrodynamic methods can be performed in different ways. One method includes stirring
the solution forcefully. Here there is no contact with a precise microelectrode. On the
other hand, using a high-speed rotating microelectrode or macro electrode in the bulk

solution will provide the stirring action.

A typical rotating electrode is the disk electrode (RDE), which is a solid electrode inserted
in the middle of a plane surface without driving any liquid into it (see Figure 4.2 in chapter
4), and rotated around its vertical axis at a constant speed: hence a convective flow will
be stimulated. In this case, the bulk solution is spun out by rotation of the electrode surface
(see Figure 2.10), thereby drawing fresh solution up towards the electrode surface. As a
result of the stirring action of the electrode, a constant flow of electroactive species will

be supplied at the electrode surface.®

Electrode

.
-
.
-

i
\\' i
g

Figure 2.10: A model of the rotating disk electrode around
z-axis, adapted from reference®

Consequently, a voltammogram of current versus potential is obtained, and a sigmoid
shape is observed. The limiting current obtained from a voltammogram can be predicted

by using the Levich equation®:
ijim = 0. 621nFA(C)oD02/3v‘1/6w1/2

Equation2.31
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Where o is the angular rotation rate of the electrode in rad s, and v is the kinematic

viscosity of the bulk solution in cm? 5%, which is determined using the ratio of the solution

Kinematic viscosity to its density. From this equation, a plot of ilim vis ¥ should obtain

a straight line, and any fluctuation is referred to limitation in ki.

2.5.4 Potential Step Chronoamperometry

In Chronoamperometry method, there is a corresponding to a current with a time under
potential control. It also used a small working electrode compared with a bulk solution in
the stationary system. In this method, the potential of WE is stepped from an initial value
where no redox process takes place (E1) to a value at which the reduction or oxidation

reaction of electro species is taken (Ez), see figure 2.11.%"

E>

0 Time

Figure 2.11: Atypical diagram of chronoamperometry

Thus, a current flowing as a result of this potential step is monitored as a function of time.
Immediately following the step in potential, large current flows due to the reduction of O
to form R. As O is continually converted to R, the concentration gradient increases,
causing a flux of O to the electrode surface and hence a large current to flow. However,
with a continuous flux of O to the surface, the thickness of the diffusion layer increases,

decreasing the concentration gradient and therefore the current decreases steadily with
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time to a limiting point. The response of current as a function of time was reported by
Cottrell equation®:

. nFAC, D'/?
(w12

Equation2.32
From this equation, the value of the diffusion coefficients (D) can be determined by using
the potential steps of an experiment. In addition, the equation shows at which decrease in
concentration of electroactive species (Co) at the electrode surface; the tY/2 becomes an

inverse function, which suggests that the redox process occurs under diffusion control .

2.6 Electrochemical Reaction Mechanisms

A molecule which receives or which has lost an electron does not have to be chemically
stable: it may react with solvent or with other species added into the electrolyte. This
gives rise to the notion of an electrochemically-induced chemical reaction.**? Three
general types of mechanism are considered in this thesis, in which the chemical reaction
takes place in homogeneous solution with electron exchange at the electrode surface.
Testa and Reinmuth developed the notation for ET mechanisms: they introduced E for a
reversible heterogeneous electron transfer step and C as an irreversible homogeneous

chemical reaction step.*® In the following, EC, CE and EC’ reactions are detailed.

2.6.1 EC Reactions
This reaction occurs when, under applied potential, a product is formed such as y, which
is unstable, and non-electroactive and this is followed by some form of homogeneous

chemical reaction, equation 2.12:

x+ne  Zy (E)
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y-z (O

Equation2.33
In an EC reaction, the rate of production of y at the E step and the rate of conversion of it

to z at the C step influence the voltammetry process. If k. is very fast when y is formed
and converted to X, there is not enough time to reverse the process an irreversible
voltammogram is obtained. On the other hand, if the kc is slow this means that there is
enough time for reducing y to form x, which case a reversible voltammogram to be
obtained. One example is the oxidation of 1, 4-amino phenol (PAP) in acidic aqueous

solution.®

(PAP) QD

HOONHZ —_— O{%NH S+ 2H 4+ 2e
o :

(BQ)

NH + H,0 —— > O{%NH + NH;

2.6.2 CE Reactions
The mechanism of this chemical reaction in the solution (homogeneous process) followed

by the electrolysis of an electroactive species at the electrode surface. See equation 2.13:
yez (0
x+e &y (E)

Equation2.34
Although the characteristics of CE and EC reactions are similar, at higher scan rates there

is a decrease in the reverse peak, while more reversible reaction can be observed at lower

scan rates, for example, the reduction of an aqueous solution of formaldehyde.®

2.6.3 EC’ Reactions

The general equation for this reaction is given by:
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X+e &y (E) ....... (1)
y+bex+z (C) .......(2)
Equation2.35

Step (2) introduces the idea that the electroactive species x is regenerated through a
homogeneous chemical reaction with an active material b. In addition, equation 2-14
shows that the relationship between x concentration on the electrode surface and b
concentration in the bulk solution is proportional. Thus, an increase can be observed in
the current response of electron transfer, and the voltammogram shape will be sigmoidal.
An example of this type of reaction is the oxidation of cysteine by ferricyanide in aqueous

solution.*

2.7 Adsorbed Electroactive Species on the electrode surface

The electroactive species has essential interaction with the electrode surface. Therefore,
it is probable that adsorbed-desorption species exist, which arise during the electron
transfer process. There is a similar behaviour between the rate of adsorption onto an

electrode surface of adsorbed species and general electrode reaction.

If the adsorbed species are oxidised or reduced on the electrode surface in the case of a
fast kinetic reaction, the shape of the cyclic voltammogram will be symmetrical, see
figure 2.12. However, in slow kinetic reactions, some peak separation is observed. Note,
that for the diffusion-controlled response the peak current is proportional to the square
root of the potential. Equation 2.35 represents the reversible process of the adsorbed
species onto the electrode surface!®4546:

ZFZ

P= ART

| VAT,
Equation2.36
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In which T is the surface coverage mol cm, and A is the surface area. The effects of

adsorption species in cyclic voltammetry can be removed or reduced by changing
electrodes or the solvent material. In addition, the adsorb reactants not directly involved
in the mass transfer process are used to modify electrode reactions, change the product of

reactions and to decelerate electron transfer reactions.!®

Figure 2.12: Cyclic voltammogram of a reversible redox couple
adsorbed on an electrode surface, reproduced from 8
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Chapter 3

Experimental methods

Chapter configuration

Many different experimental procedures and techniques have been used
throughout this thesis, more details of which will be presented during
relevant chapters. This chapter aims to describe the general equipment and

experimental instrumentation, which were used in this work.
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3.1 Chemical reagents and Electrochemical cells

Analytical grade chemicals were used to prepare all reagents and metal salts without
further purification. All agueous solutions were made up by using deionised water from

an Elgstat water system (Vivendi, UK) with resistivity greater than18 MQ cm.

All experiments were performed at room temperature except the liquid crystal study in
chapter 7. The most common electrochemical cell consists of three electrodes, which are
immersed in a solvent containing supporting electrolyte with high conductivity and the

sample under investigation.

In all cases of this research, unless mentioned otherwise, all electrochemical experiments
were carried out using the three-electrode system. These are the working electrode (WE),
on the surface of which the redox reaction takes place; the reference electrode (RE), where
the applied potential is measured; and the counter or auxiliary electrode (CE), where the

electrical circuit is closed to enable the current to flow.1

3.2 Voltammetry Instrumentation

3.2.1 Potentiostat
A potentiostat is an electronic device used to control potential and measure the current
through the three-electrode system for most electroanalytical experiments?, the

potentiostat arrangement and the electrodes cell is shown in figure 3.1.

Electrochemical measurements were undertaken by using an AutoLab PGSTAT30
potentiostat (Eco-Chemie, The Netherlands), which was controlled by an Intel® Core ™
2 Quad processor computer using window® Vista ™ as an operating system. General
Purpose Electrochemical System (GPES) was used as the software to control the Auto

Lab system and to record and analyse data.
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Figure 3.1: Typical diagram of CV experimental setup and notations
3.2.2 Electrodes
An electrode is a conductor or semiconductor, which accepts or receives electrons during
electrolysis. It is in direct contact with an electrolyte solution.® The next sections explain

the significant electrodes, which were utilised in this work.

3.2.2.1 Working electrode, glassy carbon electrode

Working electrodes, (WE) are typically made from substrate materials, which are
electrochemically inert over a wide range of potentials. Therefore, noble metals, such as
gold, platinum and silver, and carbon are widely used as WE.®® A chemically inert
covering made of glass, Teflon or epoxy is used to expose only a fraction of this electrode

to the solution.®

Two commonly used forms of carbon electrode are glassy carbon (GC) and carbon paste.
However, the former is expensive and difficult to machine whereas the latter is not
resistant to mechanical stresses and can easily be damaged.'®** A glassy carbon disc
(BASI, UK) was used as a working electrode in almost all the electrochemical

experiments of this research unless otherwise mentioned in the specific chapters. The
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exposed area of GCE was 3 mm in diameter and mounted on a 7.4 cm length Delrin tube.
A copper wire was used to reach the electrical contact, which was sealed and protected
by using Araldite resin at the top of this electrode. A sample of this electrode and its

description are shown in figure 3.2.

N
1

glass notch
15
quick fit stopper
Aot A Agoldite resin sealing

KA
ANGe /
¥ .

|l
l‘

| | 55 /

] 4 / glass tubing
| Copper (Cu) wire

Y /

I I 14
|
~ -_————— glassy carbon disk

Figure 3.2: Schematic diagrams of working electrodes adapted from
the Bioanalytical system Inc. Product catalogue, © BASI
Prior to use or modification, the working electrode was mechanically polished on a

napped polish cloth (Presi, France) wetted with 0.3um alumina slurry (Presi, France).
This was followed by rinsing the working electrode with deionised water. In this way,

any adsorbed substance was removed from the electrode surface.

3.2.2.2 Reference electrode

Two types of reference electrodes (RE) were used in this work. The first group of
experiments in chapter 4 used a Saturated Calomel electrode (SCE), which was purchased
from (Radiometer). This electrode contains mercury and mercury chloride paste
(Hg°/HgCl,) immersed in a saturated aqueous solution of potassium chloride: see figure
3.3. At 25°C, the potential of the SCE via standard hydrogen electrode (SHE) is + 0.2415

V.
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Saturated calomel electrode
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covering filling hole
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Figure 3.3: A schematic diagram of Hg/Hg.Cl»
the reference electrode (Obtained from BASI)

Almost all experiments in this work used a silver /silver chloride electrode. A diagram of
this electrode is shown in figure 3.4. This electrode included a silver wire coated with a
layer of silver chloride (AgCl) immersed in the saturated salt of 3 M KCI, surrounded by
a glass tube with a porous polymer tip (Vycor frit). The potential of this electrode against
SHE was + 0.222V at 25°C. This electrode should be stored in 3M KClI salt for long life

use.

plastic
Gold plated

l “
3MKCl1
Ag wire /
/
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Porous frit
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[
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Figure 3.4: A schematic diagram of an Ag / AgCl reference
electrode (Adapted from BASI sales literature)
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3.2.2.3 Counter electrode CE

Counter electrodes are usually made of an inert material, with a large surface area. In this
research, a carbon material (graphite) was used as an auxiliary electrode in almost all
experiments unless mentioned in the relevant chapters. The surface area of graphite was
often larger than a working electrode with a wide potential window in both negative and
positive ranges. This allows the electroanalytical measurements to be limited by the
processes occurring at the working electrode, and not the counter-reaction. Figure 3.5

shows a sample of this electrode

Figure 3.5: A schematic diagram of auxiliary electrode

3.3 Techniques

There are numerous methods used to identify liquid crystals phases to characterise their
positions and orientations. Below are the common techniques used for identifying liquid

crystals phases, which is studied in chapter 7.

3.3.1 Polarized microscopy (POM)
The polarising microscope is an observing birefringence (double refracting) technique for
varying materials such as liquid crystal; it is the most widely used for determination and

identification the different phases of LCs. This method can be used for heating and
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cooling LCs when it is combined with a temperature controller. When this technique is
coupled with X-ray investigation and differential scanning calorimetry, the combined
instrument can be utilised to determine the temperature of a phase transition and its

structure.

The polarisation phenomenon refers to the vibration of the electric field. Thus, polarised
is light with one direction and particular vibration such as linear, circular and elliptical
polarisation.'?® This microscope contains a light source halogen and a pair of polarising
filters: A polariser, which is usually placed below the stage in a horizontal align, and an
analyser, which is mounted above the stage in a vertical align with other accessories,

figure 3.6 shows an image of POM.

By using a polariser, light with an east-west position is allowed to move through a
sample, while the analyser is permitted a north-south position light to cross a sample.
Thus, the observer can see darkness. At the end of this process images with high quality
and slide and films are achieved.* An Olympus BX-51 optical polarising microscope
with a digital camera was used to exam all samples of LCs. Figure 3.6 shows the POM

and its components.
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Figure 3.6: A schematic diagram of a polarising microscope BX51

3.3.2 Ray Diffraction (XRD)
X-Ray diffraction is the most precise method for identifying and measuring LCs phases
with molecules arrangements. It provides the exact information of the phase structure, the

atom position, the chemical bond and to which particular phase it belongs.

In 1895, X-rays were discovered by W. Rontgen, and its characteristics were unclear at
that time. However, it is a powerful method for identifying LCs due to its properties: a
deep penetration into all materials and has a small investigative structure. The
electromagnetic radiation with a wavelength range of 10 nm to 10 nm was used in this

technique. In addition, it is widely used for imaging objects and analysing materials.'®

The principle of this method is related to hit a crystal sample with a monochromatic X-
ray beam, which distributes the beam in space that spreads into particular directions and
transmits the beam through crystal materials. As a result of this process, a pattern of
intensities will be produced, which maps out the precise molecular position in the
structure at each given temperature; see figure 3.7. Consequently, the type of LCs phase

at each temperature is identified.'®
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Figure 3.7: Schematic diagram of the components in XRD system
The part of X-ray diffraction was measured by filling capillary tubes with the viscous
samples of LCs. These samples were placed into a MAR 345 diffractometer with diameter

345mm, which was detected by a two-dimensional image plate.

The copper tube used to generate X-rays with these properties: Cu Ka radiation, graphite
monochromator, A = 1.54 A, 130-300 mm detector-sample distance and 30 min exposure
time. These samples were heated between 297 and 355 K; a magnetic field was presented
by using a home-built capillary furnace. Data squeeze software was utilised to analyse

the data.1®

3.3.3 UV-Vis Spectroscopy

The UV-Visible spectrometry was undertaken using a Perkin-Elmer (USA) UV-Vis
spectrophotometer, (model Bio Lambda 10), with a clear quartz cuvette of path length 1
cm. The spectrometer was controlled using UV-Vis Chemstation software. Figure 6.1

shows the general instruments employed in this study.
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Figure 3.8: UV-Visible spectrometer
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Chapter 4

Electroanalysis and redox reactions of
Electroactive species

This chapter is concerned with the study of electrochemical redox
processes for chlorpromazine (CPZ.HCI) in a weakly acidic solution, using
compounds such as L- cysteine (L-Cys.H) and potassium iodide (Kl), to
encourage further electron transfer processes in homogeneous solution,

thereby setting-up an electron transfer cascade in a catalysis.
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4.1 Basic Concepts

Electroanalytical methods are regarded as the study of chemical reactions that are induced
by interfacial charge transfer processes. They allow for quantitative measurement of the
extent of the electron transfer, through measurement of current-voltage curves. There are
a wide range of applications, involving the determination of toxic metals in aqueous
solution', environmental monitoring>’, and pharmaceutical analysis.®*® A series of
excellent books and monographs have described electroanalytical methods, principal
polarography, cyclic, square wave and differential pulse voltammetry, coulometry
together with electron spin resonance (ESR)'%and redox chemistry and biological

compounds.1’-22

In various areas of chemistry, cyclic voltammetry (CV) is an essential technique. It is
extensively used to study electroactive species to interpret the intermediates of reactions,
supply information about the thermodynamics of oxidation-reduction reactions and

elucidate the kinetics of electron transfer reactions.23-2

4.1.1 Chlorpromazine: Characterization and Determination
Chlorpromazine-hydrochloride(CPZ.HCI)[2-chloro-10-(3-dimethylaminopropyl)
phenothiazine mono hydrochloride] is one of the most important derivatives of the
phenothiazine drug groups.?’All phenothiazine compounds are used as neuroleptic, anti-
allergic, psychotropic, local anaesthetic and anti-vomiting drugs. Scheme (4.1) shows the

chemical structure of (CPZ.HCI).
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Scheme 4.1: Chemical structure of (CPZ.HCI)

Phenothiazine compounds have been analysed using methods and techniques involving
thin-layer  chromatography?®,  UV-visible  spectrophotometric?®32,  capillary
electrophoresis®®3, High-performance liquid chromatography HPLC with coulometric
electrochemical detection®® and electrochemical techniques.®”*°Electrochemical methods
are widely used to analyse a variety of biologically significant molecules.*>** However,
there are a number of limitations inherent in using these methods directly, for instance,
lack of selectivity and sensitivity, slow electron transfer kinetic and high overpotentials.
To determine these compounds and other drugs in real samples, such as biological fluids,

there is a need to pre-treat samples properly.4243

An elegant alternative route exploits electroactive materials such as CPZ.HCI as
homogeneous electron-transfer mediator*** for the biological compound, or alternatives,
the use of a more active electrode (electrocatalysts), for example, graphite paste*’®,
pencil graphite fibre*®, and carbon nanotubes-ionic liquid electrode, may assist in the
quantitative determination of the analyte. The oxidation of chlorpromazine has been
studied by choosing oxidants such as [Ce(IV), Brz, Fe(l11), and Co(111)].%° The reduction
of [CPZ]™ to CPZ by ascorbic acid®“%?, cysteine, reduced glutathione and Fe(l11)46:5053
has been exhibited. In this study, chlorpromazine was used as a suitable homogeneous

catalyst to oxidise (L-Cys.H and KI) electrochemically.
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4.1.2 Electrochemical oxidation of L-Cysteine and its properties

L-Cysteine (L-Cys.H) [2-amino-3-mercaptopropanoic acid] is a sulphur-containing o-
amino acid, see scheme 4.2.The compound contains one sulphur atom, with a single group
(-SH) in its molecule. Due to this fact, L-Cys.H plays a vital role in the biochemical and
biomedical fields®*%°. Furthermore, it has been utilised in the food and the pharmaceutical

industries as a biomarker®®®’,

SH OH

NH,

Scheme 4.2: Chemical structure of L-Cys.H
L-Cys.H and its oxidised form cystine (CSSC) [ L-Cystiene3-3-di thio bis (2-amino
propanoic acid) occupy a unique place among the amino acids because they contain
sulphur in their molecules.*®These distinctive features of the species attracted the interest
of analytical scientists and led them to suggest numerous methods for detecting these

compounds in biological and protein samples.

Moreover, various methods have been proposed for their determination, involving high-
performance liquid chromatography®®®, spectrophotometric®®? and flow injection
amperometric.®®%® However, most of these methods suffer from the complicated nature
of the preparation needed for the samples. The detection of thiol groups has received
attention for decades.The use of solid classical electrodes such as (Ag, Pt, Au, carbon and
graphite) %70 has proved inefficient because of their high over-potential and slow

heterogeneous electron transfer at the electrode. Consequently, it is necessary to
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overcome these problems by modifying the surface of conventional electrodes and
applying a variety of mediators.*"""> Recently, the use of nanoparticles immobilised on
electrodes has witnessed broad applications for determination of thiol groups.”®’" The
transferring electrons between electroactive molecules and electrodes has been enhanced
by using catalysts. This chapter demonstrates how some electrochemical techniques
produced redox reactions. CPZ.HCI was utilised as a mediator in EC’ reactions to
investigate electro-oxidations of some active species such as L-Cys.H and KI in agueous

solution.

4.2 Experimental

This section describes the general equipment used, the electrodes prepared and the

experimental set-up.

4.2.1 Chemicals and Reagents

Analytical grade chemicals were used to prepare all reagents. CPZ.HCI (chlorpromazine
hydrochloride), L-cysteine, and potassium iodide were purchased from Sigma-Aldrich.
Potassium chloride (Laboratory reagent grade) and acetic acid glacial (Analytical reagent
grade) were purchased from Fisher Scientific. Sodium acetate-3-hydrate was obtained
from (BDH Laboratory Supplies). Aqueous solutions were all made using deionised water
with resistivity approximately 18 MQ cm, which was obtained from Milli-Q Advantage
AIlO0 Water Purification System (Millipore, UK). The aqueous buffer solution was acetate

buffer at pH 4.5, made using 0.1 M glacial acetic acid and 0.1M sodium acetate.

4.2.2 pH meter
The pH of the buffer solution was adjusted each time using a 210-microprocessor pH

meter (HANNA Instruments), see figure 4.1.
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Figure 4.1: pH Meter
4.2.3 Rotating Disc Electrode RDE

The Autolab (Metrohm 628-10) is a high-end rotating disc electrode with high rotation
speeds between 500 and 3000 rpm and low noise. The RDE was used to perform
electrochemical measurements under controlled hydrodynamic conditions and was
designed to identify reaction intermediates in situ through collection experiments.
Further, the RDE is suitable for a wide range of working electrodes and available in
platinum, gold and glassy carbon.”8¥ The rotation speed of this electrode is controlled
manually with a button at the front of the motor control unit. The operating temperature
for RDE and tip is 40 °C at the maximum. The three-electrode system was outlined earlier,
in section 3.2.2, (glassy WE, silver RE and graphite CE). Figure (4.2) shows this

equipment.

Figure 4.2: The Autolab Rotating Disc Electrode (RDE)
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4.2.4 Electrochemically induced catalytic processes

The EC’ mechanism was studied as an analytical detection method. L-Cysteine and other
active species may be detected by the EC process with a mediator such as chlorpromazine
hydrochloride (CPZ.HCI). The oxidation of active compounds (L-cysteine and potassium
iodide) was carried out by dissolving different concentrations of CPZ.HCI in acetate
buffer solution (pH 4.5). Varying concentrations of L-Cyst.H and KI were added to the
solution. The buffer solution (pH 4.5) was prepared by mixing 153 mL of 0.1 M sodium

acetate and 847 mL of 0.1 M acetic acid with 0.1 M potassium chloride as an electrolyte.

4.3 Results and discussion

4.3.1 The oxidation of Chlorpromazine by using cyclic voltammetry
(CV)

The oxidation behaviour of 1.0 mM CPZ.HCI was examined initially by using cyclic
voltammetry in a 0.1M aqueous solution of potassium chloride and 0.1 M acetate buffer
solution at pH 4.5, a 3.0 mm diameter glassy carbon electrode at different scan rates 20,
50, 75, 100, 200, 400, and 500 mV st for four consecutive cyclic voltammetry
experiments. Figure 4.3 shows a pair of poor redox peaks were observed at (GCE) of 20
mV st CPZ.HCI. The repetition of scanning caused a slight decrease in the peak current
for all scan rates in figure 4.3 A. Further, It can be seen that upon increasing, the scan
rates both anodic and cathodic peak currents were increased in [Figure 4.3: (B-E)] and

was a slight decrease in the peak current of each scan rate.
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Figure 4.3: CVs for 1 mM CPZ.HCl on a GCE and in 0.1 M KCl as a supporting electrolyte.
0.1 M acetate buffer solution at pH 4.5, Ag/AgCl as a reference electrode and graphite rod as
the counter electrode. Scan rates: A. 20, B. 50, C. 100, D. 500 and E. 1000 mV s*

To increase the current signal due to CPZ.HCI concentration, the previous experiment
was repeated using 30 mM at the same conditions. The results obtained showed that both
oxidative and reductive peak current increase along with the increase in scan rate as

illustrated in figure 4.4 A-E.
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Figure 4.4: CVs for redox process of 30 mM CPZ.HClona GCEin 0.1 M KCl as a
supporting electrolyte and 0.1M acetate as a buffer solution (pH 4.5), Ag/AgCl as a reference
electrode and carbon as the counter electrode. Scan rates: A. 20, B. 100, C. 200, D. 500 and
E. 1000 mV s*

Figure 4.4 A shows a well-defined and reproducible oxidative peak current at + 0.72 V

vs Ag/AgCl with a reverse reductive peak current at + 0.52V; that resulted in a single

electron oxidation that formed a stable radical of(CPZ)*, with a cation radical back to

CPZ.HCI (scheme 4.3).
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Scheme 4.3: A redox behaviour of CPZ.HCI

Through repetitive scanning in all charts in the figure 4.4 A-E, a decrease in both the
oxidation and reduction peak currents were presented in each chart, and that concomitant
decrease slightly shifted towards more positive potentials. Due to a complex series of

chemical steps®!, see schematic 4.4:

CPZ.HCl — e = CPZ.HCI"
. slow
CPZ.HCI* + H,0 — CPZ.HCI(OH) + H*

; t
CPZ.HCI(OH) + CPZ.HCl* fa—s> CPZ.HCl+ CPZ.HCI(OH™)

Scheme 4.4: The rate proton mechanism of CPZ.HCI in an aqueous solution

In this process, the chlorpromazine radical cation is slowly hydrated to form an
intermediate that is rapidly oxidised by a second chlorpromazine radical cation. This
complex first-order disproportionation mechanism is not the subject of study in this thesis;
instead, we are interested in exploring the radical cation in faster electron transfer
processes in homogeneous solution. Since the latter are expected to occur more rapidly
than the rate of radical cation hydration, we will ignore this complex hydrolysis

mechanism.
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4.3.2 Eletro-oxidation attitude of Chlorpromazine by using linear
sweep voltammetry (LSV) at Rotating disc electrodes (RDE)

The oxidation process dependence of LSV of CPZ.HCI (1mM) was studied at the GCE
surface by using a rotating disk electrode at a scan rate of 0.54 Vs, with Hg/Hg.Cl. as a
reference electrode, see figure 4.5 a. It showed that there was an increase in the anodic
peak currents for the oxidation of CPZ.HCI upon increasing speeds, whereas the anodic
peak potentials were the same (+0.64). Figure 4.5 b shows the plot of oxidation peak
current (lim) against the square root of speeds (w*?). The linearity of the plot indicated
that the oxidation process of CPZ.HCI was diffusion controlled with R?= 0.9832, and the
value of diffusion coefficient obtained (D) was (1.28x10°) m? s, The next experiment
considered the electrochemical behaviour of CPZ.HCI as a mediator upon introducing

various concentrations of L-Cys.H.
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Figure 4.5: a. LSV for different speeds of 1mM CPZ.HCI (500, 1000, 1500, 2000, 2500
and 3000 rpm), pH=4.5. b. The plot of linvs w'/2 for the oxidation of chlorpromazine
at the GCE with a reference electrode (SCE)

4.3.3 The electrocatalytic oxidation of L-Cys.H in the presence of
CPZ.HCI as a mediator

The influence of CPZ.HCI concentrations 1, 2 and 5 mM on the peak currents were

studied. The ranges involved were 0.0, 0.5, 1.0, 2.0, 5.0 and 10.0 mM of L-Cys.HCI at
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various rotational speeds of the electrode, ranging from 500 to 3000 rpm. The bulk
solution contained 0.1M KCI with pH (4.5) of acetate buffer solution. Accordingly, the
mass transport in the bulk solution and the time of the equilibrium reaction were enhanced

by using the stirring method at the constant scan rate, which gives more sensitivity.

Figure 4.6 A (a) presents the LSV investigation of the variation of peak currents against
the potential of 1.0 mM CPZ.HCI with 1.0 mM L-Cys.H. It shows that there was an
increase in oxidation peak currents with an increase in the electrode rotation speeds (o),
which meant that there was an increase in sensitivity as expected, due to high mass
transport rates at the high rotation speeds. Figure 4.6 A (b)demonstrates the plot of peak
current versus w?/2 which is linear, with coefficient value R? 0.968, this indicates that the
reaction is transport-controlled. While, figure 4.6 A (c) plots half-potential for the
oxidation peak versus log w, where it is evident that a fluctuation in the oxidative peak
potential exits. This is consistent with that expected for a following homogeneous
processes, as expected that the peaks observed in the current at the higher rotation speeds
correspond to the case of the classical EC’ split wave that occurs when these materials

and analytes concentrates are comparable.
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Figure 4.6 A: a. LSV of the oxidation (1.0) mM CPZ.HCI and (1.0) mM L-Cys.H at GCE in
rotating the disk. SCE as a reference electrode and various ranges of rotational speeds (500-
3000 rpm); b. The plot of lim vs @*?and c. A corresponding of Eivs logw. B, C, D, E, F, G,
H and | were nominated inside their charts

Once more, the similarities in the trends were found upon introducing higher

concentration in the range 5-10 mM of L-CysH with an increase in the mediator

concentrations in the range 1-2 mM. Figures 4.6 a from (B) to (I) showed that the
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oxidation currents increase with an increase in rotation speeds in all figures. The
occurrence of split waves again is only apparent when the mediator concentrations exceed
that of the analyte. The plots of maxim currents (lp) for CPZ.HCI oxidation was linear
versus square roots of rotational speeds in the range of 500-3000 rpm, which proposed
that the process was under transport controlled, see figures 4.6 b from (B) to (I). The
relationship of the half potentials (E12) for CPZ.HCI against the logarithm of rotational
speeds was fluctuating in low concentrations of CPZ.HCI for all concentrations of L-
Cys.H, figure 4.6 ¢ from (B) to (), but shifts generally to less positive values (becomes
easier) on increasing the transport to the surface, as expected for an EC’ reaction. To
understand the redox reaction electrochemically, the CVs for CPZ.HCI with L-Cys.H in
different concentrations was next investigated.

4.3.4 The electrocatalytic reduction of CPZ.HCI induced by

electroactive species L-Cys.H

The electrochemical reduction of various concentrations CPZ.HCI (0.1, 0.2, 0.3, 0.5, 1.0,
5.0 and 10.0 mM) in the absence and presence of different concentrations of L-Cys.H
(0.0, 0.1, 0.5, 1.0, 2.0, 5.0 and 10.0 mM) were carried out using CV under the same
conditions as in the previous experiments, different scan rates (20, 50, 100, 200 and 500
mV s?). A typical figure 4.7 A (a) shows the response of the oxidation peak current,
which was increased by introducing higher concentrations of L-Cys.H with a slight shift
towards less potential for all scan rates. The corresponding reduction in peak current
disappeared on the backward scan of the potential from 2 mM L-Cys.H for all scan rates,
which indicated that the process was chemically irreversible in these concentrations,
figures 4.7 B, and C are examples of this study. The oxidation peak currents (lp) of
CPZ.HCl increases linearly with increasing the concentration of L-Cys.H within different

scan rates between 20 to 500 mV s, implying that the redox process of CPZ.HCl in the
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presence of L-Cys.H was reproducible as in figures 4.7 (b) for A, B, and C. To obtain
further information about the nature of the reaction the plots of peak potential versus the

logarithm of scan rates were drawn, figure 4.7 (c) for A, B, and C.

According to the below figures, there was mainly constant in the oxidative peaks, but
there is an outline for all concentrations of CPZ.HCI through introducing higher
concentrations L-Cys.H to the solution, which means that the oxidation process was
electrochemically reversible. Scheme 4.4 shows the mechanistic reaction of CPZ.HCI by

oxidation of L-Cys.H at the GCE:

(CPZHCD),oq- (CPZHCD)(,,, + € E

(CPZHCD" + (CysH) greay = (CPZ)reay + (CysH)(oyy  C'

Scheme 4.5: the redox reaction of CPZ.HCI
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Figure 4.7A: 0.1 mM CPZ.HCI. (a): CVs for different concentrations of L-Cys.H (0.0-10.0)
mM in the same conditions of the previous experiments with 20mVs™ scan rate. (b): the effect
of L-Cys.H concentrations on the oxidative peak currents of CPZ.HCI in various scan rates.
(c): the plots of oxidative peak potentials vs log scan rates for all concentrations of L-Cys.H
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4.3.5 Electroactive species Kl induced catalytic reduction of CPZ.HCI
by cyclic voltammetry

It is known the I2/I" or 137/I" redox couple may catalyse or be catalysed in homogeneous
solution. Dye- sensitised solar cells (Gratzel cells) exploit this to transfer electrons from
an illuminated electrode to the dark electrode. Accordingly, the investigation into whether
there may be an interaction between Iz~ and CPZ.HCI or I and CPZ.HCI* was next
undertake using various concentrations of CPZ.HCI (0.1, 0.2, 0.3, 0.5, 1.0, 5.0 and 10.0
mM) and KI at different concentrations (0.0, 0.1, 0.5, 1.0, 2.0, 5.0 and 10.0 mM) at a
glassy carbon electrode. This electrode was rotated at speeds between 500 to 3000 rpm.
A SCE was used as a reference electrode, while a graphite rod was used as a counter
electrode. Experiments were undertaken in the buffer solution (pH 4.5), and 0.1 mM KCI
as a supporting electrolyte. Three concentrations of CPZ.HCI were selected as examples
to study the catalytic reaction induced by KI. The below figures 4.8 a: (A, B, and C) show
that the anodic peak currents increase with an increase in scan rate, as expected. The plots
b: (A, B, and C) demonstrated that the oxidative peak currents increase with an increase
in the concentrations of Kl for all scan rates and concentrations of CPZ.HCI. The 10 mM

case is slight special owing to aggregation of CPZ.HCI at those concentrations.

In order to investigate the electrochemical reactions, the plots of oxidative peaks
potential versus the logarithm of scan rates were found to be essentially independent of

the scan rate, suggesting fast electrode kinetics, see figures 4.8 c¢: (A, B, and C).

The turnover number for various concentrations of CPZ.HCI and all concentrations of Kl
at the rotating disc electrode were found to be at a maximum value which was is 9 in 5.0
mM KI and 1.0 mM CPZ.HCI at the lowest scan rate (20 mV s?). The last results

suggested that there was enough time for electrocatalytic reaction between
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(CPZ.HCl)*and KI at a lower rotating rate, whereas the concentrations of CPZ.HCI up to

1.0 mM recorded lowest values in the highest rotating rates for all concentrations of K.
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Figure 4.8: (a). CVs for different concentrations of K1 (0.0-10.0 mM) in the same conditions
as the previous experiments, 20 and 500 mV s scan rates, (b). The effect of K
concentrations on the oxidative peak currents of CPZ.HCI, (c). The plots of oxidative peak
potentials vs log scan rates for all concentrations of KI. A, B and C were nominated inside
these figures

4.4 Conclusion

In this chapter, the fundamentals of charge transfer processes that occurred across an
interface between an electrode and electrolyte were studied. A dynamic reaction was
presented at a chemically reversible electrode. The work in this study was reviewing
electrochemical characteristics and oxidation process of CPZ.HCI in a buffer solution (pH
4.5) at the glassy carbon electrode with and without stripping. Electroactive species such
as L-cysteine and potassium iodide were used to investigate the electrocatalytic reduction

of CPZ.HCI in bulk solution.

By using glassy carbon as a working electrode, it was found that that process provided a
well-defined peak current upon the introduction of higher concentrations of these active
species. Moreover, the electrochemical techniques that were used, notably, CVs, LSV

and rotating disc electrode, voltammetry were shown to be successful in the study of
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CPZ.HCI electrochemistry. The reaction between the oxidised form of CPZ.HCI and L-

L-Cys.H was determined to follow the classical redox catalytic EC’.

All the electrochemistry experiments demonstrated that the oxidative peak currents of
CPZ.HCI at GCE were linear to the concentration of species undertaking and that such

electrode reactions occur under diffusion control.
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Chapter 5

Heterogeneous Electron Transfer of
Chlorophyllin

This chapter presents a short overview of the definition and the structure
of chlorophyll. It will scrutinise some of the derivatives of chlorophyll; the
chapter will also review the structure and the practical use of chlorophyllin
derivative of chlorophyll. The topics above will be presented in the first
section. The second section will deal with the details of the experimental
method. The analysis of data gathered through the experiments and a
discussion form the third section. The chapter ends with a summary and

concluding remark.
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5.1 Light-harvesting pigments (LHP) chlorophyll and its

derivatives

Natural pigments play a crucial role in harvesting solar energy and converting visible
light into electrical energy.> The light conversion process is supported with sensitisation

of numerous semiconductors by appropriate dyes.>®

Several organic dyes and metal complexes have been synthesised and used as sensitisers.
Although the most effective sensitisers are ruthenium-based complexes, due to their
properties, charge transfer between metal/ligand and absorption over wide visible range®”,
they are costly to manufacture and environmental pollution. Therefore, an alternative
method is suggested such as natural dyes from plants and fruits with low cost, high light-
harvesting efficiency and eco-friendliness. 1° In this regard, several dyes have been used
as sensitisers such as anthocyanins, carotenoids and chlorophyll which are easily

extracted from natural sources.!12

5.1.1 Background information and basic structure of chlorophyll

Chlorophyll is a green pigment in the chloroplast of almost all plant cells. It is mostly
present in green plant tissues, algae and cyanobacteria. The leaves of a plant have
approximately 70 million cells and 5 billion chloroplasts, which contains about 600
million molecules of chlorophyll. Chlorophyll derives its name from the Greek words
“chloros” meaning green and “phyllon” meaning leaf*>. Chlorophyll plays a crucial role
in the photosynthesis process for plants by harvesting solar energy, which is converted

into food and oxygen; see equation 1.1 in chapter one. 24

Chlorophylls (chls) are planar molecules composed of chlorin pigments that are derived
from the original compound porphyrin® a cyclic tetrapyrrole (figure 5.1). Porphyrin (and

its parent porphin) plays a vital role in nature; it is considered the basic unit of the red
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pigment of blood (heme) and the green pigment of the plant (chlorophyll). Moreover,
porphyrin and metalloporphyrin compounds involve particular structure and larger
molecular surface. They have been used in theoretical research on the foundation of life
and its processes, such as respiration, photosynthesis and energy conversion especially

electron transfer and photoelectrochemical conversions.%2

In 1817, chlorophyll was isolated by Pierre Joseph and Joseph Bienamine” for the first
time.1’ Stokes in (1864) was the first scientist to conclude spectroscopically that two types
of chlorophyll existed. Sorby isolated these in 1873. The structures of chlorophyll a and
b were shown in 1940 by Hans Fischer.?! In the order of their discovery, the four types
of chlorophyll can be classified as a, b, ¢ and d.*??> These have four tetrapyrrole rings
(figure 5.1), and four nitrogen atoms, which are strongly bound to a magnesium ion
(Mg?") at the centre of the porphyrin ring: they are different only in the side of the carbon

chain (phytol).?®
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Figure 5.1: Porphyrin structure and chlorophyll
(c and d) adapted from online web source *°

Chl a, and b (figure 5.2) are the most common for their essential roles in operating light-

harvesting and performing electron transfer reactions.42*
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Figure 5.2: Structure of chlorophyll a and b adapted
From the online web source®

A mixture of chlorophyll a and b is responsible for the green pigment in plants, which are
present in the ratio 3 (for a): 1 (for b).1>212¢ Traditionally, chlorophyll has been classified
into two types: soluble in oil and soluble in water. The former is used as a pigment in
paints, foods, waxes, ointments and pharmaceuticals.?’ The latter is used in the
preparation of soaps, shampoos, candies, toothpaste, mouthwashes and medical
products.?® Figure 5.3 displays the range of the visible light spectrum from violet to red
in which plants possess pigments that can absorb light in particular regions of the

spectrum.

chlorophyll b

chlorophyll a
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[
500 600 700
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[
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Figure 5.3: The absorption spectrum for chlorophyll

(a and b) adapted from an online source®
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Chlorophyll a absorbs light for photosynthesis in the spectrum regions violet, blue and
red. Conversely, chlorophyll b absorbs more in the blue and orange-red ranges. From the
figure 5.3, the strong absorption peaks for chlorophyll a are located in the visible region
420 nm and 660 nm wavelengths. Chlorophyll absorption in the visible region can be
utilised as a natural sensitiser.3®3! Accordingly, the colour of chlorophyll pigment is green
as it absorbs light in all of the other colour ranges; thus, only green is transmitted to the

human eye.

5.1.2 Use of chlorophyll in photovoltaic cells

Chlorophyll is a light harvesting pigment, which absorbs light in the visible spectrum of
sunlight and promotes electron transfer. Nowadays, chlorophyll pigment and its
derivatives are utilised in organic photosynthetic solar cells for their desirable
photovoltaic properties.®?* Chlorophyll alpha (a) or a, and chlorophyll beta (B) or b are
necessary for proper absorption of different parts of the visible solar spectrum.
Photosynthesis takes place because of light energy absorption; a process which gives rise
to an electron transfer cascade. Therefore, the energy will flow through the photovoltaic
system with electron transference. Further, these pigments and their derivatives are used

as donor molecules in the process of energy transfer in plants.

There is an abundance of research investigating the replacement of the central atom of
magnesium with other transition metal ions such as copper, zinc or iron. By doing so, the
electron transfer process is significantly increased.?*3" Due to their semiconducting
properties, the common dyes attracted the attention of researchers who began to use them
in the photovoltaic cell.*4° The effects of several important biological molecules, such
as chlorophyll, carotenes and other porphyrins, on photovoltaic cells have been observed.
In 1970 Meilinov et al., calculated the photoconductivity quantum of a film sandwich

system of Al/chla/Al.*! Since research on chlorophyll a and other organic dyes with
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varying electrodes and systems used in photovoltaic cells, researchers have concluded
that the use of organic than inorganic dyes in solar cells is still limited in the

marketplace.*>*

5.1.3 Chlorophyllin, characteristics and usages

One of the most essential derivative molecules of natural green pigment chlorophyll is
chlorophyllin (CHL). It is a semi-synthetic water-soluble salt, which is obtained by
hydrolysis of the phytol tail in a chlorophyll molecule with the replacement of the
magnesium in the centre of the porphyrin ring by copper atom while methyl and phytyl
ester group by sodium.*® The replacement process is considered a way of increasing

electron transfer in chlorophyill.

Chlorophyllin, as a hydrophilic molecule, is more soluble in water than chlorophyll and
is more stable in moderate light, heat, oxygenated conditions, extreme absorption in the
visible light and low pH. 474 Figure (5.4) shows the molecular structure of copper

trisodium chlorophyllin.

Me Me x
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Figure 5.4: The diagram of chlorophyllin, copper trisodium salt

Regarding antioxidant activity, chlorophyllin has been shown to be higher than

chlorophylls including a and b. Despite research related to the biological activities of
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chlorophyllin, the full mechanism of its action is still not understood. That being the case,
it is very significant to get insight into the reductive-oxidative behaviour of chlorophyllin,
using voltammetry. There are many steps to produce a commercial compound of CHL

from raw material, which is almost always alfalfa or grass.?**’

There are numerous applications of chlorophyll and its derivatives such as chlorophyllin
in our daily lives due to their particular structure. The structure confers the ability of this
pigment to act as an antioxidant, serve in the treatment of anaemia, control of offensive
body odour, and act as anti-carcinogenic agent.>>>* Despite using chlorophyllin in solar
cell applications® through a broad range potential, using objective chlorophyllin is
difficult in such applications as thin films due to its extreme mechanical strength.*® There

are no toxic effects of using chlorophyll or its derivatives for treatment.*">’

5.1.4 Chlorophyll derivatives: radiation and photosynthesis

Recently, sodium copper chlorophyllin (CHL) has become an area of interest of several
studies in vivo and in vitro such as radiation and photosensitization, which produced lipid
peroxidation in subcellular fractions and biological tissues, such as lysosomes,
mitochondria, microsomes and rat liver mitochondria.>®%° Recently, a group of scholars
researching into cancer have discovered that chlorophyll can accumulate in growing
tissues and tissues undergoing regeneration.* Chlorophyll and their derivatives are
common light-sensitive compounds of photosensitizers and are selectively retained by
tumour cells.5*®2The therapeutic potential lies in the ability of the porphyrin structure to
undergo photosensitization upon exposure to light. Illumination of the molecule converts
it to a short-lived triplet excited state. Typically, sensitiser molecules in the triplet state
can abstract an electron (or hydrogen atom) from, or donate an electron (or hydrogen
atom) to, a substrate molecule. The anionic or cationic radicals of the sensitiser can then

react with oxygen and form reactive oxygen species. These species rapidly react with
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some electron-rich molecules such as unsaturated lipids, amino acids, DNA-bases and so
forth, thereby the interference with the normal activities of subcellular structures resulted
in the injury and death of cells in proximity to the sensitiser molecule. Moreover, the
chlorophyll and chlorophyllin photosynthetic process have been studied in light of the
electrochemical oxidation of chlorophyll and metal ion/b-substitution, which affects the
redox properties of chlorine/bacteriochlorins in aqueous and non-aqueous solutions.
These studies summarise that chlorophyll a, b and d in non-aqueous media undergo four
reversible redox reactions, while in the aqueous media chlorophyll a shows irreversible

reactions corresponding to one-electron oxidation.53-6¢

5.2 Experiment setup

5.2.1 Reagents

All chemical reagents were used in this research without further purification. Deionised
water with 18 MQ cm resistivity was used to prepare all aqueous solutions; the
temperature was 20 * 3 °C. The electrolyte solutions were purged for 10-30 minutes with

nitrogen. Table 5.1 shows the list of those reagents.
Table 5.1: The list of Chemical reagents

Chemical Chemical Common

Supplier and percentage

name Formula name

Electron Microscopy

Aluminum
Al>03 alumina Sciences, 0.3um, metal
oxide
polishing compound
BOC Gases, UK, Energas
Argon gas Ar -
LTD, 99.9%
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Chlorophyllin,

coppered Ca4H31CuNsNazOs | Chlorophyllin Alfa Aesar
trisodium salt
Hydrochloric
HCI Muriatic acid Sigma-Aldrich>99.99%
acid
Methyl
CH3CN acetonitrile Fisher Chemical >99.9%
cyanide
BOC Gases, UK, Energas
Nitrogen gas N2 -
LTD 99.99%
potassium Salt
KCI Fisher Scientific>99.99%
chloride substitute

5.2.2 Instrumentation and Experimental Setup

The experimental equipment used in this section were potentiostats manufactured by

Metrohm® pAutolab Type Il and equipped with GPES 10.1 software for all

voltammetric measurements, written by Metrohm®. The temperature was maintained at

296 + 0.5 K in the dark for all electrochemical experiments. In all cases, unless otherwise

stated, a conventional three-electrode system was employed in all experiments. Graphite

as a counter electrode, and silver/silver chloride (3mol L) as a reference electrode while

two different working electrodes, a Metrohm® gold disk electrode, Figure 5.5 (2mm

diameter, 80mm length) and a Metrohm® glassy carbon disk electrode (3mm diameter,

0.07cm? area), were used.
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Figure 5.5: A gold Disc Electrode

In all experiments, the redox reactions were undertaken at the surface of a working
electrode. Therefore, the working electrode required frequent polishing by the appropriate
size of carborundum paper (400, 1200 2400 grade, Presi, France) with 3um alumina paste
(Presi, France). Thus, reproducible results were obtained, and the absorbed species was

removed from the surface of this electrode.

5.2.3 Preparation of working electrode

The working electrode was polished mechanically to a mirror finish before each run and
then rinsed with deionised water (DI). The working electrode was modified by immersing
a gold or glassy carbon disk in the chlorophyllin copper salt solution for a period ranging

from two hours to three days.

After that, the modified electrode surface was rinsed with distilled water, which was
coated successfully with chlorophyllin before immersing in the appropriate solution.
Electrochemically, during this procedure, General Purpose Electrochemical System
(GPES) measured acceptable ranges of potentials (20-2000 mV s). The solutions were

degassed with high-purity nitrogen before the electrochemical measurements.
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5.3 Results and Discussion

Electrochemical behaviour of adsorbed Chlorophyllin on Gold electrode
immersed in different electrolytes

A range of oxidation-reduction (redox) processes was studied at the gold electrode.®”-"2

It has been reported that at such gold electrodes those inorganic redox couples that are
oxidised and reduced via an outer sphere electron transfer mechanism show reversible
electrochemical behaviour. The redox electrochemistry at gold electrodes has been

investigated in a range of active species in aqueous solution.”>"®

This chapter scrutinises electrochemical adsorption of one of the semi-synthetic
derivatives of chlorophyll such as chlorophyllin at the gold electrode in a range of
adsorption times, various electrolytes, concentrations and electroactive species.
Specifically, a gold electrode is employed in a study of the cyclic voltammetry of
chlorophyllin as a mediator in redox reactions. The importance of gold electrode surface
preparation in determining the mechanism of redox is described, and the environment of
the adsorption process of the different concentrations of chlorophyllin on the surface of

the gold electrode has been elucidated in this section.

5.3.1 The influence of electrochemical parameters on chlorophyllin
(CHL) adsorption at the electrode surface

Adsorption of the substance on the electrode surface is a phenomenon, which affects
electrochemical signals. Conversely, on the electric field at an electrode surface may
enlarge adsorption, with current signals that may trigger binding and unbinding of the
analyte to the electrode. The binding is either a chemical bond (chemisorption) or a
physical bond (physisorption). Chemisorption is stronger than physisorption, because it

consists of ionic or covalent bonding of the molecules, whereas physisorption consists of
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weak intermolecular forces such as van der Waals forces and dipole-dipole

interactions.’®’’

There are various conditions for the amount of active species which are adsorbed on the
working electrode, such as the material of the surface, the nature of the molecules, the
applied potential, temperature and so forth.”®” In the following section, some of these

parameters are examined.

5.3.1.1 The substantial electrode surface used of glassy carbon electrode
(GCE)

The initial study was to examine the redox process of different adsorption concentrations
of chlorophyllin on the glassy carbon (GC) electrode using inorganic electrolytes such as
KCI and HCI. It was followed by investigating a working electrode of another substance

such as gold (Au) in both inorganic and organic electrolytes by using cyclic voltammetry.

Prior to the electrochemical study, the working (GCE) and (AUE) electrodes surfaces were
prepared by immersing them in the various concentrations of chlorophyllin (1, 2 and 5
mM) for three days. The electrolyte was degassed by using N2 or Ar for approximately
30 minutes inside a Faraday cage before any electrochemical experiment was performed.

Also, the gas was passed over the electrolyte during the experiments.

A three electrode system was used with Ag/AgCl as a reference electrode, graphite as a
counter and the working electrode. The electrochemical response, of (1, 2 and 5 mM)
CHL for the glassy carbon disk was immersed firstly in 0.1M KCI, and secondly in 0.1M
HCI by using various scan rates (20, 50, 100, 200 and 500 mVs™). Figures (5.6 and 5.7)

show the voltammograms of some scan rates.
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Figure 5.6: Cyclic voltammograms 20 and 500 mV s™ are detailing the response of
the CHL 5mM in 0.1 KCI, which was adsorbed on the GCE
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Figure 5.7: Cyclic voltammograms for 10 mM of CHL recorded at GCE immersed
in 0.1 M HClI, selected scan rates 20 and 500 mV s*
As seen in the figures above, the correspondence of the oxidation and reduction peaks are

not observed well at the electrode/electrolyte interface for all scan rates, potentials and
concentrations of chlorophyllin, indicating that only weak adsorption of CHL occurs on

carbon. Accordingly, experiments were undertaken on a gold surface.

5.3.1.2 The influence of the gold electrode (AuE) surface

Cyclic voltammograms were recorded for the electrochemical redox reactions of 10 mM
CHL on the gold electrode in 0.1 M for both inorganic (HCI) and organic (acetonitrile)
electrolytes. Figure 5.8 illustrates the responses at the gold electrode, which was
immersed in a CHL solution for two hours, followed by using an inorganic electrolyte

(HCI) in an electrochemical cell.

101



The voltammograms show a well-defined oxidation peak at +0.68 V due to the single-
electron oxidation of CHL to form the chemically stable radical cation, which is shown
in the Scheme (5.1). There was an increase in peak current with increasing scan rates. In
contrast, the corresponding peaks current in the reverse scan rates were not clear.
Moreover, the background will not deal with integrating impact and the area integrate

will not go back. Thus, the gold electrode was sufficient for adsorbing CHL pigment on

its surface.
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Figure 5.8: Cyclic voltammograms 20 and 500 mV s™ are detailing the response of
10 mM CHL in 0.1 M HCI, which was adsorbed on the gold electrode for two hours

Scheme 5.1: one electron oxidation of CHL to obtain the cation radical.

The redox catalysis of 10 mM CHL was carried out again in 0.1 M organic solution of

acetonitrile (MeCN), as shown in figure 5.9.
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Figure 5.9: Cyclic voltammograms 20, and 500 mV s™ detailing the response of 100mM CHL
in 0.1M acetonitrile, which was adsorbed on the gold electrode for two hours

Figure 5.9 reveals that there were no analogous peak currents at all scan rates the response

is pure resistance indicating that the solution lacks sufficient electrical conductivity.

5.3.2 The nature of electrolytes

Once the procedure was repeated, and voltammetry carried out to examine the redox
reaction which took place on the glassy carbon electrode after soaking for two hours in
the solution of 10 M CHL, three electrodes were immersed in different environments of

the electrolytes 0.1 M HCI and 0.1 M acetonitrile.

The varying scan rate (20-500 mV s™) was monitored. The results are illustrated in figure
5.10 (A and B). Neither oxidation nor reduction peaks were observed. Similar to the case
of the previous study in the organic electrolyte, it can be seen that both organic and
inorganic electrolytes are not electrochemically sufficient for the observation of

adsorption of CHL pigment on the glassy carbon surface for all scan rates.
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Figure 5.10: Cyclic voltammograms of 10 M CHL recorded at GCE soaking in A: 0.1 M HCI
and B: 0.1 M MeCN in scan rates 20 mV s using Ag/AgCl as a reference electrode and

graphite as counter electrode

5.3.3 Voltammetry of CHL pigment on the gold electrode

Firstly, the voltammetry of adsorbed CHL was achieved by soaking the gold electrode in

10 mM CHL for two hours, and consecutively three times of ten minutes. After which it

was rinsed with deionised water prior to undertaking voltammetry in 0.1M HCI using the

same reference and counter electrodes as in the previous experiment, with scan rates 20

to 2000 mV s*. Figure 5.11 shows four consecutive voltammetry sweeps for the pigment

above.
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Figure 5.11: A. Scan rate dependence CVs of 10 mM CHL in 0.1 M HCI
on AuE at 20-2000 mV sin different times
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Figure 5.12: B. anodic current as a function of the scan rates (V) and (C). Potential

as a function of the scan rates logarithms 20-2000 mV s for 2 hours

Figure 5.11 (A) demonstrates the oxidation peaks via scan rates of the system. There was
an increase in the peak current, which was coupled with a slight positive shift in peak
potentials with an increase in scan rates from 20 to 2000 mV s and adsorption incubation
time. A plot of oxidation peak current (lim) against scan rates, figure 5.12 (B), shows a
linear trend with coefficient value R? (0.9272), which is suggestive of adsorbed
voltammetry. While plot 5.12 (C) performs a fluctuation in the oxidative peaks of
potential via logarithm of scan rates, this means that the electron transfer process is

complicated.

Furthermore, the slight shift in potential with an increase in time adsorption for all scan
rates highlights the one-electron oxidation of CHL is becoming more difficult, which
indicates that there was no pigment adsorption on the electrode surface. It is necessary to
evaluate the environment of electroactive species by using CHL as a mediator, which will

be the next step of the present thesis.
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5.4 Conclusion

This chapter has dealt with one of the common derivatives of chlorophyll, chlorophyllin.
Adsorption reaction into the surface of modifying working electrodes that were coated

prior with chlorophyllin in specified times was examined.

The electrochemical study showed that the cyclic voltammetry responses of the studied
organic dye, chlorophyllin, was depended on the inert material of the working electrode.
From the cyclic voltammetry experiments, the glassy carbon electrode/dye interface
presented no corresponding in peak currents compared with the gold surface for both
organic and inorganic electrolytes for all scan rates and adsorption times. In the case of
the gold electrode, there were well-defined peak currents in the inorganic rather than

organic, electrolyte, for all scan rates and adsorption times.

Overall, the first CV response of the environment of the gold electrode/ chlorophyllin
dye interface was considered to be a quasi-reversible process and corresponds to one-

electron formation radical cations in HCI solution.
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Chapter 6

Homogeneous ET of Chlorophyll and its
Derivative Chlorophyllin

In chapter 5, the effectiveness of different parameters in transferring
electrons between chlorophyllin (CHL) pigment and the working electrode
surface was illustrated. It was suggested that electrons reduce chlorophyll
pigment by adding active species in the bulk solution homogeneous

transfer.

This chapter presents an outline of chlorophyll (chl) extraction and
isolation techniques. It covers some methods of chl determination, active
materials influence and working electrode modification. Detections of chl
on spinach leaves using various methods are reported. Given the
importance of the homogenous ET process in the presence of active

species, section three performs this method.
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6.1 Introduction

6.1.1 Chlorophyll: extraction and determination methods

Several approaches have been developed to extract and determine chlorophyll and its
derivatives from different plants and photosynthetic organisms since Pelletier and
Caventou discovered it in 1818. The complete dissolution of chloroplasts into an
extractive solvent is an indicative of a good extraction procedure.? Methods of
determining chlorophyll are based on three steps: extraction and purification methods
using appropriate solvents, followed by quantification using either spectrophotometry or

fluorometry and recently by high-performance liquid chromatography (HPLC).

The most common solvents used to extract chlorophyll and its derivatives are acetone,
methanol, and ethanol, while chloroform, dimethyl sulfoxide and petroleum ether are
rarely utilized .>® Table 6.1 shows some methods of extraction and determination of

chlorophyll.

Table 6.1: Chlorophylls: extraction and determination methods

Chlorophyll: types Extraction Solvents Methods of
and sources Determination
chl a & b from moso | Acetone, DMF, or DMSO/ Ultraviolet-visible 6
bamboo culms 3.23 mg for chl a and 1.56 spectrometry
(40 mg) mg for chl b
chl a from cultured Acetone and DMF Fluorometer 7
and natural

phytoplankton cells

chlaand b, methanol and petroleum Visible spectrometry, 8
pheophytin and ether (2:1 ratio) and HPLC chromatography
chlorophyllide from | petroleum ether and diethyl and Electrospray
spinach leaves ether (1:1 ratio) lonisation-Mass
Spectrometry
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ethanol

Fluorometry

chls and carotenoids 50 ml of cold water high-performance liquid 9
from tea leaves (-20°C) and 80% aqueous chromatography (HPLC)
acetone.
Chils, carotenes and Methanol and 40-75°C Ultraviolet-visible 10
xanthophyll from | petroleum ether in 2:1 ratio, irradiation and
spinach leaves and with 40-75°C fluorescence
petroleum ether and diethyl spectroscopy
ether in 1:1 ratio.
Chl a from 90% acetone or methanol HPLC 11
freshwater green
algae
chlaand 90% acetone fluorescence 12
pheophytin a in
marine and
freshwater algae
chl a in seawater 90 % acetone or 96 % Visible spectrometry and | 13

6.1.2 Donor-acceptor systems containing chlorophyll and active species

Green plant chlorophyll is considered to be the electronic centre of the photosynthesis

process. This pigment captures solar energy and converts it into chemical energy through

many steps.}4® In addition, during this process chlorophyll acts as both a reductant and

an oxidant due to its molecular structure (the central magnesium ion and a phytol chain):

see mechanisms 6-1 and 6-21":
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Caottn Chlorophylla CacHn Phaeophytin a Phaeophorbide a

Mechanism 6-1: Chlorophyll a with acid

(o]

I”“” Chlorophylla Chlorophyllin a

Mechanism 6-2: Chlorophyll a with base
The donor-acceptor systems containing chlorophyll have, thus, been widely explored by
various methods. These methods including self-assembled tetra pyrrole-carbon nanotubes
for light-induced electron transfer applications, photo-induced ET between chl a and Au
nanoparticles by fluorescence, polarisation transient grating technique on several
chlorophylls as donor molecules and the redox potentials of chlorophylls using cyclic

voltammetry (CV) and square wave voltammetry (SWV).18-21

The redox reactions of chlorophyll or its analogues (CHL) in an aqueous solution
containing some active species such as CPZ.HCI, L-Cyst.H and Kl in the presence and

absence of Triton X100 and Vitamin K1 will be discussed later.
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6.1.3 Modified working electrodes (MWES)

In the past two decades, modifications of working electrodes have seen many widely
differing applications in the electrochemical field. Through modification, the surface
properties of the selected electrode, such as stability and sensitivity will improve.
Therefore it can be applied in particular areas such as electrochemical sensors and

photoelectrochemical devices.??%

The idea underpinning modified electrodes is to localise chemical reagents on the WE
surface so as to keep a locally high concentration of reactant. This can be achieved by
covering the electrode surface with a mediator solution and then allowing the mediator to
evaporate.?®?’ Different compounds have been used to modify WEs in this way; some
reaction requirements have been achieved such as electrocatalytic, electrochemical and

photochemical properties.?®3!

Metallic electrodes such as gold (AuE), silver and platinum have usually been used while
materials of graphite and its derivatives such as carbon are employed as supports.®?3* In
spite of numerous reports of oxides on gold electrodes, they are useful in electrochemical
applications especially sensors constrictions due to their properties such as chemical
inertness, high electrical conductivity, flexibility for electrode manufacture and large

potential. 353

Here, the direct electron transfer of chlorophyllin and the extraction of chl on modified
electrodes have been reported. In addition, CHL or chl on modified AuE have been
utilised to study the catalytic activity of the oxidation of the active species in presence

and absence of surfactant.
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6.2 Extraction and identification of chlorophyll and its

derivative

This section of the chapter gives an account of the extraction of chlorophyll pigment from

fresh spinach. The chl pigment and its derivative CHL were identified using methods such

as UV-Vis spectroscopy and thin layer chromatography. Cyclic voltammetry was used to

investigate the homogeneous electron transfer process for both chl and CHL.

6.2.1 Experimental Materials

Chemical materials were purchased as follows:

Table 6.2: Information about chemical substances

Chemical Chemical supplier
Chemical name Common name

Formula and percentage

Acetone C3HsO Acetone VWR
chemicals(BDH)

Ethanol C2HeO Ethyl Alcohol VWR
chemicals(BDH)

Hexane CeHia n-Hexane VWR
chemicals(BDH)

Hydrogen peroxide H202 peroxide Fisher
Scientific>30%

Methanol CH4O Methyl Alcohol VWR
chemicals(BDH)
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Nitrogen gas N2 Nitrogen BOC Gases, UK,

Energas Ltd, 99.99%

Octyl C14H220 (C2H40) n TritonX100 Sigma-Aldrich

phenolethoxylate

Potassium iodide KI Radiation Pills Aldrich

Chemical>99%

Phylloquinone C31H4602 Vitamin K1 Sigma-Aldrich

Sulphuric acid H2SO04 vitriol Fisher

Scientific>95%

All supporting electrolytes used for the investigations were of laboratory grade. All the
chemical materials were used as received without further purification. Deionised water
obtained from Millipore Milli-Q purification system was used for dilution with a
resistivity approximately 18 MQ cm. Standard solutions such as chl and CHL were

prepared daily and protected from light by using aluminium foil.

6.2.2 Electrochemical Instrumentation

The potential was measured by using a commercial electrochemical system, the pAutolab
Type 111, which is controlled by a Pentium IV processor computer. All voltammetry data
were recorded utilising a three-electrode cell. The three-electrode cell used the electrodes
described in section 3.2.2 of chapter 3 and 5.2.2 of chapter 5 in all cases unless otherwise
mentioned. The working electrode was immersed in piranha solution for 10 minutes prior
to every change of the experimental parameter. After that, carborundum paper (200, 400
and 2400 grade, Presi, France) was used to remove active adsorbed species from the WE
surface which had been used in a previous experiment, and then it was polished using

aqueous 3 um alumina slurry (Presi, France).
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6.2.3 Experimental Methods
6.2.3.1 Pigment extraction

The crude chlorophyll ( a mixture of a and b) was extracted from fresh spinach leaves as
described previously in protocols.®-2 The spinach was purchased from a local market.
Spinach leaves (Spinacia oleracea) were separated from the stems, and then about 20
grammes were weighed and mixed with an aqueous acetone solution [4:1(v/v)
acetone/water], stirred for approximately two hours at room temperature. Following
filtration, the solvent was removed using a rotary evaporator, and the resulting solid
examined via UV/visible spectroscopy in methanol and TLC method, which are described

below.

6.2.3.2 Detection of pigments
The plant pigments extracted were identified using chromatographic analysis and spectral

properties. The following techniques are used to identify and qualify the dyes.

6.2.3.2.1 UV-Vis spectroscopy

Ultraviolet-visible spectroscopy is commonly used to determine the quantity and quality
of materials. The pigment extracted was dissolved in ethanol solvent to obtain a finely

detailed spectrum and accurate measurement of the concentration of the pigment.

Chlorophyll, both a and b, absorbs light between wavelengths 300 and 800 nm.

6.2.3.2.2 Thin layer chromatography

Thin-layer chromatography (TLC) is the most commonly used method for analysing
pigments. A small amount of the pigment sample was placed in a spot near the bottom of

the plate, which was then put into the mobile phase by dissolving it in 70:30 hexane:
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acetone solvent. The components were separated relative to the physical and chemical

compositions.*4°

6.2.3.3 Preparation of Electrode
All electrochemical measurements were undertaken using the three-electrode system. The
working electrode of gold (AuE) was immersed initially in chlorophyllin in aqueous

solution for two hours in all experiments described in this chapter.

Prior to each experiment, the gold disk substrate electrode was immersed for 10 minutes
in piranha solution (3:1 proportion of sulfuric acid: hydrogen peroxide 30%). To form a
smooth surface on the working electrode, it was polished with wetting cloth using 0.3um
alumina slurry for at least 60 seconds. It was then rinsed with distilled water and dried at
room temperature before use in each experiment. Prior to voltammetry, all solutions were
purged with free N2 or Ar gas for 30 minutes, while the experiments themselves were

conducted under the stem of these gases atmosphere on the solution surface.

6.2.3.4 Preparation of Mediator Electrolyte

A mediator electrolyte plays a crucial role in reducing the resistivity of the solution and
overcomes the charged migration of electroactive species. Therefore, the mediator
electrolyte must be inert and ionic for electrochemical work. In this study, a 50/50% ratio
of aqueous/surfactant (hydrochloric acid-TritonX100) was used as supporting electrolyte.
The mixture was heated, with vigorous stirring under nitrogen to 70°C for at least two
hours, and then the mixture was allowed to cool slowly to room temperature 25°C, before

further experiments that examined chlorophyllin, plant pigment and vitamin Ki.
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6.3 Results and Discussion

6.3.1 The oxidative Voltammetry of CHL using some electroactive
species

The charge transfer between electrode and material (chlorophyllin) initiated in chapter 5
of this thesis. This chapter, we focus on the thermodynamics of the CHL pigment in bulk
solution using cyclic voltammetry. Measurements were carried out in 0.1M HCI with the

presence of some electroactive species such as L-Cyst.H, KCI, and CPZ.H.

These solutions were purged with a constant flow of N at varying scan rates of 20-2000

mV s, and the following explains this in detail.

6.3.1.1 CHL adsorption on AuE in the presence of L-Cyst.H
CHL adsorption on AuE was tested with varying concentrations of L-Cyst.H 0.5, 1.0, 2.0,

5.0, and 10.0 mM. The responses of the voltammograms are shown in figure 6.1 a.
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Figure 6.1: (a) cyclic voltammograms for the oxidation of 10 mM CHL, two hours adsorption
on the gold electrode with 0.5, 5.0 and 10.0 mM L-Cyst.H in 0.1 M HCI. Scan rate 20-2000
mV s™. Ag/AgCl electrode served as the reference electrode, and graphite served as a counter
electrode. (b) The corresponding plot of peak currents against scan rates for all
concentrations of L-Cyst.H. (c) Corresponding plot of peak potentials against logarithms of
scan rates for all concentrations of L-Cyst.H

The curves at (a) show the dependence of net peak currents of the adsorption of CHL at

the AUE surface on the concentration of L-Cst.H. In low (0.5 mM) and high (5, and 10
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mM) concentrations of L-Cys.H there are two anodic and cathodic peaks observed for all
scan rates. The net peak potentials of the adsorption CV response shifted toward lower
values by increasing the concentration of L-Cyst.H, indicating more facile electron
transfer. Figure 6.1 (b) shows the relationship between peak currents and scan rates for
oxidative waves. The maximum current holds on approximate proportionally with scan

rates as expected for surface-attached species.

The plot of peak potentials via logarithms of scan rates for the oxidation peaks for all
concentrations of L-Cyst.H as in figure 6.1 (c) generally, move to higher potential with
increasing scan rate, suggesting a complex interplay between heterogeneous and
homogeneous kinetics. Thus, further information on the oxidation process of CHL using
L-Cyst.H at concentrations higher than 10 mM and lower than 0.5 mM was obtained.
Here, the same procedure was undertaken as in the previous experiment, using 0.5 mM

CHL and 20 mM L-Cyst.H, see figure 6.2 (a).
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Figure 6.2: (a) CVs of the oxidation 0.5 mM CHL with 20 mM L-Cyst.H, two hours

adsorption on the AuE in 0.1 M HClI at variable scan rates (20-2000 mV s™).

(b): The plot of peak currents vs scan rates. (c): The plot of peak potentials

vs log scan rates for the oxidation process
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In figure 6.2 a, there is the same trend as that of the oxidation of 0.5 mM L-Cyst.H.
However, the peak potential (fig. b) gives a different trend from that of 0.5mM L-Cyst.H,
which confirms that the oxidation process of CHL on AUE is reversible with an increase

in the concentration of L-Cyst.H.

6.3.1.2 CHL adsorption on AuE in the presence of potassium iodide Kl
Again, cyclic voltammetry for another active species was examined. Figure 6.3 (a)
illustrates four curves of different concentrations of K1 (0.01, 0.05, 0.1, and1.0 mM) with

10 mM CHL in an aqueous solution of 0.1 M HCI.

The peaks in the oxidative- reductive currents were observed for all concentrations of K,
which suggests that the redox process is reversible. Moreover, the linear voltammograms
for concentrations 0.01 and 0.05 mM of Kl in the plot (b) mean that the reactions are
under diffusion control. The fluctuations in the peak potentials vs log scan rates plot in
(c) confirm the reversibility of the redox process, albeit with a much experimental error
in potential measurement. This likely stems from the difficulty in reproducing the surface

coverage.
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Figure 6.3: (a): Typical CVs observed for 10 mM CHL with varying concentrations (0.01,

0.05, 0.1 and 1.0 mM) of K1 at different scan rates 20-2000 mV s™. (b): The plot of peaks

current against scan rates and (c): The plot of peaks potential against logarithms of scan
rates for the oxidation process

6.3.1.3 CHL adsorption on AuE in the presence of CPZ.HCI

Finally, previous electrochemical work with CPZ.HCI was undertaken in 0.1 M HCI at
AUE after soaking for two hours in 10 mM CHL pigment. This work shows a similar
trend to that of the previous electroactive species, L-Cyst.H in the cases of peak currents
and potential responses, see Figure 6.4 (a, b and c). As a result of using different
electroactive species, it is clear that the best one is KI due to the correspondence in both
current and potential peaks. The reactions on the electrode surface were taking place
between adsorbed CHL and active molecules. Thus, the reaction in the bulk solution will

be the next section.
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Figure 6.4: (a). CVs of 10 MM CHL with varying concentrations of CPZ.H at different scan
rates 20-2000 mV s, (b). The plot of peak current against scan rates and (c). The plot of peak
potential against logarithms of scan rates for the oxidation process
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6.3.2 Electrochemical studies of CHL in the bulk solution
Electrochemical reactions between electroactive species can take place on an electrode
surface or in a bulk solution, as mentioned in chapter 2. In the first section of the results,

the electrochemistry of CHL on the electrode surface was examined.

In this part, we will first elucidate the electron transfer in the bulk solution between CHL
and a more easily oxidised substance such as Kl in the presence and absence of anionic
surfactant such as Triton X 100. Secondly, we will extract chlorophyll pigment from fresh
spinach and then study its characteristics in the presence of vitamin K1 and Triton X 100.
The latter material will enhance the electrochemical reaction by reducing the surface
tension at the electrode surface or the electrode/electrolyte interface, thus making

molecules spread more easily.

6.3.2.1 Voltammetry of CHL with the introduction of surfactant

To study electron transfer between electroactive species in bulk solution, the effects of
surfactant and concentration of the materials using an aqueous solution were investigated.
The initial examination was the effect of Triton X 100 on the electron transfer of CHL
solution in 0.1 M HCI by using cyclic voltammetry. Figure 6.5 (C) shows the response of
CHL pigment in an aqueous solution only; there is a well-defined oxidation peak at
+0.65 due to the single oxidation on the gold electrode itself to form the stable chemical
cation, shown in the below mechanism:

6Cl~ + Au—3e™ - Au, 0,(s) » Au*3 (aq)

Mechanism 6-3: One-electron oxidation on the gold electrode surface.

The voltammetry behaviour of CHL at various concentrations (0.05, 0.1, 0.2, and 0.5

mM) was also investigated in the presence of TX 100 on AuE, see Figure 6.5 A.
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Figure 6.5: (A): CVs of varying concentrations of CHL in aqueous solution with T X100

presence at different scan rates (20-2000 mV s?), (B): CVs are detailing 0.05 gm CHL in

an aqueous solution containing 0.001 gm Kl and 50% T X100. Inset, (C): CVs of 0.05gm
CHL in 0.1M HCl and (D): CVs of T X 100 in solution involving 0.05 gm KI

The forward and reverse peak currents of the response of CHL were increased in the
presence of T X100 in all concentrations figure 6.5 (A). These peaks are positioned with
a slight negative shift in potentials with increasing scan rate as compared with figure 6.5

(C), suggesting that some materials were absorbed on the electrode surface.
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To understand the process in more detail, the scan rate dependent experiment of CHL
oxidation was undertaken in the presence of TX 100 and an active species such as Kl, see
Figure 6.5 (B). It can be seen that the oxidative and reductive peaks current are not clear,
which means that the electron transfer process in bulk solution is not readily apparent.
Single-electron-oxidation between active species in the bulk solution can be assumed
following this mechanism:
CHL — e~ 5 CHL*
I~ = 1I
e = > 2
: 1
CHLT + 1~ = CHL +§12
Mechanism 6-4: Single-electron transferring in bulk solution

To determine whether the same effects are observed using TX 100 to enhance the
electrochemical process, the voltammetry of hydrophobic molecules such as chlorophyll

and vitamin Ky in the acidic electrolyte will be examined next.

6.3.2.2 Chlorophyll, extraction, absorption spectra, and electrochemical
reaction

Chlorophyll was extracted from fresh spinach leaves using the procedure described in
(6.2.4.1); the TLC technique identified the pigment. Figure 6.6 (a) shows the standard
sample of chlorophyll and (b) the pigment extracted from fresh spinach. It will be seen

that the spectrum bands of chlorophyll are observed in both of them.

a b
'; il sf & Solvent front |
— - —
~-g<c =.g-carotene

—a-pPheophytina
—pheophytin b

S =a-Chl a2 s -wchlorophylla
. ~=—chlb W  -wchlorophyll b
——Jut ~elutein
fresh spinach frozen spinach

Figure 6.6: (a): TLCs of fresh and frozen chlorophyll in spinach leaves.

(b): TLC of chlorophyll extracted from spinach in this work
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Figure 6.7 (A and B) show the wavelengths of a standard sample of chlorophyll and its

structure, while (C) shows the recording of the absorption spectrum of chlorophyll in

spinach leaves made with a UV-Visible spectrophotometer.
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Figure 6.7: A: Typical wavelength of chlorophyll, B: Chlorophyll structure

and C: wavelength of chlorophyll in the fresh spinach leaves
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Figure 6.8: Absorption spectrum of chlorophyll derivative (chlorophyllin)
It is clear that the principal bands of chlorophyll a and b in the typical sample are in a

similar position in the extracted pigment, while Figure 6.8 presents the shifting to low

wavelength in both of these bands for chlorophyllin due to the changing in the CHL

structure as mentioned in chapter 5 section (5.1.3).
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6.3.2.3 Elucidation CVs in the system of (extraction pigment, TX100 and
vitamin K3)

The cyclic voltammetry of the extracted pigment (chl) in the presence of TX 100 and
vitamin K1 was examined. Figure 6.9 (A) illustrates voltammograms in varying scan rates
(20-1000 mV s) corresponding to the redox reaction on the surface of the AuE with 50%
by weight of TX 100 in 0.1 M HCI. As shown in the same figure (insets B and C), both
oxidative and reductive peak currents increased with the increase in scan rates. Both
forward and backward peak potentials remained in the same position, indicating that the
product in the surfactant phase is stable, although vitamin K is expected to reside within
T X 100 due to its hydrophobic property. In addition, single-electron transfer between chl
and vitamin Ky becomes easier. The mechanism of this reaction is shown below:
chl—e™ - chl®
chl™ + VK, - chl + VK"

Mechanism 6-5: Chlorophyll with vitamin K;
The photosensitised reactions between total chlorophyll and donor-acceptor molecule

will be studied in the next chapter.
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Figure 6.9: (A): CVs of TX100 in aqueous 0.1 M HCI at different scan rates
20-1000 mV s™. Inset (B): CVs of (A) detailing of 0.0075 gm chl and
(C): CVs of (B) in the presence of vitamin Ky
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6.4 Conclusion

The objective of the present study was to see if electro-induced, electron transfer process
occurred between extracted chlorophyll or chlorophyllin and some active species. It has
been shown that, although the oxidation behaviour of the electroactive species potassium
iodide is easy to see regarding the responses of current and potential peaks, it was
electrochemically sufficient. In addition, the identification of chlorophyll pigment was
achieved in this study using various techniques (TLC, and UV-Visible). Moreover, for
the case of the redox reaction of the chlorophyll pigment in an aqueous solution of HCI
in the presence of Triton X 100 and vitamin Kj, it was observed that both peaks current
and potential increased with increase in the scan rates of potential due to the role of the
surfactant in the bulk solution. The last part of this chapter has described the behaviour
of extracted chl and CHL in KI solution with and without Triton X 100 and vitamin
K1.The results established that TritonX100 enhanced electron transfer in bulk solution
due to the correspondence of the peak current and peak potential, while potassium iodide
inhibits it in the previous solution. Finally, the mechanism of the reaction was suggested

to be one-electron transfer; it is EC’ reaction.
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Chapter 7

Chlorpromazine.HCI as Lamellar (L.) liquid
crystal system

The work in this chapter splits into three sections.

The first section briefly covers the history and literature review of the liquid
crystal. It defines the liquid crystalline phase and the diversity of types of
these systems. The last part of this section discusses the structures and the

varied applications of the liquid crystal.

Section two explains the chemical materials, electrochemical cells and
instruments used in this study. It further discusses the general procedure
for preparing liquid crystal and its utilisation in the electrochemical

application.

The last section deals with the experiments data analysis and experimental

results of inferences.

136



7.1 Liquid crystals system LCs

Liquid crystals may form from large molecules such as potassium or sodium salts of
higher fatty acids in a fitted amount of solvent like water; the organic molecules that
compose these species are mesogens.! The consequence times of it has discovered, the

meaning, the structures and applications will be discussed in the next sections.

7.1.1 Historical Introduction and Literature Review

The history of liquid crystals dates back to early 1888; Friedrich Reinitzer discovered an
intermediate state of matter between liquid and sold. In the process of finding a precise
formula and molecular weight of cholesterol in the experimental preparation of
cholesteryl ester, he realised that there were two melting points with different

properties.?3

The German physicist Otto Lehmanna, Friedrich's friend, identified the order as being
between solid and liquid, which he termed as liquid crystal. He published his first work
on liquid crystals, subsequently.*® Later, Merck, the industry company, started to
commercialise LCs. Since 1904, this company has pioneered the applications of these
materials.®’ Between 1969 and 1972 the effect of photovoltaic in smectic-LC and the

effect of ionic photovoltaic in nematic-LC were illustrated.8°

In 1973 at Hull University, Gary, George W discovered the stable nematic phases at room
temperature.'® After a hundred years of exploring the first LCs, scholars discovered
calamitic phase (CLCs) or rod-like molecule. In 1977 Chandrasekhar et al., observed

another phase of LCs, which was a disk-like molecule or discotic LCs (DLCs).'

The study of mass transport in LCs system received increasing attention for researchers
in photovoltaic devices applications.’?'* Thus, the year of 1994 witnessed the first use

of discotic LCs in a photovoltaic device.’® These discoveries were followed by another
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exploration in 2006 as Miguel C-Orozco and et al. discovered nematic-LCs gel, which

was first used in solar cells application.’® Nowadays, LCs materials have wide

applications in electronic devices and exhibition machinery.!” To present various phases

of LCs and techniques that use to characterise LCs, the table below is a brief literature

review studied since 2014.

Table 7.1: The overview of studying Liquid crystals system

Type of liquid crystals

lamellar microphase

Analysis methods

Transmission electron

microscopy (TEM), X-ray

Characterised study

The effect of slit-like nano

Ref

contains discotic - ) confinements on columnar | 18
o ) and polarising microscopy -
liquid crystalline discotic
(POM)
Differential scanning
calorimetry (DSC), Wide- )
Polymethacrylate ] ) Aggregation states of
_ angle X-ray diffraction 19
(PPHM) with LCs ) PPHM
(WAXD) and Polarized
microscopic
) o Differential scanning S
liner liquid crystal ) Visible light induced of
calorimetry (DSC) and 20
polymers (LLCPs) LLCPs
POM
o Reviewing the structures,
Chiral liquid
POM and WAXD phases and effects of 21
crystals(CLCs) -
CLCs on liquid crystals
Designing and
Nematic LC DSC and POM synthesising four new LC- | 22

thiophene compounds
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Small-angle X-ray
scattering (SAXS) and

Studying arranging

patterns of two LC on

LC honeycombs ] _ ] o ] 23
atomic force microscopy anodic aluminium oxide
(AFM) (AAO) template
) Designing new columnar
Benzenammonium o
DSC, POM and XRD ionic liquid crystals- 24
columnar LCs )
ammonium salt
Reviewing the chemical
Photonic crystals and biochemical
TEM and XRD o 25
(PhCs) parameters and application
of PhCs
- Macroscopic fluid o
Lyotropic liquid Investigating graphene
) assembly, POM, TEM and o 26
crystalline liquid crystals
SAXS
] ] Studying orientation and
Lyotropic chromonic o ] ) )
_ Dynamic light scattering some physical properties 27
Nematic LCs i )
in the nematic phase
Determination micro and
) ) o nanostructures of
Lyotropic chromonic | Cryo-transmission electron - )
) disclination cores in 28
LCs microscopy (cryo-TEM) ) )
chromonic nematics
phases
Studying the three
Chiral nematic liquid ) dimensions of the helical
POM and UV light ) 29
crystals (CLCs) axis of CLCs phase
inducing by UV light
The reviewing of the
lonic liquid crystals design, synthesis,
POM and SAXS 30

(ILCs)

characterisation and

application of ILCs phase
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Twist-bend liquid
crystal (Ntg)

Resonant x-ray scattering

Studying the behaviour of
Ntg phase in bent
molecular dimers(CB7CB)

31

Thermotropic LC

Mass, Infrared, *H NMR,
IR spectra and POM

Evaluation and
comparison the
thermotropic LC
properties of derivatives
chalconyl ester with

similar homologous series

32

In this chapter, we develop novel the first LCs- photogalvanic cells using CPZ.HCI gel.

7.1.2 Definition, Properties and Classifications

Liquid crystals or mesophases, are an intermediate state of matter between two classic

states (liquid and solid or crystal), and its form is combined with these two states; its

schematic form is shown in figure 7.1. Thus, liquid crystals are considered as the fourth

state of the material.
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Figure 7.1: The molecular orders of crystal, liquid crystal and liquid adapted from

reference

Liquid crystals are often organic compounds with disk or rod-shaped molecules. Their

properties are similar to organic compounds such as solubility, melting point, phase,
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conductivity, absorbing and reflecting light.3** Further, LCs involves many small
regions with molecules that all are easily aligned with each other by surface forces.
Furthermore, they have different optical properties with large aligned areas, for these
reasons and besides their low-cost productions with large areas, they are widely used in

electronic displays®® as well as semiconductors in photovoltaic cells.®”8

LCs are grouped from the chemical viewpoint into lyotropic (LLC), thermotropic (TLC)
and metallotropic (MLC). All of these groups involve various types of phases with
different properties and structures. The first phase (LLC) consists of organic molecules
in aqueous solution often is water, and the transition of these molecules into LC phase is

dominated by various temperature range and solvent concentration.

The second phase (TLC) involves pure organic substance, which reached this phase in a
certain temperature range. However, the third one is composed of organic and inorganic
molecules. Thus, the transition molecules to LCs depends not only on temperature and
concentration but also on the composition ratio of organic/inorganic.®® The table below

performs the most common types of LCs phases:

Table 7.2: The types of liquid crystal phases

Liquid Crystal Phases LCs

Lyotropic LLC Thermotropic TLC

Lamellar | Hexagonal Cubic
Nematic | Cholestric | Sematic
La H1 11

The focus of this study is on LLC. LLC involves amphiphilic molecules with hydrophobic
and hydrophilic parts, which are solved in a suitable solvent. Some of the living systems

are LLCs such as cell membrane, biological membranes and many proteins. In an agueous
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solution with a low concentration of molecule such as a surfactant, (soap is LLC) with a

certain temperature, soap molecules form micelles without order as shown in figure 7.2.

)
‘JJJ — "Wu,
R

Hydrophilic head

Figure 7.2: The typical form of Micelle
As increasing concentrations of surfactants, the micelles became rod-shaped and arranged
in an ordered with specific structures that include lamellar (bilayer structure), hexagonal

(cylinder form) and cubic phases®’; they are sketched in figure 7.3.

Increasing Temperature

Increasing Concentration

Figure 7.3: Typical lyotropic liquid crystal phases, adapted from referenc®

The above structures of LLC are investigated by various techniques such as X-ray
diffraction, polarised light microscopy, fluorescence quenching and Transmission
Electron Microscope. LCs structures play a crucial role in biology and living systems as
well as in substances science. In appropriate conditions, several biological compounds

have existed in different phases of liquid crystals in vivo and in vitro such as proteins,
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carbohydrates, lipids and nucleic acids.*> Therefore, LCs meet the interest of many

researchers in biochemistry, biophysics and bionic fields.

7.1.3 Application of liquid crystals

Liquid crystals are universal in our daily life, particularly in the electronic display devices,
optoelectronics devices and sensor devices.** Thereby, these soft materials molecules
were rapidly increased in the commercial applications during the last thirty years for their
appropriate properties such as order and mobility at molecular, supramolecular and
macroscopic level. The type of LCs (thermotropic) is useful in materials science. The
lyotropic LCs is invaluable in materials as well as the biological area. The applications

of these elements are described below.

¢ Nanoscience and nanotechnology fields

Liquid crystals-nanoscience deals with the relationship between LCs and nanomaterials.
This field of study has interested many researchers recently in industrial and academic
areas. Different materials have been used in high-technology devices and medical
investigations. The recent global research concentrates on design nanoparticles with the

ability of self-assembly in ordered and larger structures.*+6

The applications of LCs in nanoscience and nanotechnology have drawn the attention of
chemists, engineers, physicists and recently physicians and biologists.*”*® The incredible
breakthrough in the nanoscience and nanotechnology fields was distinctive after the
discovery of novel mechanisms and fascinating phenomena that occurred in micro and

nano-scale materials.*®

e Biomedical materials
LCs were valuably used in biomedical fields due to the similarity between the self-

organised structure of LLCs and living organisms.>*>2 There were enormous applications
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of LCs in the biomedical fields such as drug delivery control, phospholipid category,
microbe finding and protein binding. There were various applications of LC devices in
biomedical optical imaging systems such as polarimetry imaging, phase shift

interferometric imaging, fluorescence imaging and hyperspectral imaging.>3

Lyotropic liquid crystals have been used as a nanoreactor for the synthesis of
nanomaterials with a uniform size and shape.>*Also, LLCs have been employed as a
pattern for the synthesis mesoporous nanostructures in uniform pore size and shape
combined with many various metals. Recently, the condensed of thermotropic LCs has
been used in spherical nanoparticles self-assembly. Therefore, there will be several
challenges in future research of using TLCs phase for nanoparticles (assembly and

synthesis) through spreading shape and size at the same time.>®

e Electronic liquid crystal display(LCD)

The development of electronic displays using LCs started in 1964 when dynamic
scattering mode (DSM) was exposed for the first in 1968 by Wysocki et al.®® After few
decades, namely in 1990, the manufacturers of LCDs technology witnessed a significant
development in the electronic industry that witnessed the manufacturing of the wall
hanging television.® Due to the elastic, magnetic and optoelectronic properties of the
liquid crystals, they are wide range used in displays devices such as smartphones, laptop

computers, cameras, digital watches, stereos, calculators and flat-screen televisions.>"*8

Regarding continuing research in liquid crystals and developing new applications, LCs
will play a vital role in modern technology especially in electronic devices. It is expected
that the next twenty years of LCDs production will witness an enormous improvement,
particularly TV screen and personal computers. Other applications use different types of

LCs such as cholesteric, nematic, smectic in field sensors'’%*®  lasers62 and optical
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computing®¥®* and so forth. In addition, it is a highlight that LCs were utilised in visual
art field by many researchers.®>%” Moreover, cholesteric LCs are widely used in cosmetic

industry such as lipsticks, makeup removers and lip glosses.®85°

Subsequently, liquid crystal polymers such as polyester gained a lot of industrial
applications after the development of its properties (surface and resistance) as it was used
in multi-fibre coating, optical cables and fire resistant.”® Recently, the applications of LCs
by using a special kind of materials are continuing to improve the efficiency of these

materials that can be used in different fields of science and device machinery.

7.2 Methodology

This section reports the details about general reagents and different electrodes diameters
such as macro and micro; a method for the analysis of liquid crystal system will be

described.

7.2.1 Chemical Reagents
The reagents and materials used in this chapter experiments were all analytical grade,
which were explained in sections 4.2.1, 5.2.1 and 6.2.1 of chapters (4, 5 and 6) without

further purification.

7.2.2 Electrochemical Cells

The electrolysis cell and the potentiostat with computerised apparatus were used as the
same of previous experiments in the chapters 4, 5 and 6. The potentials were measured
against a silver/silver chloride electrode with carbon rod or a nickel wire coiled into a
spiral wire as the counter electrode. Working electrodes with different diameters and

materials were explained in the next parts.
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7.2.2.1 Macro Electrode

Electrochemical measurements were undertaken as a sketch in section 3.2.1 chapter three
for all macro electrode experiments including the investigation of CPZ.HCI system in this
chapter, a 3.0 mm diameter Au and glassy carbon electrodes were employed as the
working electrodes. These electrodes were polished before each experiment as labelled
in section 3.2.2.1 of chapter three and the followed chapters. All experiments were carried

out at room temperature (20 * 3 °C) excluding those with the liquid crystal process.

7.2.2.2 Micro Electrode

Microelectrode (ME) is an electrode in which transport process controls diffusion, and its
radius is less or equal 20um.”™ It is categorised into single and composite; the types of
former ME are a cylinder, band, sphere, disc and so forth. Moreover, there are two types
of later ME: ensemble and array. Figure 7.1 shows the image of these electrodes that were

used in this section.

10 um PtE 12.5 um AuE 11 um GCE

Figure 7.4: Microelectrodes; Platinum (Pt),
gold (Au) and glassy carbon (GC)
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Microelectrodes, including single and composite microelectrodes, can be produced in
diverse geometries with different electrode materials by using various fabrication

techniques.

Microelectrodes have the following advantages over the normal macro electrode.

e It has a small size, which allows measurement of smaller volumes in comparison
with the conventional electrodes.

e Microelectrode allows a tiny amount of total current passing through the cell.
Thus, its diffusion layer is larger than the electrode size. Consequently, it has
higher mass transport than the macro electrode.

e It possesses a good signal resolution as well as producing low detection limits
due to high current density.

e This electrode can produce currents at a steady state on shorter time scale through

reducing the current.

The steady-state current at micro disc electrodes can be calculated by using the following

equation:
I = 4nFT'Dcg,

Equation7.1
When n is the number of electrons, F is the Faraday constant, I' is the electrode radius, D

is the diffusion coefficient, and c is the concentration of the material under examination.
The applications of the microelectrodes and their methods are shown in the below table

7.3.
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Table 7.3: Some applications of microelectrodes

Applications Methods
Electrochemical analysis of The determination of trace heavy metals in 71
trace elements aquatic systems
Electrochemical sensors Electrochemical sensor based on carbon 72
nano tubes (CNT)
The mechanisms and kinetics The study of homogeneous chemical 73
of electrochemical reactions reactions coupled to electrode reactions at
platinum microelectrodes
The scanning SECM was used to characterise the surface | 74
Electrochemical microscopy of addressable microelectrode arrays
of (SECM) (10um platinum micro discs)
Electrochemical reaction in Used of a platinum microelectrode in high- | 75
high resistance solutions resistance organic solvents.
Measurements of biological Used microelectrode arrays technology in 76
application the field drug discovery.

In this area of study, we used two types of microelectrodes, which were gold and platinum

with different diameters 12.5, 25, 33 and 50 um for gold, while 10 pm for platinum.

Preliminary microelectrodes were polished in each scan rates using the same polishing
steps that presented in chapter three section 3.2.2; this takes place with changing the

position of a used electrode.
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7.2.3 Procedure

CPZ.HCI liquid crystals solution was prepared by mixing the required amount of solid
(CPZ.HCI) with ImL of deionised water in screw-capped vials. Then, solubility was
induced through heating with stirring to approximately 70 °C for less than one hour,
accomplishing homogenisation of the sample. The heating step was followed by cooling

the sample to ambient room temperature.

These steps were preceding to further electrochemical experimentations at that
temperature and were required for LCs formation.”” Before every electrochemical
experiment, the working electrode was cleaned and polished by using the same procedure
that was mentioned in section 2 in the previous chapter. Thus, a clean surface of this
electrode was revealed to various positions of LCs sample for every change in

experimental parameters.

7.3 Results and Discussions

In the previous chapter, we explored the electron transfer using various materials,
electrodes, electrolytes and methods. This work, besides other studies’®®, identified that

CPZ.HCI can be used as a good mediator for redox catalysis.

The overall aim of this study in this chapter is to develop liquid crystal for the
electrochemical study of photoinduced electron transfer. This section covers the
following studies: investigating the inducing chlorophyll a and total chlorophyll by using
laser light and examining the lyotropic liquid crystal system of these compounds, the
description of the laminar liquid crystals system by using CPZ.HCI material and the

application of photosynthesis system.
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To achieve this aim, CPZ.HCI with different diameters of WE and materials was
investigated. Liquid crystals system was characterised by polarised microscopy (POM)
and X-ray diffraction (XRD), cyclic voltammetry was employed for the studies. The
performance of the macro and microelectrodes concerning sensitivity, linear range and
selectivity towards LCs was evaluated and discussed. The LCs applicability of CPZ.HCI

was demonstrated for the photosynthesis system.

7.3.1 Studying CVs of droplet T-chlorophyll and LLCs system

In this part, two pigments Tchl and chlorophyll a were investigated in droplets
immobilised onto different sizes and materials of working electrodes surfaces. Many
parameters were studied here such as concentrations of Tchl, solvents and electrolytes,
these studies were considered under red light (on/off) atmosphere. In the last part, the

LLCs of total chlorophyll was studied.

7.3.1.1 The effect of pH on a pigment in dark and light on

Preliminary effect of pH on the electrochemical behaviour of both droplet 2.3 mM
chlorophyll a and 6% total chlorophyll on the glassy carbon electrode surface was studied.
The cyclic voltammograms of that electrode were recorded in aqueous solutions. It was
applied by using two pH medium 2 and 7 under red light with wavelength approximately
650 nm and in dark atmosphere. Figures 7.5 and 7.6 show the response of these

compounds at scan rate 100 mV s,

The general reaction for the pH sensitivity of chl a was mentioned in section 6.1.2 of
chapter six. CVs responses of dissolved chl a and Tchl, as illustrated in the figure below,
showed no corresponding oxidation peaks regardless of pH in dark and light environment.
It had been reported that there were no effects of electrolyte pH from 7 to 11, which

means the electrode reaction does not involvement protons.®
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2.3mM chl a, pH 2 light on 2.00E-06 - 2.3mM chla, pH 2 light off
2.00E-06 -
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04 02 0 02 04 06 08 1 12 04 02 0 02 04 06 08 1 12
H E/V 15. Ag/AgCl u E/V 15. Ag/AgCl
Figure 7.5: CVs of the filtrated chlorophyll a in the presence of buffer solution
(Britton-Robinson) pH 2 under red light effect. a: Light on and b: Light off,
the scan rate is 100mV s*
6% Tchl, pH 2 light on 6% Tchl, pH 2 light off
3.00E-06 - 3.00E-06 -
2.00E-06 - / 2.00E-06 /
1.00E-06 - , f 1.00E-06 - /
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- .
= — o
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-4.00E-06 T ‘ ‘ T ‘ ‘ T ‘ -4,00E-06 : . : : : . . ‘
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H E/V vs. Ag/AgCl u E/V vs. Ag/AgCl

Figure 7.6: CVs of the filtrated T-chlorophyll in the presence of buffer solution
(Britton-Robinson) pH 2 under red light effect. a: Light on and b: Light off,

the scan rate is 100mV s*

Once more, the electrochemical behaviour of these pigments in pH 7 showed a similar

trend of pH 2, see figure 7.7.
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Figure 7.7: CVs of the filtrated chlorophyll a and Tchl in the presence of buffer solution
(Britton-Robinson) pH 7 under red light effect. a: Light on and b: Light off, the scan rate is
100mvs™

7.3.1.2 The examination of the solubility of Tchl in different solvents and
supporting electrolytes

Another topic of investigation was the solubility of 1% (w/v) Tchl pigment in various

organic solvents such as ethanol, dichloromethane, diethyl ether, toluene and hexane.

Figure 7.10 displays CVs diagrams of 1% Tchl in these solvents with their insert images.

According to the solubility, it is shown that dichloromethane the best solvent for soluble

Tchl pigment, thus it was selected as the solvent of this pigment in the next experiments.
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UV-Vis of Tl in differen sobvents |

1% Tchl in ethanol

1% Tchl in dichloromethane 1% Tchl in diethyl ether

1% Tchl in toluene . 1% Tchl in hexane

Figure 7.8: CVs diagrams for 1% Tchl soluble in various solvents were mentioned inset each

chart, 100 mV s scan rate. The first image on the right side was UV-Vis absorption spectra

of Tchl pigment in different solvents with the inset image for this pigment that was dissolved
in these solvents

In the case of using supporting electrolyte HCI and tetrabutylammonium perchlorate

(BusN.ClO4 or TBAP) were used for the aqueous and organic phases. CVs results; figure
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7.9, showed a clear oxidation peak in TBAP electrolyte for both dichloromethane and

acetonitrile, and there was a feeble anodic peak in HCI electrolyte.
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Figure 7.9: CVs of 5%Tchl in nonaqueous solvents (DCM and ACN) using supporting
electrolyte. (a): TBAP and (b): HCI in both cases, a scan rate of 100 mV s™ was used

7.3.1.3 Studying the effect of Tchl concentration

As mentioned in the previous chapters, the peak current and potential window of
electrochemical reaction are influenced by the concentration of materials under
examining. Thus, this study is presented here for two concentrations of Tchl (10 and 20%)
dissolved in DCM in the presence of TBAP, which were deposited as a droplet on either
macroscopic or microscopic carbon electrode. Figure 7.10 shows the responding of peak

current for droplet Tchl pigment on the macro glassy carbon electrode was increased with
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increase in its concentration, while there was no single on the micro glassy carbon
electrode for this pigment. Regarding of the measuring absorbance of this pigment by
using UV-Visible spectrometry, there was a similar trend of increasing its absorbing with

increasing concentration; see the right-bottom image.
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Figure 7.10: CVs of 10 and 20%Tchl in 0.1M TBAP. In scan rate, 100 mV s, using macro
GCE for the two charts on the top and micro GCE for the left chart at the bottom. The right
chart at the bottom is UV-Vis diagram for various concentrations of Tchl

To gain further insight into the oxidation of Tchl droplet onto the surface of macro GCE
under the same conditions of previous experiments, we studied the effect of the red light
(on and off) on this pigment before and after filtration. The cyclic voltammetry of these
studies; figure 7.11 shows that the oxidative peak currents are slightly bigger when the
light on and the filtered pigment solution does not give as well-defined signals as

unfiltered pigment solution.
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Figure 7.11: CVs of 20%Tchl dissolved in 25ml DCM and presence of 0.1M TBAP after and
before filtration, droplet onto macro GCE suing light on/off for scan rates 20- 2000 mV s*

7.3.1.4 The effect of the presence of various concentrations of Vitamin K on
the Redox reaction of Tchl

The oxidation behaviour of Tchl on macro GCE was investigated, which was dissolved
in 25 ml DCM solvent and filtrated before experimenting, that took place in presence and
absence of various concentrations of vitamin Kz using the light on/off in this system. The
cyclic voltammograms corresponding to dissolved pigment recorded on macro GCE

showed a single oxidation peak, regardless of VK1 concentrations, see figure 7.12.
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Figure 7.12: Cyclic voltammograms of the current peaks I/A against E/V recorded in the
light and dark on Tchl pigment immersed in 0.1M DCM for ( 1.0, 5.0
and 10.0 mM) VK. Stepping the scan rates from 20 to 2000 mV s
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As seen in above figures, there are steady state cyclic voltammograms of Tchl pigment
in the presence of VK in light on and off for all concentrations. Also, there are slightly
declined in oxidative peak currents through increasing VK1 concentrations, which means

VK1 does not enhance the electrochemical reaction of this pigment.

7.3.1.5 Coulometric and Amperometric measurements of total chlorophyll

The coulometry and amperometry methods were used to gain additional knowledge about
oxidation process of 20% Tchl soaking in the same atmosphere of the previous
experiments. The results of these methods showed that there were no corresponding
charges in the peak charges and the peak currents over potential ranges (0.0, 0.2, 0.4, 0.6
and 0.8 V) in the presence or absence of light, which means need to find more reliable

3-D formation for photoreduction processes.

7.3.2 Studying LLCs system of CPZ.HCI and its photosynthesis
application

According to many reports in the literature that CPZ.HCI can be surface active and form
micelles in aqueous solution.8182 Thus, this study focuses and confirms this fact through
forming liquid crystals from this compound. We first examine the formation and physical
characteristics of the liquid crystalline phase formed through mixing chlorpromazine
hydrochloride and water, before investigating its electrochemical properties. Polarised
Optical Microscopy (POM) along with X-ray diffraction (XRD) were employed to
identify and determine the liquid crystals phases, orientations phase and transition phase.
The LLCs phase of CPZ.HCI depends on many factors including the effect of CPZ.HCI
concentration, working electrode material, working electrode diameter and scan rate were
presented. UV-Vis spectroscopy was used to investigate obtaining CPZ.HCI-LCs through
a changing in the band spectrum of CPZ.HCI system. Finally, the system of CPZ.HCI-

LLCs was examined to be applied as a photogalvanic cell.

158



7.3.2.1 Formulation of chlorpromazine/water lyotropic liquid crystals and
their structural and stability characterisation

The observations of micelle formation of chlorpromazine hydrochloride (CPZHCI) in
water encourages the notation that these micelles may, under conditions of sufficiently
high monomer concentration compared with the critical micelle concentration, self-
assemble into aggregates that form a lyotropic liquid crystalline phase. Accordingly,
experiments were undertaken in which CPZHCI was mixed with water under conditions
of high shear, thermostatted at 90 °C, so as to ensure melting of any resulting phase for
approximately 2 h, and then cooled to room temperature, for afford mixtures in the range

1 <m/mol kg <12. At molalities of 5 mol kg™ and higher, the resulting gel-type material
appeared yellow, and furnished a maximum absorption band over a large range: 250-460

nm (figureFigure 7.13); in contrast, solid CPZ.HCI is white, while the free base CPZ is,

in fact yellow.®
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Figure 7.13: UV-Visible spectrum of 10 Mkg™ CPZ.HCI-LCs
When examined under crossed polarisers, demonstrated long-lasting birefringence even

in the presence of mechanical agitation of the phase, only for the highest of molalities
studied (see figure 7.14 b for an example of the Schlieren textures observed). At low
monomer molalities, the systems appeared dark when viewed through crossed-polarisers,

as the monomer molality increased, birefringence started to appear, but this disappeared
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through mechanical agitation of the material. This suggests liquid crystalline behaviour
of the resulting CPZ.HCI/H2O mixture at high CPZ.HCI molality. Moreover, given the
mosaic, oily-streak texture of the image depicted in figure 7.14 a, the liquid crystal is

suggested to be within the lamellar L, phase.

Figure 7.14: a. Polarising microscopy image of 10 M.Kg™ CPZ.HCI-LCs in 1ml deionised
water under cross polarisers, b. The image of the same solution after four months

The 10 mol kg lyotropic liquid crystal was observed to be stable and retain its yellow
colouration over a period of at least three months, provided it was kept in the dark and in
the absence of any oxygen. In contrast, samples kept over the same timescale while
exposed to light and oxygen were discoloured by a deep red material. The latter, when
viewed through crossed polarisers under an optical microscope, did not exhibit
birefringence (g.v. Figure 7.14), indicating the occurrence of mesomorphism — the system
is now optically isotropic. Literature suggests the following mechanism for the formation

of the deep red chlorpromazine sulfoxide®*:
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h
CPZ = CPZ* (singlt)

CPZ* (singlt) » CPZ* (triplet)

1 .1
CPZ* (triplet) + H* + 502 - CPZ* +§H202

.1
CPZ* + 5 H0; + H* 2 CPZ** + Hy0

CPZ%** + CPZ - 2CPZ*
CPZ?** + H,0 - CPZ0O + 2H™

Mechanism 7-1: The mechanism of chlorpromazine sulfoxide
In order to examine this redox-induced mesomorphism more thoroughly, we next study

the electrochemistry of this redox-active lyotropic liquid crystal.

7.3.2.2 Electrochemical characterisation of chlorpromazine/water lyotropic
liquid crystals

The conductivity of the 10 mol kg Iyotropic system was observed to be 46.4 Q cm at a
temperature of 22.1°C. This is similar to 0.1 M KCL (12.2 Q cm at 23°C), indicating that
solution resistance at scan rates smaller than 1.0 Vs is not likely to play a role in the
voltammetric response of this material. The density of the liquid crystal was determined
to be 1.4213 g cm™, suggesting that the liquid crystal is at a sufficient concentration of
2.9 mol dm=. This is very much similar to the sufficient concentration of many redox-
active organic liquids. Accordingly, the voltammetric interrogation of the lyotropic phase
may be understood in the light of body of literature concerning the voltammetry of
concentrated organic liquids.®5%" Viscosity Measurements of the formulated materials
support this conclusion (see Figure 7.15): at a constant shear rate of 1.13 s, it is clear

that there is a marked increase in viscosity of the gel at 7.5 mol kg™ and above. This

161



viscosity change corresponds to the aggregation of an isotropic solution of CPZ.HCI

micelles to form a liquid crystalline phase.
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Figure 7.15: The left chart is the viscosity of different concentrations of CPZ.HCI, the top
right side is the viscosity instrument, and the bottom right side is the Viscosity of different

concentrations of CPZ.HCI vis Shear Rate

7.3.2.3 Effects of CPZ.HCI concentration

In chapter four, chlorpromazine was approved as a good mediator and an active molecule
in aqueous solution with buffer solution (pH 4). Based on the fact that lyotropic liquid
crystals are formed at high concentrations of the surfactant monomer in water through the
thermal atmosphere. Wadhawan and co-workers have proved that CPZ.HCI solution was
remained fluid and isotropic even at 0.1 M. Thus, the development of lyotropic liquid
crystal of CPZ.HCl in different concentrations (5, 7.5, 10 and 12.5 M kg!) was examined.
This solution was prepared following the procedure in section 7.2.4; figure 7.16 illustrates

CVs at scan rate 100 mV s onto 12.5 um AUE for various concentrations of CPZ.HCI.

It is noticed that as the concentration of CPZ.HCI increases the voltammogram moves

along the potential scale, with no clear trend. Initial results showed that the increase in
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CPZ.HCI concentrations were followed by the rise in the solution thickened, and colour

changed from colourless to yellow gel up to 10 M kgm, seen insert figure 7.16.

Different concentrations of CPZ.HCI, 100 mVs!
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Figure 7.16: CVs at 100 mV s for varying concentration of CPZ.HCI onto 12.5 pm AuE
The pH of the mixture falls to a minimum (see table 7.4) with increasing monomer
molality, suggesting that the chloride gegen ions are mobile within the pseudo water
phase of the resulting liquid crystal and that the extent of this dissociation is maximum
when the monomer molality is 10 mol kg*. As we are interested in the electrochemical
properties of this new material (vide infra), we kept further experiments restricted to this

monomer composition.

Table 7.4: Various concentrations of CPZ.HCI with their state and pH

CPZ.HCI/M Kgm'! state pH
5 Liquid 3.42

7.5 Liquid 3.17

10 Gel 2.18

125 Gel 2.50
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7.3.2.4 Microscopic study X-ray scattering (XRD)

X-ray scattering measurements on the 10 mol kg CPZ.HCI formulation (figure 7.17)
using Cu K, radiation (1.54 A) of the 10 mol kg™ Iyotropic reveal several features.
Particularly three Bragg spacings (strong first-order and second-order reflections, with a
very weak third-order reflection) in the ratio 1: %: %3, which is characteristic of a lamellar
L, arrangement, with a fundamental repeat distance (d) of 24.2 A, corresponding to the
combined thickness of the surfactant and the water layers. The thickness of the individual

surfactant layers (ds) is estimated from the equation 7.2,

d

)

)
Equation7.2

where @water IS the volume fraction of the water phase and ¢surt is the volume fraction of
the surfactant phase. For the 10 mol kg (78 wt. %) formulation considered, these
volume fractions correspond to 0.78 and 0.22, yielding a value of ds = 18.8 A.
Considering the X-ray crystallographic data for CPZHCI in the solid state®°, this value is
indicative of a surfactant bilayer. Following the Bragg equation, we suggest that the
diffuse, wide-angle feature corresponds to the intra-aggregate spacings (d =4.4 A)
between the alkyl chains attached to the N-X position on individual CPZHCI molecules,
as similar values (4.5 A) have been proposed for the spacings between alkyl chains within
XYZ lyotropic liquid crystals.*® Taken together with reported NMR data %%, this implies
that the CPZ.HC1 molecules aggregate together in a “cup-stack” arrangement and on top
of each other, with the hydrophobic core comprising the aromatic rings, and the alkyl
chains penetrating into the aqueous pseudo phase enabling the formation of a micellar

palisade layer.
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Figure 7.17: X-ray scattering pattern for 10 M kg™ CPZ.HCI
7.3.2.5 Effects of WE material

Figure (7.18 a) depicts cyclic voltammograms at micro disc electrodes immersed within
a 10 mol kg* CPZ.HCl/water lyotropic liquid crystal. It is clear that a single pair of well-
defined oxidation and reduction signals are observable at high scan rates, corresponding

to the oxidation of CPZ.HCI to the corresponding cation radical.
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Figure 7.18: a: cyclic voltammograms of 10M.kg™CPZ.HCI-LCs dependence of working
electrode material. Scan rate 100 mV s, b: Oxidation peak currents for different micro WE
against square roots of scan rates and c¢: Oxidation peaks potential for different micro WE
against logarithms of scan rates

At higher potentials than those illustrated in Figure 7.18 a, a second oxidation wave is
observable (figure 7.19), with peak typically around 200 mV more positive (at a scan rate

of 100 mV s). The latter corresponds to the oxidation of the cation radical to afford the
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dication. As for the case in dilute, isotropic solution, this second oxidation wave is

chemically irreversible, owing to nucleophilic attack by water on the dication.
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Figure 7.19: Cyclic voltammetry of CPZ.HCI on 50 micro
AUE100mVs™ scan rate

Surprisingly, unlike the case of dilute aqueous solution®?, the electrogenerated radical
cation formed through oxidation of the CPZHCl/water lyotropic is not stable, as evident

by the loss in the reverse peak on scanning the electrode more slowly (q.v. figures 7.20

and 7.21).
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Figure 7.20: Cyclic voltammograms of CPZ.HCI-LCs on the various
diameter of AUE (12.5, 25, 33 and 50 um). Scan rate (100mV s™)
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Figure 7.21: Cyclic voltammograms of 10 M.Kg"CPZ.HCI-LCs onto 12.5 pu AuE
for scan rates (0.5, 1, 2, 5, 10, 20, 50, 100, 200, 300, 400 and 500 mV s™)

Voltammetric peak current and potential data are presented in 7.18 b and c. These identify
that as the scan rate decreases, the peaks shift towards more negative potentials by
approximately 30 mV decade, while the peak current exhibits a direct proportionality
relationship with the square root of the scan rate, indicative of diffusive transport of
material to the electrode surface. In previous work on electrochemistry within lyotropic
liquid crystals®, it has been demonstrated that it is difficult to interpret anisotropy in such

systems through voltammetry alone.

Accordingly, for simplicity, we consider the liquid crystalline phase in this work to be
electrochemically isotropic, characterised by an effective diffusion coefficient, Des. It has
been shown previously that this parameter is the geometric mean of the diffusion
coefficients in the directions normal and perpendicular to the electrode surface.®
Moreover, routes for electron transfer to take place within concentrated lyotropic liquid
crystals through a Dahms-Ruff-type mechanism have been illustrated.®°At the highest of
scan rates employed; the peak potential data demonstrate temporal independence,

characteristic of fast electrode kinetics (electrochemical reversibility). This strongly
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suggests that the irreversibility observed as the experimental timescale increas is due to
chemical reaction taking place within the system. Based on chlorpromazine voltammetry

in dilute solution, a DISP1 mechanism was considered.
DISP1 Mechanism

The reaction scheme considered is as follows.*?

A+e &——B

k
B<—k—>;C

b

B+C—f54+D
Mechanism 7-2: The first-order disproportionation reaction
In which only species A and B exchange electrons at the electrode surface and the slow
step is the first-order conversion of species B to C (rate constant kr being very much
smaller than rate constant kp). Since the disproportionation reaction is considered
irreversible (Kqgisp >> 1, strongly exoergic reaction), it follows that C is easier to reduce
to D than A is to reduce to B, and occurs rapidly (large value of the rate constant kp). We
assume the heterogeneous electron transfer process is fast, allowing the Nernst equation
to be upheld for species A and B.The relevant transport equations for this reaction scheme

are as follows, under conditions of planar diffusion.

2
= Dl ke
X
e, _  Te
ﬂ—tB = Dﬂ723 - k/,cB +k,c.- kyc,c,.
Te. _  Te
ﬂ—tc =D ﬂxzc +kch - k.- k,c,c,.
2
ﬂﬂ‘LtD = D T[CZC +kDCBCC
X
Equation7.3
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where it is assumed that all species have the same diffusion coefficient (D), cx refers to
the concentration of species X, t is the temporal variable and x is the spatial variable.
These diffusion-reaction equations need to be solved subject to the following boundary
conditions, in which we recognise that there is no flux of species at the semi-infinite
boundary, and the Nernstian boundary condition at the electrode surface (corresponding
to fast electrode kinetics) is only upheld for species A and B, since the conversion of

species C to D occurs only within the homogeneous solution.

1<0,"x c,=cpcy,=c.=c, =0
PR 0 R 0 B _ ee) (oc.)  _ (éc,)
2020 T =50 lede=lolae™ T =5
(ac (60 (ac (ac\

S U e o e W O oy

Equation7.4

In the above, F is the Faraday constant (96484.6 C mol™), R is the molar gas constant
(8.3145 J mol* K1), T is the absolute temperature, E° is the formal electrode potential
corresponding to the A/B couple, and E is the applied potential. In cyclic voltammetry,

E is a function of time:

forward sweep. E=FE

start

return sweep . E=2FE + vt

Sldit

Equation7.5
in which Estart is the initial potential applied, Eeng is the most reducing potential used, and
v is the potential scan rate (dE/dt). These reaction-transport equations can be simplified

using the following dimensionless variables.
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Equation7.6

The application of the steady-state hypothesis to species C:

ﬂc
It

affords the following expression.

ﬂc

Kis

Equation7.7

/b
/+/b

Equation7.8

The case of the first-order disproportionation reaction (DISP1) requires the Kinetics of the

homogeneous electron transfer reaction to being vastly greater than the kinetics of the

reverse conversion C - B. Under conditions of high concentration of species A, this is

likely to uphold.

It then follows that the reaction-transport equations may be simplified

to the following, where we need only consider species A and B.

ﬂa
¢t
‘Hb
It

ﬂa
‘Hy
b

-2/ b
‘Hy

+/,b

Equation7.9
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The current flowing as a function of the applied potential is determined as follows. Since
the current (i) is given by the expression

i= FSD(%}

=0
Equation7.10

in which S is the electrode area, it may be recast in dimensionless terms () as:

i (0a)

y = = —
o2

Equation7.11

The reaction-transport equations can be solved numerically using a finite difference grid,
exploiting a pentadiagonal matrix algorithm®, to account for the coupling of species A

and B at the electrode surface and through the homogeneous reaction kinetics.

Numerical simulations were executed on a MacBook Air computer running with a 1.3
GHz Intel Core i5 processor with 4 GB of DDR3 RAM at 1600 MHz speed. Single cyclic
voltammograms were computed within X min. This time-intensive computation occurred
in order to achieve the required convergence of the concentration profiles; a closely
spaced finite difference grid is comprising 150x150 spatial nodes, and 1000000 temporal
notes were required. Figure 7.22 illustrates dimensionless voltammograms for the DISP1

reaction as the kinetic parameter Az is varied.
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Figure 7.22: The dimensionless voltammograms of
the first-order disproportionation reaction

Clearly, as the first-order loss of species B becomes faster, there is a loss in the reverse
wave, an increase in the observed current and a shift in the peak potential for the reduction
of species A. These three variables are quantified through the graphs plotted in figure
7.23, where it is seen that the shift in peak potentials only occurs towards more positive

values when log > 0.
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Figure 7.23: The diagrams for the DISP1 reaction of A. the dimensionless
potential vs log LAMBDA and B: the dimensionless current vs log LAMBDA

These working curves can be used to extract both diffusion coefficient and rate constant
for the first-order reaction from experimental data through the following process. First,
experimental voltammograms are recorded corresponding to a particular analyte
concentration, and over a wide range of scan rates (at least two or three orders of
magnitude) at a well-defined electrode size geometry. This allows the experimental peak

potential and peaks current data sets to be established.

Second, the experimental timescale is converted into dimensionless quantities by iterating
through values of the first order rate constant within a relevant range (thereby mapping v
- Ig)). The peak current is concurrently reduced to dimensionless form through iterating
through the diffusion coefficient for the reduced species over a relevant range (thereby
mapping ip = yp). The optimum parameters for both k and D are then identified as those,
which afford a minimum in the mean-scaled absolute deviation between experimental
data and the working curves in figure 7.24. If the peak potential data are treated
simultaneously with the peak current data, the value of k may be refined (if E°) is known,

or the value of k may be used to infer a value of the formal electrode potential for the
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reduction of species A. Thus, the use of planar, one-dimensional diffusion regimes, where
transport of species A is normal to the electrode surface, is an extremely useful limiting
regime within which disproportionation reaction kinetics may be readily extracted from
experimental voltammograms. For the voltammetry of the liquid crystal of
chlorpromazine hydrochloride, the data were found to fit D = 2 x 102 m? s with a first-

order rate constant (k) for disproportionation being 0.6 s, see figure 7.24.
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Figure 7.24: Fit of Experimental data to theory for the DISP1 process:

A. potential and B. current
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Given the characterisation of the transport, the liquid crystalline material was examined
for use within a photogalvanic device.

¢+ Perfect Photogalvanic Cell Model

We seek here to characterise the system via a perfect photogalvanic cell as essentially

depicted by a Randles equivalent circuit illustrated in figure 7.25.

Cdl

R

S

—_— Enx Ru.\‘ W_

Rrwl En':l

Figure 7.25: Randles equivalent electrical circuit for a perfect photogalvanic cell, which
comprises voltage generation through the discharge of the Faradaic component (represented
as involving a mass transfer resistance R®" and a kinetic polarisation E®/") occurring in
parallel with discharge of the interfacial capacitance, Cq, and in series with the internal
resistance, Rs. This galvanic cell is discharged through an external load resistor, Rext, not
shown

Here, the heterogeneous electron transfer processes at both electrodes are represented as
a battery (existing only under illumination) which exhibits an internal resistance, Rs, and
with the electromotive force of the photogalvanic cell, & comprises of contributions due
to the Faradaic charging of the battery redox chemistry, Vo, and the charging of the
capacitances at each of the two electrodes, and across all the individual subphases, to
afford a single value, Cqi. This system is discharged through a load resistance, Rext, which
is not depicted in figure 7.25. We assume that the cell is fully charged prior to discharge

so that the initial charge on the capacitor is qo:

% =CaVo
Equation7.12

Thus,
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&=V, Zi

dl

@)

Equation7.13

During discharge of the cell under constant illumination (viz., there is no Lambert-Beer

attenuation of illumination across the pertinent diffusion length close to the illuminated

electrode, and all photochemical reactions occur with unity quantum yield), the potential

difference across the photogalvanic cell (V) decreases through the relationship,

v="_ir
Cdl

Equation7.14

where we assume that neither activation nor concentration polarisation occurs within the

battery. This is a reasonable assumption provided that both the reactant regeneration

kinetics and the electrode are fast, that large currents flow, and that the transport lengths

are restricted to values smaller than the diffusion length thickness. We assume there is

no “leakage” current—all elements of the equivalent circuit are expected to behave

perfectly. Since the passage of current decreases the charge on the capacitor, we may

write,

_dq
dt

i=
Equation7.15

and, thence, noting the boundary condition that g = g, when t=0,

a dq _ dt
% (VCdI _Q) *RC,

Equation7.16

leads to the following expression for the charge on the capacitor,

t t
q=VC, (1— g Mo ] +Qpe

Equation7.17

176



with the terminal potential difference being given by,

t t
V=-h _iRen ¢ iRe™ =iR

dl

ext

Equation7.18
Which, satisfies the requirement for V=¢ for i=0. The current flowing can then be

deduced through the temporal derivative of the charge passed,

t t
dt dt dt /| R,(C, [R ‘ J
ext

+R,e"C

Equation7.19

The current flowing in short circuit, isc, occurs when V=0, and therefore, % =0, and
corresponds to the case R,,; — O:
t t

i — qo e_RstI — i e_RstI
* R.C R
sdl s

Equation7.20

This expression reduces to

i) =<
(ISC )t=0 - Rs

Equation7.21
for the instantaneous short circuit current, as anticipated. These expressions permit the

determination of the power generated across the load Rex:, p, as indicated as follows.

t

p=iV =i&—i’ReR

Equation7.22
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Since the power point occurs when the power generated is maximal, we differentiate the
above expression concerning the current flowing through the circuit, and equate this

expression to zero, under the assumption that the internal resistance is constant:

t
ol ),

Equation7.23
We note that the second derivative is negative, as expected for a maximum stationary

point. Thus, solving equation 7.23, affords the current at the power point, imp

t
RiCa — 1 |
sc
2

. 1 -

| =—3C€

mp 2RS§
Equation7.24

Stricto sensu, provided the internal resistance and capacitance are independent of the

. . . . (8 ]
power characteristics, the conditions for maximum power requwe(a—i’) = (a—’:) =0,
t i

ithr = 22, 22 _Pp o (3% is readily verifi
with'= —>+-2<0 andA = —— — (aiat) > 0. It is readily verifiable that

equation 7.24 fulfils all these conditions for non-zero current at all times. It thus follows

that the terminal potential difference at the power point is,

Equation7.25

and that the maximum power delivered by the perfect photogalvanic cell, pmax, IS,

t

. 1, 7e 1.
pmaleppvpp:4_Rs§e =—I §

4 SC
Equation7.26
Note that the optimum load in the external circuit, Rex™, through which the maximum

power may be dissipated, is:
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t
mp _ R,C
R =R gRC

ext

Equation7.27
In other words, impedance bridging requires R,,? > Ry at all times. Thus, the fill factor

(a measure of the quality of the device), defined by

FF = Pmax 100

4
Equation7.28
is merely 25% for the perfect photogalvanic cell, viz. identical the case of an ideal

photogalvanic cell (one in which there is no capacitative contribution).

7.3.2.6 Chlorpromazine lyotropic LC with an Experimental PG Cell
Having identified the current/voltage characteristics of a perfect PG cell, the experimental
realisation of this was next examined. A PG cell was prepared as illustrated in figure 7.26,

similar to those developed earlier.®®

Figure 7.26: Photographs identifying the stages in preparing a PG cell

and its deployment
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Briefly, this involved glueing a 1 mm thick polytetrafluoroethylene (PTFE) space with 5
mm diameter hole onto a zinc plate. This hole was filled with 10 mol kg* CPZ-LLC and
left to equilibrate overnight. Subsequent, an indium-tin oxide electrode with conductor-
side connected with copper tape, and insulates with Magic Tape except for a 5 mm

diameter hole, was carefully positional over the LLC, conductive-side down.

The cell was sealed so that the electrodes held in place using a low melting, cosmetic
depilatory wax. The cell was left to equilibrate in the dark for two days prior to use.
[llumination was achieved through a CAIRNS Xe wc lamp fitted with monochromator at
350 nm, and 1.0 mW cm incident power. The experimental set up is shown in figure

7.27.

Figure 7.27: Energy power performance measurement

Zero-current potentiometry was undertaken in the dark and in the presence of chopped
light, affording increases in cell voltage in the presence of light, see figure 7.28 photo

potentiometry.
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Photo potentiometry of PG cell
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Figure 7.28: Photo potentiometry of the photogalvanic (PG) cell at zero current
This indicates that illumination gives rise to a reduction process at the illuminated

electrode. Based on the mechanism given in mechanism 7.1, it is suggested that the non-

steady photovoltages are due to a competition between the electrode scavenging the

CPZ*cation radical and O2/H* reaction with the CPZ* species®:

hv
CPZ(LLC) s CPZ’k
. , 1 1 :
CPZ*+ H +§02 - EHzo2 +CcPZ
CPZ* + e~ 2 CPZ (ITO electrode)
1
CPZ* + EHzo2 - CPZ%** + H,0

CPZ%** + CPZ —» 2CPZ*

CPZ** + H,0 - CPZO + 2H*
Mechanism 7-3: The competition between electrode

reaction and O, for CPZ cation radical

This competition between electrode reaction and chemical oxidation of CPZ* means that

the decay to the baseline when the light is removed is not rapid. It also means that the
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occurrence of the addition chemical pathway reduces the efficiency of the PG cell (light

energy is” wasted” in the photosynthesis rather than in conversion to electrical energy).

Nevertheless, the cell was examined to determine its performance as a PG system. In
these experiments, the current flowing through the cell was recorded with the voltage
across the cell under varying electrical loads over the cell on illumination. The results are

reported in figure 7.29.
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Figure 7.29: The voltammograms of electrical performance of the PG cell

under illumination; A: current vis voltage and B: power vis current
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Itis clear that the cell characteristics result in those of a perfect PG cell (equation 7.14 vis
figure 7.29 A). This graph 7.29 A has the approximate form of that reported in equation

7.14 for the perfect photogalvanic cell. On rearranging equation 7.14, it is observed that

i=—2— Y From this, it can be deduced that Rs = 100 kQ and - = 7.5 x 10~¢ =
RsCq; R Cai

0.75 V, which is approx. the electromotive force (emf).

Ve The maximum power density (5.8 uW cmoccurs when the current flowing is 3pA.
This power rating is sufficient to run only basic electronic devices. The power conversion

efficiency (PCE) of this PG cell is:

P 5.8 x107°
T2 =100 X ———— = 0.58%

PCE =100 x
incident 1x10

This efficiency is amongst the best observed for photogalvanic cells. The fill factor for

the system is given by equation 7.28.

5.8x107°

T 16x10-5
(—51963 ) (1.064)

FF X 100 = 6.6%

This value is far from the perfect case of 25%. Hence, it follows that there is significant

room for improving the performance of these cells, owing to the wastage of light through

induced chemical reaction. One way to achieve a better performing cell is through the use

of a CPZ derivatives that hinders (slow down) the rate of sulfoxide formation (oxidation),

which is developing pathways to stabilise the CPZ* species.
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7.4 Conclusion

This chapter has examined the use of two different types of self-assembly for the
development of electron transfer cascades: the first using droplets randomly sprinkled
over the electrode surface; the second using lyotropic liquid crystals. The latter have been

investigated for use in a photo-galvanic cell.

In the first part, two pigments chl a and Tchl were investigated in droplets immobilised
onto different sizes and materials of WE. Also, the work examined many parameters of
these pigments such as concentrations, solubility and electrolytes under the light and dark
environment. VVoltammetric results in this section have illustrated there is a clear anodic
signal in the organic electrolyte, and there was a small anodic signal in the inorganic
electrolyte. For the case of the oxidation of Tchl doped on macro GCE /light (on/off),
vitamin K3 and organic solution DCM, it has been seen that it affords a single oxidation
peak regardless of VK1 concentrations. No apparent light-induced effects have been
observed, which means using the plant pigment in LCs need more study to meet

requirements.

The results in the second section show for the first time that CPZ.HCI forms, at high
monomer molality, a lamellar lyotropic liquid crystal; there are marked changes in the
system on increasing the concentration of CPZ, leading to the formation of gel-like
materials. These have been characterised by a number of methods including optical
microscopy, X-ray scattering, viscosity and voltammetry. This phase is not
photochemically stable-it changes colour on exposure to air and light from yellow to deep
red, with loss of optical anisotropy. A single pair of well-defined oxidation/reduction
signals were observed on different working electrode diameters. A scan rate voltammetric

study indicated that this oxidation is consistent with a DISP1 process, with a first-order
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rate constant and diffusion coefficient being extracted from the experimental data to be
0.6 stand 2 x 102 m? s, respectively. The application of this CPZ-LLC system in the
photogalvanic cell was considered. As expected, given the first-order disproportionation
process, non-steady photo-voltages were observed, as a result of competition between
electrode reaction and chemical oxidation of CPZ™. Thus, the efficiency of the PG cell
was limited by photosynthesis rather than in conversion of light into electrical energy.
The values of the power conversion efficiency and the fill factor for the system of this PG
cell were 0.58% and 6.6%, respectively. The fill factor value is far from the perfect case
of 25%. In terms of the consumptions light in this system, there are considerable

opportunities to design the molecule to meet the requirement of efficient PG cells.
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8.1 Conclusion

Due to the enormous demand for energy, the attention has been focused on new and
renewable energy resources. Artificial photosynthesis has been introduced to simulate
and apply the principles of converting solar energy into chemical fuels that occur during
natural photosynthesis. Although numerous attempts have been made to achieve high
efficiencies of converting solar energy, no materials meet the all of the requirements, i.e.,
electronic properties, band gap and band edge position. The overall aim of this study was
to explore some electroactive species and then investigate their properties in the LCs
system, which can be used as artificial solar cells. The characteristics and redox process
for some electroactive species such as chlorpromazine hydrochloride in a buffer solution

at glassy carbon electrode were studied.

The electroactive species such as L-cysteine and potassium iodide were used to
investigate the electrocatalytic reduction of CPZ.HCI in bulk solution. Regarding the use
of the working electrode, glassy carbon electrode provided a well-defined peak current

upon the introduction of higher concentrations of these active species.

The electrochemical techniques that were used (voltammetry including at a rotating disk
electrode) successfully explored the electrochemistry of CPZ.HCI. The environment of
the electrocatalytic process was elucidated in solution, and the result showed that the

electrocatalytic reaction of CPZ.HCI in present of L-Cys.H was EC’ (primary reaction).

All the electrochemistry experiments demonstrated that the oxidative peaks current of
CPZ.HCI at GCE are dependent on the concentration of species, and this affects the
kinetic parameters of the electrocatalytic process through the changed diffusion

coefficients of CPZ.HCI.

194



The electrochemical method showed that the cyclic voltammetry responses of adsorbing
chlorophyllin pigment on the gold electrode were more efficient than glassy carbon
electrode. In addition, the electrochemical reaction occurred more easily in the aqueous
solution than the organic solution. For the case of the electroactive species potassium

iodide, it was difficult to reproduce the electrochemistry.

Chlorophyllin preferentially adsorbs to gold electrode than glassy carbon electrode.
Adsorbed chlorophyllin was able to participate in an electron transfer relay with iodide.

The mechanism of the reaction was suggested to be a one-electron transfer.

Total chlorophyll (Tchl) pigment was identified in this work using various techniques
(TLC, and UV-Visible). The electron transfer cascade of this pigment on the gold surface
exhibited larger than glassy carbon surface. It was observed that there were increases in
peak current and peak potential with an increase in the scan rates of Tchl combined with
Triton X100, vitamin K1 in aqueous solution (HCI), due to the role of the surfactant in the
bulk solution. The two pigments chl a and Tchl were investigated in this thesis using
coulometry and amperometry methods; there was a single oxidation peak in the system

of the later pigment/VKa.

This work developed a new liquid crystal: the L, lamellar structure of chlorpromazine
hydrochloride in water. This material was characterised including using X-ray scattering,
pH meter, viscometer, conductivity meter, UV-Vis spectrometer and cyclic voltammetry.
The material is stable and undergoes a slow, first order disproportionation on

electrochemical oxidation.

Furthermore, the new L, liquid crystal was used to generate electrical energy within a
photogalvanic cell. The system CPZ.HCI-LCs was operated under the visible light

showed a poor efficiency responding in the galvanic cell.
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8.2 Future works

The thesis recommends that future studies are the following.

Seeking to increase the efficiency of plant pigment/LC system through the
introduction of other light-harvesting molecules such as hematochrome, carotene or
xanthophyll to furnish photo-reductive chromonic liquid crystals, which may be
exploited either light as sensors or as photogalvanic cells.

Using high concentrations for some of the chlorpromazine derivatives, which may
produce micelles and form L, phase.

Can be applied L, phase of the liquid crystal in the photogalvanic cell (PG), which it
compares later with CPZ.HCI-LCs using the same conditions.

The efficiency of the cell is limited by the disproportionation reaction, therefore
remove this it became better.

Developing a new potential application of CPZ-LCs of its derivatives in the field of

biosensors.
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Chapter 9

Appendix
9.1 Conferences

> 5" PhD Experience Conference, (14-15") April 2014, University of Hull,
attending.

> 9" Post-Graduate Research Topics Meeting in Electroanalysis and Sensing, 4th
December 2014 at Birkbeck, University of London, attending.

> 6% PhD Experience Conference, (7-8") April 2015, University of Hull, poster.

> PhD Symposium — Lightning Talk, 8" of October 2015, University of Hull, poster
presentation.

» SCI Electrochemistry Postgraduate Conference in partnership with ISE & RSC,
26" of May 2016, University College London, poster presentation.

» Chemistry Department Colloquium, 21% July 2016, Hull University, presentation.

> Analytical Research Forum (ARF) conference, 8" July 2016, Burlington House,
Piccadilly, London, attending.

> 5" UK Solar Fuels Symposium and Postgraduate Afternoon Newcastle upon Tyne,

(26-27"™) January 2017, attending.

9.2 Memberships

» Royal Society of Chemistry (RSC).

» Science Chemistry Innovation (SCI).



