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ABSTRACT

Pathogens in water continue to pose a danger to those who consume water. This is exacerbated
by issues of water scarcity, antimicrobial resistance, toxic-by-products in water disinfection
techniques and the cost of implementing water disinfection techniques. A remedy to these issues
could be photodynamic water disinfection, a technique that utilises light to generate singlet
oxygen, a cytotoxic species with no toxic by-products. In this study meso-tetra(5-bromothiophen-
2-yl)porphyrin and its metallated analogues (zinc, indium, tin, iron, cobalt and nickel) were
synthesised as its photosensitisers, characterised empirically and computationally via density
functional theory. Four of the eight compounds synthesised were tested against carbapenem
resistant Escherichia coli (CRE.coli) and methicillin resistant Staphylococcus aureus (MRSA)
to determine their antimicrobial activity. The antimicrobial efficacy was conducted using broth-
dilution method, which involved exposing the bacteria to varying concentrations of BTP and its
metal analogues. Iron-BTP had the highest potency of the compounds tested against both
bacteria. This was based on its 50% minimum inhibitory concentration (ICso), where for MRSA

it was 33uM and for CRE.coli it was 87uM.
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CHAPTER 1: INTRODUCTION

1.1.  Background of the Study

The civilisation pillar that has contributed the most to humanity’s progress hinges on
agricultural and industrial development. This has resulted in the availability of food and the
development of other innovations not directly involved in food production. The culmination of
these developments has been the development of cities or urban centres. Such centres are
associated with large populations that consume large quantities of clean water and food and
produce significant volumes of waste. Consequently, cities need a source of water and a way
to manage their waste to avoid the fate of London in the 1800s, where cholera ravaged through
the population until Dr John Snow identified the root cause of the problem as cholera
contaminated drinking water. The city of London managed to control the spread of cholera by

treating its water by chlorination (Gray, 2013).

As industrialisation progresses globally, rural-urban migration is expected to increase. This
coupled with increasing waste production from industries allied to processing metals, dyes and
pharmaceuticals, will increase the need for purifying water in the 21 century. To put this in
perspective, in the 1800s when cholera struck London, the population then was approximately
650,000 people. Nowadays, cities host millions of people, with Tokyo in Japan having the
largest population of 37 million people. It is projected that cities will over the next 20 years
play host to approximately 68% of the world’s human population (United Nations, 2019). This
renewed trend has led to a multitude of changes in cities including construction of sky-scrapper
like residential units with hundreds of units per building, extension of sewerage networks, rain-
water harvesting in these buildings and remediation of water. While these solutions to increased
populations have borne fruit with more housing available to many, they have not been without
their challenges. The first of which has been water contaminated with bacteria such as

legionella bacteria which causes pneumonia (Cullom et al., 2020; Malinowski et al., 2022).

In 2018, The United Nations reported that up to 47% of the global population lived in areas
that were water stressed and projected that this will worsen by 2050. They also projected a
global population growth of 9 to 10.2 billion people, 6 billion of whom will be living in
conditions of water scarcity (Boretti and Rosa, 2019). This calls for effective water
decontamination of existing water resources to make them available for this increasing
population. The current strategies for water decontamination can have shortcomings such as

odour problems in the case of chlorine disinfection, high costs as in the case of ozonation and



high energy and time requirements should boiling be the method of choice. There is therefore
a compelling need to identify safer, less energy-intensive and cheaper water decontamination

strategies.

This study focused on water disinfection through photodynamic effect by focusing on the
photosensitiser (PS) element of photodynamic effect. Photodynamic effect is a tripartite system
involving light, oxygen and a PS. The PS absorbs light and transfers the light energy to ground-
state oxygen (also known as triplet-state oxygen (°02) and this in turn is transformed to
cytotoxic singlet oxygen ('02). Cationic photosensitisers have been shown to be effective
against both gram-positive and gram-negative bacteria, this is on account of the negative
charges on the membranes of both types of bacteria. This also explains why more cationic
photosensitisers have been tested for their antimicrobial capacity in water compared to those

of neutral photosensitisers (Thandu et al., 2015).

However, a study on a neutral photosensitiser has shown that they too have the capacity to act
on both types of bacteria (Xu ef al., 2016). Thus in order to increase the knowledge base of
effective neutral photosensitisers in photodynamic water disinfection, this study investigated
the potential of meso-tetra(5-bromothiophen-2-yl)porphyrin and its metal analogues (Fe, Co,
Ni, Zn, In and Sn) as photosensitisers in photodynamic disinfection of water contaminated with

gram-positive and gram-negative bacteria.



1.2.  Statement of the Problem

Pathogens have continued to evolve resistance mechanisms against disinfectants and are also
able to transfer this resistance to other pathogens via lateral gene transfer or through
cooperation as in biofilms (Radhouani et al., 2014). This thus necessitates the use of higher
concentrations of disinfectants in order to kill them. However, this leads to the production of
more toxic by-products (as in chlorine) or increase in instances of mutation in pathogens. This
problem is not only prevalent in water disinfection but also in the treatment of bacterial
infections. This means that once a pathogen by-passes water treatment and makes its way to a
host, it is no longer a guarantee that it can be treated with available antibiotics. This danger is
made clear by the 1.27million deaths from antimicrobial resistant bacterial infections in 2019,
as shown in Figure | (Murray et al., 2022).Thus a technique that utilises non-toxic components,
with no toxic by-products and does not confer resistance upon future generations of pathogens

would be of great utility to the human race in water disinfection.
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Figure 1: Predicted and current mortalities from various causes (United Nations Environment Programme, 2022)
1.3.  Objectives

1.3.1. General objective

The general objective of the study was to develop a porphyrin with potential application in

water disinfection.

1.3.2. Specific objectives
The specific objectives of this study were:



1. To synthesize and characterize meso-tetra(5-bromothiophen-2-yl) porphyrins
ii.  To determine the photo-physical properties of the meso-tetra(5-bromothiophen-2-yl)
porphyrins synthesised.
iii.  To simulate the photo-physical properties of meso-tetra(5-bromothiophen-2-yl)
porphyrin and its metal analogues computationally.

iv.  To establish the antimicrobial activity of meso-tetra(5-bromothiophen-2-yl)

porphyrins.

1.4.  Justification and Significance of the Study

Although cationic photosensitizer (PS) molecules are considered to be more effective against
pathogens, recent studies have shown that neutral molecules could also have the same potency
(Khisa, 2020; Xu ef al., 2016).This means that neutral molecules could generate the same
potency if not better than cationic ones under appropriate conditions. Determining these
conditions could aid in improving not only the potency of these molecules but it could also
increase the number of PS molecules that can be utilised. Furthermore, photodynamic effect
utilises a common mechanism of action as the most potent water disinfectant, ozone

(Magaraggia et al., 2011). This can only add to its merit as an alternative water disinfectant.



CHAPTER 2: LITERATURE REVIEW
2.1.  Water and Life

Water is ubiquitous (it covers 70% of the earth’s land mass) and is fundamental to the survival
of most, if not all, biotic species on the planet. It is a polar molecule commonly used as a
solvent for polar substances. This is what makes it an essential component to the most diverse
ecosystems in the world. In places such as the Atacama Desert in Chile (driest place on earth)
(Collado et al., 2013), relatively few species can be found. In the amazon and Congo basins,
where water is plentiful, the number of different species ranging from flora to fauna is
significantly greater. Although, this cannot be attributed to the quantity of water alone, it is
undeniable that water plays a large part in it. This can be observed through the interaction with
water and proteins, such as enzymes. It is partly due to their interaction that these essential
proteins are able to fold in the right way and thus able to perform their functions, which include

enabling metabolism.

Indeed, water is such an integral part of living beings that it constitutes majority of the body of
these living beings. For instance, in humans, water constitutes 70% of the human body and
without it after seven days a human will more often than not perish. Thus access to safe drinking

water is considered a human right. One albeit that is becoming increasingly difficult to realise.

While nature utilised water to build a planet inhabited by numerous species, humanity has used
it to build civilisations and to become one of the most successful species on the planet
numbering approximately 8 billion individuals in 2022 (United Nations Department for
Economic and Social Affairs, 2023). With this success, however, new challenges have arisen.
In 2018, approximately 47% of the population of the world were faced with conditions of water
scarcity at least once a month (Boretti and Rosa, 2019) This was further exacerbated by
contaminants in water which make traditional sources of water such as lakes and rivers unsafe
for direct consumption. There is a need for increased access to safe water to promote human

health and development.

2.2. Water Contamination

Water contamination is due to the presence of elevated concentrations of harmful substances
in the environment above the background level for the area or at unsafe levels for an organism’s
health in the environment (World Health Organization, 2018). These contaminants can be
classified into inorganic contaminants, radiological contaminants, organic contaminants and

biological contaminants (Sharma and Bhattacharya, 2017).
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2.2.1. Inorganic Contaminants

Inorganic contaminants include heavy metals and metalloids such as chromium, lead and
barium, whose atomic mass exceed 40.004 and have a specific gravity equal to or greater than
5g/cm? (Azeh Engwa et al., 2019). The danger inorganic contaminants pose to living organisms
is through: direct reaction, assimilation and reactive oxygen species (ROS) (Munzeiwa et al.,

2022).

Direct reaction occurs where inorganic contaminants can react with components or constituents
in a living organism leading to detrimental consequences such as denatured enzymes. This is
especially true in the case of proteins that have thiol groups. Assimilation takes place when an
essential metal in the normal operation of an organism is replaced with a similar metal albeit
without any capacity of the required metal. An example is given when a phosphate, which is
necessary for energy production in cells through adenosine triphosphate, is replaced with
arsenate salts. Arsenate is larger and its bonds to adenosine cannot be broken with same
mechanism to release energy in the same way as phosphates. Reactive oxygen species include:
hydroxyl radicals (*OH) and superoxide anions (O2"), whose formation is through Fenton
reaction mediated by heavy metals such as vanadium and iron. They are indiscriminate
oxidative agents that react with cell components including phospholipids, proteins and DNA
leading to damage and significant alterations to these components (Azeh Engwa ef al., 2019;

Munzeiwa et al., 2022).

Through the aforementioned interactions with living cells, inorganic contaminants can lead to
cancers, neurotoxicity and death. The sources of inorganic contaminants are primarily from
industrial activities such as mining and manufacturing where these metals are produced either
as by-products of raw-materials or as industrial waste (Azeh Engwa et al., 2019). In
quantitative terms the safe limit for it is called the minimum containment limit (MCL). For lead
the MCL 1s 0.015mg/L and for barium, it is 2mg/L (Sharma and Bhattacharya, 2017). Inorganic
contaminants can be removed from water through filtration and biological remediation either
by plants or by micro-organisms (Ceci et al., 2019; Cevallos-Mendoza et al., 2022; Munzeiwa

etal., 2022).

2.2.2. Radiological Contaminants
Radiological contaminants are those that release high energy particles or toxic radiation. They
include compounds such as uranium 227, thorium and other radioactive elements (safe limits

of radioactive elements are specified as MCL, where uranium has an MCL of 30pg/L (Sharma
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and Bhattacharya, 2017). Contamination above the threshold level by radioactive elements
leads to life altering diseases such as thyroid cancer and even death (Munzeiwa et al., 2022;
Steinhauser ef al., 2014). It is for this reason where significant contamination has occurred,
drastic measures are usually taken to control further exposure. For example, in Chernobyl,
where a nuclear meltdown occurred (in 1986), the surrounding cities (Pripyat and Chernobyl)
were completely evacuated due to radioactive material that had been scattered by the explosion

from the nuclear power plant (Kortov and Ustyantsev, 2013).

2.2.3. Organic Contaminants

Organic contaminants are carbon-based compounds that may contain nitrogen, sulphur,
phosphorous, halogens and oxygen (Agardy and Nemerow, 2005; Sarma and Prasad, 2016).
They include organic dyes, fertilizers, explosives, pharmaceuticals, pesticides, petroleum
products and coatings. Organic contaminants pose a danger to life as ecological disruptors as
well as by altering or interfering with normal operations of an organism. Ecological disruptors
here mean that they alter the balance that exists in an eco-system. For example, nitrogen
fertilisers end-up in rivers and lakes as run-off from farms. Consequently, this enhances the

growth of algae, which in turn reduces the amount of oxygen available in lakes (Ruziwa ef al.,

2022).

Another example of organic pollutants is pharmaceuticals, which are especially prevalent next
to hospitals where a number of patients are being treated for a variety of infections
Pharmaceuticals are classified as emerging organic contaminants (EOC) because the
recognition of the great risk they pose was recently discovered or has not been sufficiently
documented to guide formulation of appropriate policies to contain them (Ruziwa ef al., 2022;
Vazquez-Tapia et al., 2022). The release of pharmaceuticals such as antibiotics through
excessive use have led to an increase in instances of antimicrobial resistance (AMR). This
means that infections that were once easily treated have now turned deadly. In 2019, AMR was
responsible for the death of 1.27 million people and this is projected to reach 10 million by
2050 ( Murray et al., 2022).

Organic contaminants interfere with the normal operations of a living organism such as growth,
respiration and reproduction since they can be carcinogenic, endocrine disruptors or simply by
bio-accumulating in the body. Coatings made with per or poly-fluoroalkyl compounds (PFAs),
also known as forever chemicals because they can stay in the environment for many years

without being degraded. They were used in making anti-stick crockery and manufacturing fire-

7



resistant materials and are carcinogenic. This means that they interfere with the genes of
individuals (Boyd et al., 2022). Endocrine disruptors interfere with hormone production in the
human body as well as animals. These contaminants include steroids, synthetic steroids and
other compounds such as PFAs (Vazquez-Tapia et al., 2022). Hormones are especially
important to living organisms as they are the avenue through which they regulate other
functions from digestion to mobility. Some organic pollutants interfere with the endocrine
system by: possessing structures similar to hormones and thus take their place in the normal
functions of the body or by damaging receptors through oxidative stress. This leads to

disruptions in growth, reproduction and respiration (Boyd et al., 2022; Ruziwa et al., 2022).

Organic contaminants can be removed from water through filtration, such as in ultra-filtration
and reverse osmosis, sorption, volatilisation, photolysis and biological remediation (Ruziwa et
al., 2022). Biological remediation can include rhizofiltration, where some plant species such
as Cyperus rotundus have been shown to absorb these contaminants through their roots and
transform them into less toxic metabolites that can be broken down once they are released back

into the soil via their roots (Ruziwa et al., 2022; Sarma and Prasad, 2016).

2.2.4. Biological Contaminants

Biological contaminants include pathogenic bacteria, protozoa, viruses and algae (Sharma and
Bhattacharya, 2017). Pathogens become dangerous to humans and animals when they are in
contact with a hosts’ cells (Goncharuk et al., 2019) or through the by-products they produce,
for example blue-green algae. These algae produce hepatotoxins, which are toxic to the liver
and neurotoxins, which are toxic to the brain (Sharma and Bhattacharya, 2017). Contact can be
through ingestion of water, dermal contact or inhalation. The sources of pathogens in water can
be classified as: environmental sources, when they occur in the natural environment, human
sources, when they are found in humans and animal sources, when they are found in animals.
These sources act as reservoirs for the various pathogens allowing them to thrive and multiply
for example in: environmental sources, there is the bacterium Legionella, in humans there is
the virus hepatitis A and in animals, there is the bacterium Shigella (World Health
Organization, 2016).

In general, the greatest microbial risks come from ingesting water contaminated with animal
or human faecal matter (this could be from wastewater discharges) (Cabral, 2010). Pathogens
from animal and human systems eventually inactivate after they leave their host systems.
However, factors such as presence of relatively high amounts of biodegradable carbon in water

(provides substrates for the formation of biofilms, which act as a barrier from hostile external
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conditions), turbidity (prevents penetration of UV rays that would inactivate bacteria) and low
ambient temperatures (low temperatures inactive microbes and this allows them to stay alive
without expending too much energy) may enable pathogens to persist (Sharma and
Bhattacharya, 2017). 1.8 billion people (26% of the world’s population) use a drinking water
source that is contaminated with faecal matter (World Health Organization, 2020). As the
population rises, the World Health Organisation (WHO) predicts that by 2025 50% of the
world’s population will be living in water-stressed areas which translates to potentially a larger
population consuming biologically contaminated water (Wang et al., 2021; World Health
Organization, 2020).

2.3.  Waterborne Diseases

Waterborne diseases refer to those infections and diseases that occur because of interaction
between humans and waterborne pathogens. These include diseases such as cholera (bacterial:
Vibrio cholerae), typhoid (bacterial: Salmonella typhi) and hepatitis A (virus: Hepatovirus A)
(Cabral, 2010; Magana-Arachchi and Wanigatunge, 2020; Sharma and Bhattacharya, 2017).
The symptoms of waterborne diseases are varied: from paralysis (polio) to high fevers (typhoid
and cholera) but most are characterised by diarrhoea (Galal-Gorchev, 1996). Waterborne
diarrhoeal diseases, which include: cholera, shigellosis and gastroenteritis were responsible for
896,000 deaths in 2016 with majority occurring in children under the age of 5 (Magana-
Arachchi and Wanigatunge, 2020). It is estimated that there are between 1.3 to 4 million cases
of cholera annually leading to an estimated 21,000 to 143,000 deaths. Cholera can lead to death
within hours if left untreated (Ali et al., 2015).

Waterborne diseases also have an economic impact on societies, either by resultant inactivity
of working members of the society or reduction in trade in the society. An illustration is given
by Peru, where in 1991 a cholera outbreak cost the country’s economy 1 billion US dollars
(Galal-Gorchev, 1996), this represented approximately 2.78% of its gross-domestic product
(World Bank, 2022). These have largely been addressed through the introduction of centralised

water disinfection treatment plants.

2.4. Water Disinfection Techniques

Water disinfection refers to the effective removal or reduction of pathogens’ populations to
levels that are unlikely to cause detrimental effects to the host consuming it. Escherichia coli
(E.coli) is usually used as an indicator pathogen for pathogen population levels (Percival,

2014).



The goal of disinfection techniques for the scientists that design and develop them is therefore
to reduce pathogen loads to attain these low levels. This has been possible with techniques such
as chlorination, ozonation, solar water disinfection (SODIS) and thermal disinfection
techniques, with chlorination as the most popular of these methods. Chlorination and ozonation
are chemical methods of disinfection that were necessitated due to the inherent nature of
pollution and crowding that accompanied the industrial age’s urban centres (Gray, 2013). The
compounds utilised in chemical disinfection techniques either generate oxidising compounds
or are oxidants themselves. These include: hydroxyl radicals (*OH), hypochlorous acid
(HOCI), ozone (0O3) and superoxide anion (O2¢"). These species are collectively called Reactive

Oxygen Species (ROS) (Castro-Alférez et al., 2016; Nonell and Flors, 2016).

Thermal disinfection and SODIS are amongst the oldest forms of water disinfection techniques
though they are not commonly utilised at scale (Castro-Alférez et al., 2016). Solar disinfection
utilises ROS to induce microbicide. The ROS in this case include: singlet oxygen ('02), O2*",
*OH and hydrogen peroxide and are generated due to interaction amongst ultraviolet rays,
molecular oxygen and the constituent molecules found in cells (Castro-Alférez et al., 2016).
Thermal disinfection, popularly known as boiling, induces microbicide by denaturing enzymes

that are crucial for the survival of the pathogen cell (Cohen, 2020; Smiech et al., 2020).

Chlorination is the most popular of the disinfection methods when utilised on a large scale. Its
popularity is mainly based on its ease of operation and relatively low operational costs (Gray,
2013). Chlorination disinfection involves the release of chlorine species into water to induce
microbicide. This is done in two major forms: free chlorine and chlorine dioxide. Free chlorine
utilizes either hypochlorous acid (HOCI) or hypochlorite ion ("OCI) to induce microbicide. It
involves penetration of the cell via diffusion by HOCI, where HOCI exhausts the cells ability
to deal with reactive oxygen species (ROS) by binding and inhibiting enzymes and
antioxidants, respectively. The presence of ROS within the constituents of the cell ultimately

led to its inactivation and eventual demise (Fukuzaki, 2006).

Chlorine dioxide (ClOz2) is a highly soluble gas in water that diffuses through the membranes
of pathogens to gain access to the constituents of the cell. ClO2’s microbicidal mechanism
utilises its oxidative property. It abstracts electrons from the constituent molecules in the
membranes of the cell, which include peptidoglycan. Electron abstraction interferes with the
interactions amongst bonds responsible for maintaining the integrity of the cytoplasmic

membrane. As a result, intracellular components including nucleic acids are leaked into its
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external environment and this leads to the eventual inactivation and death of the pathogen

(Murray et al., 2013).

Ozonation is a disinfection technique that gained utility due to the works of Siemens in 1867,
when it developed a silent discharge apparatus. The silent discharge apparatus allowed the
production of ozone in large enough quantities for its properties to be investigated. Among the
properties discovered was its effective antimicrobial effects. This led to its use as a disinfectant
in a water treatment plant in the Netherlands in 1893 (Gray, 2014). Ozone disinfects via two
mechanisms, namely direct oxidation and indirect oxidation. In direct oxidation, as the name
implies ozone interacts with molecules in its mesomeric form ( ) resulting in oxidation

of a target molecule.

®
@/ O\
0 No
Figure 2:0zone molecule
Direct oxidation is target specific, reacting with unsaturated compounds, amine and sulfhydryl
groups. However, in ‘indirect oxidation’ ozone reacts via *OH. *OH is formed through a chain
reaction that is initiated as a result of a reaction between ozone and hydroxyl ions ((OH). *OH
are an indiscriminate reactive species (Rosen ef al., 1995). It is by these two mechanisms that
ozone induces microbicide (Gottschalk et al., 2010). Ozone reacts with glycoproteins,
glycolipids, unsaturated fatty acids and amine and sulfhydryl groups, which make up organelles

or constitute the contents of the cells of the pathogen. This leads to lysing and or inactivation

of the cell (Méndez-Vilas, 2011).

Among the aforementioned chemical techniques, ozone is the most effective, in that it is able
to induce microbicide amongst all the major pathogens. These include: helminths, protozoa,
viruses, bacteria and bacterial spores in equal measure (Gray, 2014). It is, therefore, reasonable
to hypothesise that chemical disinfectants that produce ROS could also be just as effective.
This is observed amongst leucocytes (white blood cells) that have been observed to generate
O, that lead to the formation of *OH as a means to deal with pathogens in the body (Rosen et
al., 1995). Examples of other compounds that have been utilised in water disinfection due to
their ability to produce ROS are photosensitisers and photocatalysts. They do this by taking
advantage of photodynamic action (Thandu et al., 2015).
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The techniques above have saved many lives through the years. A summary of various water
disinfection techniques is given in . Some of the disadvantages associated with the
techniques above include: toxic by-products for chlorination, cost of operation for ozonation

and antimicrobial resistance.
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Table 1: Disinfection techniques, advantages and disadvantages

Method Technique Methodology Advantages Disadvantages
Physical UV Radiation UV rays interact with nucleotides | 1.It is a broad spectrum technique | 1. Unreliable for water with high
Methods of the cell resulting in mutations | 2. No toxic additives turbidity
(A=240-280nm) | ;14 cell death 2. Electricity dependant
3. Leads to mutations that can be
dangerous
4. Low penetration depth(<=7.5cm)
Solar Radiation | 6 hour exposure to sun-light where | 1. Broad spectrum technique 1. Time consuming
water is placed in a transparent | 2. It is inexpensive 2. Toxic if some plastics are used
container 3. No toxic additives 3. Limited geographical application
Ultra-sound 8-20kHz sound pressure result in | 1. It is a broad spectrum 1. Microbes may be able to regenerate
oscillatory disruptions that technique after exposure
generate enough kinetic energy | 2. No toxic additives
that leading to cell wall
disintegration
Chemical Chlorine Chlorine generates radicals that | 1. Itis effective against bacteria | 1. It is phytotoxic
Methods oxidize pathogens and viruses 2. Forms harmful trihalomethanes and
2. Inexpensive chemicals are endoperoxides in the presence of
used organic compounds
3. s effective at pH less than 8 3. Reduces water quality (taste and
and greater than 4 odour)
4. Produces residual 4. Contact time of 30 minutes is
concentration (0.2-0.3mg/L) required
5. Ineffective against protozoa
lodine lodine forms N-iodo bonds with | 1. It is a broad spectrum 1. Ttis required in high concentrations
amino acids and nucleotides, technique (bacteria and 2. More expensive than chlorine
parasites) 3. It reduces water quality (taste and

colour)
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Method Technique Methodology Advantages Disadvantages
leading to  formation of | 2. It does notreact with 4. Microbes have developed
ineffective proteins ammonia and other nitrogen resistance
compounds in water
3. Prevents iodine deficiency in
the population
Ozone Works by releasing oxygen | 1. Itis a broad spectrum 1. It is explosive
(hydroxyl radicals"OH, *OH, technique 2. [Irritates skin, eyes and respiratory
Hydroperoxyl radicals, | 2. Requires very short contact tracts
superoxide  radicals,  ozone time (8 seconds in some 3. Can be carcinogenic in the
radicals and free oxygen atom) cases) to induce 99% presence of bromine
that  interferes  with  the mortality in bacteria 4. By-products include mutagenic
permeability of the cell wall. 3. Can be used to extract soluble aldehydes
metals Fe(II) and Mn(II) and 5. Requires consistent supply of
soluble sulphur compounds electrical power
4. Generated and consumed in 6. Requires a disinfectant residual to
situ. be added after disinfection of water
Hydrogen Disinfection involves | 1. Itis a broad spectrum 1. Irritates eyes and respiratory tracts
Peroxide (H>0,) | decomposition of peroxide to technique 2. Exposure to skin results in blisters
produce hydroxyl radicals that and burns.
oxidize pathogens. 3. High concentrations are needed to
achieve disinfection in reasonable
time
4. Expensive

Generated from: (Drinking Water and Health, 1980) (Jyoti and Pandit, 2004) (Jori, 2011) (Sharma and Bh

Medeiros et al., 2019)

attacharya, 2017) (de Castro
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2.5.  Microbial Resistance to Disinfectants

Disinfectants are chemical agents that are able to remove virtually all pathogens, except
bacterial spores in an inanimate object in which they are engaged (Centers for Disease Control
and Prevention, 2023). A microbe is said to be resistant if it is not inactivated or killed by a
specific concentration of disinfectant within a period of time that kills or inactivates other
microbes. Resistance in microbes may develop as a result of its phenotype or its physical
environment or a combination of both (Bridier et al., 2011). Phenotypes are physical

manifestations of an organisms’ genes.

Resistance conferred by a phenotypic response include: gene coding in multi-drug efflux pumps
(organelles that eject toxic material from a cell) (Bridier et al., 2011), reverse engineering a
damaged nucleotide under UV radiation at slightly higher wavelengths of 300 nm or in the dark
(Bohrerova and Linden, 2006; Wang et al., 2021) and the development of persisters (where
pathogens enter highly protective states displaying a lot of resistance) (Bridier et al., 2011).

The physical environment provides resistance for the pathogen by preventing direct contact
with the disinfectant. This can be through: particle association, where greater resistance is
conferred on the pathogen if the particle simulates the pathogen’s host properties (in the case
of the Salmonella typhi and E.coli, it would be faecal matter) and eukaryotic cell encapsulation,
where the pathogen is entrapped in the organelles of a eukaryotic cell such as an amoeba’s food

vacuole (Bridier et al., 2011).

The combination of both a physical and phenotypic response to disinfectants is the formation
of a biofilm. A biofilm is a cluster of pathogens about a substrate surrounded by a complex
matrix of extrapolymeric substances. The complex matrix provides: a physical barrier from
disinfectants, alternative reaction media for strong oxidative species of disinfectants (it is
composed of carbohydrates, proteins and nucleotides) and electrostatic barriers where if the
disinfectant is either anionic or cationic, the matrix holds it if it has an opposing charge.
Phenotypic protection arising from the biofilm is as a result of the stressful conditions under
which the pathogens in the biofilm exist (these cells at the periphery receive oxygen and are
responsible for protein synthesis while those pathogens at the core of the biofilm have to deal

with high concentrations of waste with very little access to oxygen).
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These stressful conditions result in gene expressions that confer protection upon pathogens
within the biofilm. These gene expressions can further be transferred to other pathogens in the
biofilm through lateral gene transfer thus ensuring propagation of resistance to the population
of the biofilm. For example, Pseudomonas aeruginosa (P. aeruginosa) conducts lateral gene
transfer in colonies composed of the P. aeruginosa species only. Biofilms have resulted to 100-
fold increases in concentrations of disinfectants so as to fully inactivate initially susceptible
pathogens (Bridier et al., 2011). For disinfectants such as chlorine, which upon interaction with
organic compounds generate toxic by-products this would be a dangerous endeavour (Galal-

Gorchev, 1996; Gray, 2013).

As of 1986, resistance in pathogens for disinfectants was still minor and thus disinfectants could
still be a guaranteed mode of treating drinking water (Hoff and Akin, 1986). However, as time
has gone by, pathogens have continued to adapt and adapt well. Thus, novel techniques that are
insusceptible to their adaptations are increasingly necessary. One such technique that is yet to
be resisted is photodynamic effect (Xu et al., 2016) and its application in photodynamic water

disinfection.

2.6.  Photodynamic Approach to Water Disinfection

Photodynamic approach to water disinfection refers to the use of photodynamic effect to
disinfect water. The photodynamic effect describes biological damage caused by the resultant
effect of combining three actors: light, a photosensitizer molecule (PS) and molecular oxygen.
Photosensitiser molecules are molecules that induce photoexcitation in other molecules as a
consequence of their own photoexcitation (Wardle, 2009). They are also known as
photocatalysts. Literature has tried to distinguish the two terms by stating that photocatalysts
refer to inorganic compounds and photosensitisers refer to organic compounds (Thandu ef al.,
2015). Photosensitisers were discovered first and photocatalysts developed thereafter.
Photosensitisers were discovered by Oscar Raab and his assistant von Tappeiner in 1900 when
they discovered the cidal effects of acridyne dye in cells. Von Tappeiner coined the term
‘photodynamic effect’ to describe the collective action of a photosensitiser, light and oxygen

to induce cell death in 1907 (Craig et al., 2015; Jori, 2011).
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The exogenous application of photosensitisers to treat disease is called photodynamic therapy.
A photon of sufficient energy (wavelength) excites a photosensitizer molecule’s electron to an
excited singlet state ('PS), where it can undergo intersystem crossing to its triplet state (°PS).
If it decays to its lowest excited singlet state (through vibrational decay modes), it is then able
to interact with molecular oxygen in one of two ways. This is either through electron transfer
to a substrate resulting in an oxygen radical (?0"%) or other organic radicals (type I mechanism)
or energy transfer, whose consequence is then formation of singlet oxygen (') (type II

mechanism) as shown in Figure 3.
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Figure 3:Jablonski diagram (Lismont et al., 2017)

They do this to molecules that have lower lying energy levels through a myriad of mechanisms
including columbic mechanism, electron exchange mechanism or trivial mechanism (Wardle,
2009). In either case, the resultant oxygen species interacts with biological systems to their
detriment (Cieplik ef al., 2018; Jori, 2011). Of the two reaction mechanisms, type II is more
common (Cieplik et al., 2018). 'O is an energized form of molecular oxygen. It is the lowest
excited state form of molecular oxygen. The energy difference between the two states is
95KJ/mol. '02 s called singlet oxygen on account of its multiplicity. Ground state oxygen has

a multiplicity of three and can thus be called triplet oxygen (*0.), while singlet oxygen ('O,)
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has a multiplicity of 1 and is thus called singlet. This is best illustrated through a Jablonski

diagram, as shown in Figure 3.

There are important requirements for an effective photosensitiser in water disinfection (Jori,
2011; Thandu et al., 2015): absorbance should be in the range of 400-450 nm (photo-aquatic
zone (PAZ)), photo-stability, should have low fluorescence quantum yield, high singlet oxygen

quantum yield and solubility in water.

2.6.1. Strong Absorbance in the Photo-aquatic Zone

The need for this criteria is guided by the interaction between water and light. Water absorbs
least light in the photo-aquatic zone (PAZ) (400-450 nm), as shown in Figure 4 (Pegau ef al.,
1997).
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Figure 4: Water's UV-Vis spectra (Pegau et al., 1997)

It follows therefore with less impediment of photons in this zone, they would be able to reach
the PS and it in turn will be able to absorb the required light. That said, a large molar absorption
coefficient (&) for the PS would also be a good feature as it would mean a lower dose of PS

would be utilised. One of the impediments to enhancing the molar absorbance coefficient of
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porphyrins is their tendency to agglomerate, due to n-n stacking (Zhu et al., 2022). This makes

it difficult for porphyrins to remain in their monomeric form.

2.6.2. Photo-stability

Photo-stability refers to the ability of a molecule to maintain its structural integrity upon its
interaction with light. In essence, the photosensitiser is to act like a catalyst enabling a
transformation but able to return to its original state. Porphyrins are favoured in this case as
only one in 10,000 molecules undergo photo-oxidation in the presence of light (Jori, 2011). An
example of molecules that do not maintain structural integrity in the presence of light are those
that take part in [4+2] cycloaddition reaction. The reaction is triggered by an interaction
between light and two molecules, the consequence of which is the formation of a cyclohexene.

In this case both molecules lose their structural nor molecular integrity.

2.6.3. Low Fluorescence Quantum Yield

Fluorescence quantum yield (®s) refers to the ratio of photons emitted during fluorescence
relative to those absorbed by a molecule. A low ®r is favoured in photosensitisers as it is an
indicator that more electrons have undergone intersystem crossing (ISC). This means more
electrons can be used to transfer energy to *Oa. ®ris measured by comparing the area under the
graph of a fluorescence spectra for a molecule with a known ®¢. This comparison is made
possible because ®@ris independent of wavelength (Wardle, 2009). Factors affecting ®rinclude,
one, rigidity of the molecule, where there is direct proportionality in this relationship, a
molecule that maintains its geometry in the excited state has a higher ®f Two, congruence
between excited state and ground state, where increased congruence is directly proportional to
®r, where excited state orbitals are dissimilar, the rate of relaxation is reduced and this gives an
opportunity for a slower process to occur, this includes ISC. Three, substituent effect, electron

donating groups increase ®rwhile electron withdrawing groups decrease ®r. (Wardle, 2009).

2.6.4. High Singlet Oxygen Quantum Yield
Singlet oxygen quantum yield refers to the ratio of singlet oxygen ('0) molecules generated
relative to the photons absorbed by a molecule. Singlet oxygen is relevant to the potency of the

PS as it is the primary antimicrobial agent.
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2.6.5. Solubility in Water

Since photodynamic water disinfection is carried out in water, the photosensitiser should be
soluble in water in order to permeate and freely gain access to microbes. Porphyrins are
illustrative of this property due to their affinity to accumulate in tumours. This makes them an

excellent choice for use in treating cancers (Managa et al., 2015).

2.7.  Photodynamic Inactivation of Pathogens

Photodynamic inactivation of pathogens can rely on the charge of the PS molecule and the
surface charge of the microbial cell as an important determinant of whether a PS molecule will
induce death in a pathogen. Generally, anionic and neutral PS molecules kill gram-positive
pathogens, while cationic PS molecules will induce death in gram-negative bacteria such as F.
coli and gram-positive bacteria such as Staphylococcus aureus (Jori, 2011). The PS molecules
act by attaching to microbes by electrostatic forces within an incubation period of 1-10 minutes

before their activation is most potent (Cieplik e al., 2018).

Within the cell, the singlet oxygen will then interact with nucleophilic constituents of the cell
resulting in oxidized products that are unable to perform their intended functions. These
nucleophilic constituents contain electron rich nitrogen and sulphur atoms. They include
macromolecules such as proteins, lipids and nucleic acids. The consequence of oxidation of
these constituents include: protein denaturation, impairment of DNA replication, degradation
of transport mechanisms across membranes (cell and organelles) and the loss of efficacy in
several organelles (Jori, 2011). The common occurrence of these constituents in all pathogens
helps to make photodynamic approach a broad spectrum disinfection technique (Wainwright,

1998).

Majority of the studies on photodynamic inactivation of pathogens have demonstrated the
enhanced potency of cationic PS molecules over anionic ones. However, in a recent study it
has been observed that neutral porphyrins possess similar potency against both gram-negative
and gram-positive bacteria. This potency was attributed to the substitution pattern on the

porphyrin (Xu et al., 2016).
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2.8.  Porphyrins

The term porphyrin is derived from ‘porphyra’, the Greek word for purple, this was on account
of their characteristic purple and red colour (Senge et al., 2021). Porphyrins are
macromolecules composed of four pyrrole rings joined together via meso-carbons along the a-
position of the pyrrole rings. The result is a hetero-atomic structure composed of 227 electrons,
however its aromaticity is derived from the 18x electrons in its inner core (bonds coloured red,

as shown in ) (Mack, 2017).

Figure 5: General aromatic porphyrin structure with positions' labels

The diversity of applications of porphyrins encompass their natural roles as well as their
synthetic applications. They feature as: enzyme cofactors, electron and exciton shuttles
(Wardle, 2009), signalling molecules, cancer therapy agents, photodynamic therapy(PDT)
(Hally et al., 2018), solar energy converters (Chu et al., 2019) ,catalysts and theranostic agents
(Hally et al., 2018; Senge et al., 2021) These features are possible because porphyrins undergo;
redox reactions as in photosynthesis and photochemical reactions based on photodynamic
therapy (PDT) (Babu et al., 2019; Senge et al., 2021). The basis for the versatility of porphyrins

resides in the molecular properties of porphyrin.
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2.8.1. Synthesis of Porphyrins

The synthetic pathways of porphyrins are generally condensation reactions between four
equivalents of pyrrole and four equivalents of an aldehyde under varying reaction conditions.
In order to have a meso-tetra-substituted porphyrin one of the hydrogen atoms in the formyl
group is simply substituted with a desired substituent. The three common synthetic pathways
are: Rothemund synthetic pathway ( ), Adler — Longo synthetic pathway ( )
and Lindsey synthetic pathway ( ).

Scheme 1: Rothemund synthetic pathway
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Scheme 2: Adler-Longo synthetic pathway
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Scheme 3: Lindsey synthetic pathway
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They are all one-pot synthetic pathways (Li et al., 1997; Senge et al., 2021; Sun et al., 2013,
2019). Rothemund synthesis was developed by Rothemund and others in 1940 and involves
heating a mixture of pyrrole and an aldehyde with pyridine as a solvent under an inert
atmosphere (nitrogen). The yield for Rothemund synthesis is about 10%. Adler-Longo
synthetic pathway involves refluxing in propanoic acid; a mixture of pyrrole and aldehyde at
temperatures of 141°C. (Gonsalves et al., 1991). Adler-Longo pathway was developed in 1945
and was an improvement of Rothemund’s method both in terms of yield and ease of execution
because it no longer needed an inert atmosphere. It involves Studies by Sun et al., (2013)
showed that refluxing in a mixture of propanoic, valeric and m-nitrotoluene in a ratio of 47:47:6,

could improve the porphyrin’s yield as shown in

Scheme 4: Mixed-solvent system (Adler Longo) pathway

The Lindsey synthesis is a one-pot two step synthetic pathway involving a Lewis acid (boron
trifluoridedietherate, BF3OEty) as a catalyst to form a porphyrinogen that gets oxidized by 2,3-
dichloro-5,6-dicyanobenzoquinone (DDQ) to form a porphyrin. The first step is done under an
inert atmosphere while the second is in air. The reaction conditions for Lindsey synthesis are
mild (room temperature) (Lindsey, 2010; Sun et al., 2013). Lindsey’s method was especially

useful for aldehydes that are not stable at temperatures above room temperature. The synthetic
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methods highlighted enabled variation in the photo-physical properties of porphyrins,

providing opportunities for their application in many fields.

2.8.2. Photo-physical Properties of Porphyrins

The photo-physical properties of porphyrins are mainly viewed through the lens of the ultra-
violet and visible (UV-Vis) light portion of the electromagnetic spectrum. Within this range,
porphyrins have a distinct pattern of spectral bands. There is a characteristic strong band known
as the soret band or B band between 400 and 480nm and subsequently four weak consecutively

diminishing bands known as Q bands between 500 and 700nm (Zhang et al., 2017) ( ).

Soret Band (B-band) at

/ ~400-480nm

Four Q-Bands between 500 and 700nm

I I II IV

Figure 6: Generalised UV-Vis spectra of a porphyrin molecule

The UV-Vis properties of a porphyrin molecule can be tuned by adding or removing moieties
at different points on the porphyrin scaffold (Zheng et al., 2008). These include: addition of
metals at the core of the porphyrin and removing, adding or modifying substituents on the beta
(B) or meso positions of the porphyrin, as shown in . Porphyrins have a central diameter
of between 1.929 and 2.098 Angstrom. This large cavity allows porphyrins to act as ligands
and allow even metals that are far larger than the space they provide to occupy it. The existence
of such a large cavity is significant in photodynamic effect due to the heavy atom effect that

encourages ISC. Porphyrins can also be structurally modified to accompany heavy atoms
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through covalent bonds with heavy halides at their meso-positions (Mack, 2017). Each of these
modifications can alter the positions of the spectral bands or alter their intensity or in the case

of metallation with respect to Q-bands, change their number from 4 to 3, 2 or 1.

The use of magnetic circular dichroism has facilitated the testing and confirmation of theories
on the molecular properties of porphyrins postulated by Michl and Gouterman (Mack, 2017).
The theories account for the distinct UV-Vis spectra of metallated and free base porphyrins
based on molecular orbital theory. They confirmed that the UV-Vis peaks observed in

porphyrins were due to m-m transitions amongst the frontier orbitals rather than n-x transitions.

Q-bands were observed to come from spin forbidden transitions, AM=9 (M; is magnetic
quantum number), the name is derived from the Japanese name for nine, ‘kyu’. While the Soret
band were derived from spin allowed transitions, AM; =1, this also explains why their peaks
are so much stronger. The Q-band peaks are observable despite being forbidden due to
vibrational borrowing from the spin allowed B-bands (Mack et al., 2007). Through these
theories, it is possible to utilize computational chemistry to model porphyrin molecules with an
aim of predicting their photo-physical properties including UV-Vis spectroscopy via density
functional theory (DFT) (Mack et al., 2005).

2.8.3. Computational Chemistry in Selection of Porphyrins for Various Applications

Computational chemistry is the field of chemistry that uses theoretical models to predict the
properties of a molecule. A theoretical model is a way to describe a specific set of
approximations. The approximations are then combined with a calculation algorithm and are
applied to atomic orbitals. Atomic orbitals are in turn defined by basis sets, which are a set of
wave functions that describe the shape of atomic orbitals. Theoretical models are thus used to

compute molecular orbitals and their energies.

There are four main types of theoretical models: semi-empirical, ab-initio, density functional
theory (DFT) and molecular mechanics (MM) (Jensen, 2017; Tomberg, 2019). Ab-initio,
means from the beginning and its methods include those that are derived from theoretical
principles only. Examples include Hartree-Fock method. As its name implies the semi-
empirical theoretical model are those that use experimental data to determine the results of their

calculations. Examples include ZINDO. MM are those models that model atoms as spheres and
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bonds as springs and an algebraic equation is used for energy calculations, an example of an
MM model is universal force field (UFF). It is used for both organic and inorganic molecules
(Jensen, 2017; Tomberg, 2019). DFT is an exact theory, this means that given the right
functional, it would be able to describe a system perfectly, however, this has not happened yet

(Goerigk and Mehta, 2019).

In DFT, electron density is used to compute minimum energy, this produces results comparable
to ab-initio methods but with the added advantage of less processing time and costs, examples
of DFT functionals include: Becke’s-3 Lee, Yand and Parr (B3LYP) and coulomb attenuating
method B3LYP(CAM-B3LYP) (Cramer, 2004; 2019; Oyim et al., 2022; Yanai et al., 2004).

One of the most fundamental properties in selecting a porphyrin for water disinfection is where
the wavelength of its Soret band lies. This can be modelled using DFT through its time
dependent variant, known as time-dependent density functional theory (TD-DFT). TD-DFT is
a DFT calculation that obtains wave functions for molecular orbitals oscillating between its
excited states and ground state. This provides the added advantage of not only saving time and
resources but enables an in-depth analysis of the behaviour of a particular molecule. A chemist,
therefore, has the opportunity to improve on the molecule they are working on and also test

his/her modifications to observe whether they will have the desired result.

DFT models have shown to provide relatively good approximations especially in the case of
porphyrins (Babu et al., 2019; Hanna et al., 2022). The procedure involves, optimizing the
geometry of the molecule, this establishes the ground state of all the orbitals and their energies,
then the molecule is run through TD-DFT to establish the oscillator strengths (f) and
wavelengths of the transitions the molecule goes through. DFT is a relatively cheap method
with regard to processing costs. Computation also allows chemists to vary the environment of
the molecule, this is whether the computations are performed in a vacuum or in a solvent such
as water or dichloromethane (DCM) (Xue ef al., 2016). The ease with which porphyrins can be

modified have allowed them to be utilised in many different applications.

2.8.4. Photodynamic Applications of Porphyrins
The photosensitizer properties of porphyrins have found uses in photodynamic chemotherapy

(PDT), as a treatment for exogenous infections and in water disinfection. Cationic tetra-
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meso(N-methylpyridyl) porphine (TMPyP ( )) has been used in treating Saprolegnia

infected rainbow trout in aquaculture.

Figure 7:Tetra(N-methylpyridyl)porphine (TMPyP)

Saprolegnia infections were reported as cotton-like patches on the scales of the trout. After
application of TMPyP for 10 consecutive days for 1 hour daily, the infection cleared.
Furthermore, because such treatment was conducted under a wattage of 50mW/cm?, the study
concluded that it could serve aquaculture farms that had infected fish even on a cloudy day

(Jori, 2011).

Porphyrins have also been used as metal organic frameworks (MOFs) for the purpose of water
disinfection. MOFs are crystalline porous scaffolds that are periodically assembled and
sustained by strong dative bonds between positively charged metal or metal clusters (also
known as an inorganic building unit (IBU) (or a secondary building unit and a negatively

charged organic ligand (also known as an organic building unit (OBU)) ( ).
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Metal-organic framework

(MOF)

Figure 8: Schematic of a metal organic framework, (Lismont et al., 2017)

IBUs act as ‘linkers” while OBU act as ‘struts’ .The porphyrins form the three-dimensional
(3D) porous structure and also act as the microbicide (Lismont et al., 2017). MOFs can also
occur as two-dimensional (2D) frameworks. Porphyrins used in this way are more effective
because factors such as m-m stacking are eliminated (n-m stacking leads to agglomeration
(clumping) of the porphyrins), thus the porphyrins exist in their monomeric forms in MOFs.
This means that more porphyrins are able to interact with light. Furthermore, there is increased
contact with microbes, because the resultant 3D structure has a large volume to surface area
ratio (Zhu et al., 2022). Zhu et al, 2022 were able to synthesise 2D 4,4',4" 4"-(porphyrin-
5,10,15,20-tetrayl)tetrabenzoic acid (2DTcpp) (Figure 9), which achieved a log 6 reduction of

bacteria within 30 minutes.

Figure 9: 2D 4,4'.4" 4"-(porphyrin-5,10,15,20-tetrayl)tetrabenzoic acid Metal Organic
Framework, ( Zhu et al., 2022)
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In this study, porphyrins were synthesised and investigated for their antimicrobial activity and

their potential application in water disinfection.
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CHAPTER 3: MATERIALS AND METHODS

3.1.Materials
3.1.1. General instrumentation

The instruments that facilitated this project included a 430 nm light emitting diode (LED) from
ThorLabs, Infrared spectroscopy was conducted using a Jasco FT/IR-4700 Fourier Transform
Infrared spectrometer. UV-Vis spectroscopy was performed using a Shimadzu 1800
spectrophotometer UV-1800 and fluorescence spectroscopy and fluorescence quantum yield
were determined via a Shimadzu RF-6000 spectro-fluorophotometer. NMR spectra were
obtained from a Bruker 80 MHz NMR spectrometer with residual protons of deuterated
chloroform (CDCls) as the reference standard and CDCls as the solvent. Mass spectrometry
data were recorded from a Bruker Auto FLEX III Smartbeam MALDI-TOF mass spectrometer,

and dithranol was used in positive ion mode as the matrix.

3.1.2. Reagents
The reagents used in realising the objectives of this project included hexaaquanickel(II)chloride
([NiCl26H20]) from Merck. Pyrrole (98% pure) was further purified by distillation at 140°C
before use, (5-bromo-thiophen-2-yl)aldehyde, hexaaquacobalt(I)chloride ([CoCl*6H>0]),
zinc(Il)acetate  (Zn(OAc)2), indium(Ill)chloride  (InCl3),  hexaaquatin(IV)chloride
(SnCl2+2H,0), hydroxypyridine, iron(Ill)chloride (FeCls), sodium hydroxide (NaOH),
anhydrous sodium sulphate (NaxSO4) and hydrated sodium acetate (NaOAc*3H20) were
procured from Sigma-Aldrich, while all solvents were procured from either Loba Chemie, India
or Sigma Aldrich, USA. The solvents were dried using molecular sieves 3A procured from
Loba Chemie, India. Aluminium oxide powder (alumina) was purchased from Machery-Nagel,
Germany. The powder was baked for 24 hours at 100°C before use. Unless otherwise stated, all

reagents were used without further purification.

3.2.Methods
The methods used for: synthesis, photo-physical studies, theoretical studies and antimicrobial

studies are highlighted below.
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3.2.1. Synthesis Procedures

The synthetic procedures used for BTP and its metal analogues are summarised below.

3.2.1.1. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrin (BTP)

The synthesis of BTP was conducted using a slightly modified procedure from Sun et al,
(2013). It involved adding 5-bromothiophen-2-ylaldehyde (1.911 g, 0.01 moles) and pyrrole
(0.6709 g, 0.01 moles) in a 250 mL two-necked round-bottom flask and refluxing in a mixture
of 100 mL propanoic acid, valeric acid and m-nitrotoluene (ratio, 47:47:6) for 2 hours The
resultant product was filtered under vacuum to yield a black cake. The black cake was then
dissolved in dry dichloromethane (DCM). The resultant solution was then run through an
alumina column eluting with dry DCM to afford a purple powder (0.345 g, 13% yield). UV-
Vis (dimethylsulphoxide(DMSO)): 430.50, 524, 563, 596.5 and 660.5 nm. '"H NMR (80 MHz,
CDCls): 88.72 (d, J=4Hz, 8H, B-Pyrrole), 6 7.42 (d, J=4Hz, 4H thiophenyl) & 7.26 (d, /=4 Hz,
4H, thiophenyl) and 6 -3.27 (2H, core H). MALDI-TOF MS (m/z) calc: 953.71, found 955.47
[M+2H]**, 877.484[M-Br]"!. FTIR: ~3300 cm™' (N-H vibration)

3.2.1.2. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Zinc(Il) (Zn-BTP)
The synthesis of Zn-BTP was achieved using a procedure that was slightly modified from
literature (Khisa, 2020; Oloo, 2020). It began with BTP (52.6 mg, 55.11 umoles) and
zinc(Il)acetate (38.09 mg, 173.5 umoles) being added to 45 mL of a mixture of DCM and
methanol (3:1) and stirred at room temperature in a round bottom flask for 24 hrs. The progress
of reaction was followed via UV spectroscopy. The reaction mixture was placed in a 500 mL
separatory funnel, diluted with 100 mL of distilled water and extracted with DCM (100 mL x
3). The combined DCM extracts were dried over anhydrous sodium sulphate for 2 hours,
filtered and concentrated in vacuo. The crude extract was purified on a column of alumina using
dry DCM as the eluent to obtain Zn-BTP as a purple powder (37.01 mg, 66%). UV-Vis
(DMSO): 437, 567 and 611 nm."H NMR (80 MHz, CDCl;3) peaks: § 9.10 (s, 8H, B-Pyrrole),
07.53 (s, 4H, thiophenyl) and 67.38 (s, 4H, thiophenyl). MALDI-TOF MS (m/z) calc: 1017.62,
found 1017.390 [M], 938.397 [M-Br] *!.
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3.2.1.3. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato
Indium(IlI)chloride (In-BTP)

The synthesis of In-BTP employed a modified literature method (Khisa, 2020; Oloo, 2020).
Indium(IIT)chloride (41.57 mg, 188 umoles) and sodium acetate (42.63 mg, 313.3umoles) were
dissolved with stirring in hot acetic acid (60 °C) in a 100 mL two-necked round bottom flask.
BTP (59.8 mg, 62.66 umoles) was added and the temperature raised to reflux for 24 hours. The
progress of the reaction was followed via UV spectroscopy. The reaction mixture was allowed
to cool to room temperature and then neutralised with a solution of sodium hydroxide (35 g of
NaOH dissolved in 100 mL of distilled water) in a 500 mL separatory funnel. The mixture was
extracted with DCM (100 mL x 3). The combined DCM extracts were dried with anhydrous
sodium sulphate for 2 hours and concentrated in vacuo. The crude extract was purified over a
column of alumina with dry DCM as the eluent to provide In-BTP as a purple powder (37.27
mg, 54%). UV-Vis (DMSO): 441.5, 570.5, 616 nm."H NMR (80 MHz, CDCl;) peaks: § 9.17
(s, 8H, B-Pyrrole), 67.54 (d, J=4Hz, 4H, thiophenyl) and 67.36 (s, 4H, thiophenyl). MALDI-
TOF MS (m/z) calc: 1101.57, found 1068.357 [M-CI+2H] .

3.2.14. Synthesis of Meso-tetra (5-bromothiophen-2-yl) porphyrinato
Tin(IV)hydroxide (Sn-BTP)

The synthesis of Sn-BTP was achieved using a slightly modified procedure from literature
(Arnold, 1988; Babu et al., 2019). Diaquatin(IV)chloride (79.34 mg, 351.6 pumoles) was
dissolved with stirring in hot pyridine (45 mL at 60°C) in a 100 mL two-necked round bottom
flask. Afterwards, BTP (167.8 mg, 175.8 umoles) was added and the temperature raised to
reflux for 24 hours. The progress of the reaction was followed via UV spectroscopy. The
reaction mixture was allowed to cool to room temperature and was then concentrated in vacuo
via co-rotavaping with toluene (45 mL x 3). The crude extract was purified over an alumina
column with dry chloroform as the eluent to give Sn-BTP, a dark-green powder (64.14 mg,
33%). UV-Vis (DMSO) 446, 572.5 and 620 nm. 'H NMR (80MHz, CDCl3) peaks: §9.29 (s,
8H, B-Pyrrole), 67.63 (d, J= 3.2Hz ,4H, thiophenyl) and 87.42 (4H, thiophenyl). MALDI-TOF
MS (m/z) calc: 1105.60, found 1107.329 [M+2H] ™.
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3.2.1.5. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato
Tin(IV)dioxypyridine (Pyr-BTP)

The synthesis of Pyr-BTP was achieved through slightly modified methods from literature
(Arnold, 1988; Babu et al., 2019). Firstly, Sn-BTP (38.5 mg, 34.83 pmoles) and
hydroxypyridine (6.8 mg, 71.5 umoles) were dissolved in hot pyridine (45 mL at 60 °C) in a
100 mL two-necked round bottom flask. The temperature was then increased to reflux for four
hours. The progress of the reaction was marked via UV-Vis spectroscopy. The reaction mixture
was concentrated in vacuo via co-rotavaping with toluene (45 mL x 3). The crude extract was
purified over an alumina column with dry chloroform as the eluent to give Pyr-BTP, a green
powder (12.70 mg, 29%). UV-Vis (DMSO) 442.5, 569 and 616nm. MALDI-TOF MS (m/z)
calc:1257.66, found 1260.308 [M+3H]"™.

3.2.1.6. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Iron(IlI)chloride
(Fe-BTP)

The synthesis of Fe-BTP involved dissolving iron(Ill)chloride (28.04 mg, 172.9 umoles) and
sodium acetate (39.21 mg, 288.1umoles) in hot acetic acid (45 mL at 60 °C) with stirring in a
two-necked 100 mL round bottom flask. Afterwards, BTP (58 mg, 60.77 umoles) was added
and the temperature raised to a reflux for 24 hours. The progress of the reaction was followed
via UV-Vis spectroscopy. The reaction mixture was allowed to cool to room temperature and
neutralised with sodium hydroxide (35 g of NaOH dissolved in 100 mL of distilled water) in a
500 mL separatory funnel. The reaction mixture was extracted with dry DCM. (100 mL x 3).
The combined DCM extracts were then dried over anhydrous sodium sulphate for 2 hours and
concentrated in vacuo. The crude extract was purified over two alumina columns. The first with
DCM as the eluent and the second with ethyl acetate and acetone (1:1) as the eluent to afford
Fe-BTP as a brown-green powder (25.34 mg, 40%). UV-Vis (DMSO): 417.5, 576, and 619.5
nm. MALDI-TOF MS (m/z) calc: 1042.60, found 1008.032 [M-CI + H] 2.

3.2.1.7. Synthesis of Meso-tetra(5-bromothiophen-2-yl))porphyrinato Cobalt (II) (Co-

BTP)
Synthesis of Co-BTP involved dissolving [CoCl,*6H>0] (38.4 mg,161.4 umoles) and sodium
acetate (35.65 mg, 262.2 umoles) in hot acetic acid (45 mL at 60 °C) with stirring in a two-
necked 100 mL round bottom flask. Afterwards, BTP (52.4 mg, 54.90 umoles) was added and
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the temperature raised to reflux for 24 hours. The progress of the reaction was monitored via
UV-Vis spectroscopy. The reaction mixture was allowed to cool to room temperature and
neutralised with sodium hydroxide solution (35 g of NaOH dissolved in 100 mL of distilled
water) in a 500 mL separatory funnel. The reaction mixture was then extracted with dry DCM.
(100 mL x 3). The combined DCM extracts were dried with anhydrous sodium sulphate for 2
hours and concentrated in vacuo. The crude extract was purified over an alumina column with
dry DCM as the eluent to afford Co-BTP as a brown powder (23.30 mg, 42%). UV-Vis
(DMSO0): 447, 560 and 605.5 nm. MALDI-TOF MS (m/z) calc: 1010.63, found 1011.83 [M+H]

+1

3.2.1.8. Synthesis of Meso-tetra(5-bromothiophen-2-yl))porphyrinato Nickel (IT) (Ni-
BTP)

The synthesis of Ni-BTP involved dissolving [NiCl2*6H>0] (36.98 mg,155.6 pmoles) and
sodium acetate (35.29mg, 259.3umoles) in hot acetic acid (45 mL at 60 °C) with stirring in a
two-necked 100 mL round bottom flask. Afterwards, BTP (49.5mg, 51.86 umoles) was added
and the temperature raised to reflux for 24 hours. The progress of the reaction was followed via
UV-Vis spectroscopy. The reaction mixture was allowed to cool to room temperature and
neutralised with sodium hydroxide solution (35 g of sodium hydroxide dissolved in 100 mL of
distilled water) in a 500 mL separatory funnel. The mixture was extracted with dry DCM. (100
mL x 3). The DCM fractions were combined and dried over anhydrous sodium sulphate for 2
hours and concentrated in vacuo. The crude extract was purified over an alumina column with
dry DCM as the eluent to afford Ni-BTP as a red powder (13.61 mg, 26%). UV-Vis (DMSO):
428 and 539 nm. MALDI-TOF MS (m/z) calc: 1009.63, found 1012.179 [M+3H]".
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3.2.2. Photo-physical Studies
The photo-physical studies performed on BTP and its metal analogues included UV-Vis

spectroscopy and Infrared spectroscopy.

3.2.2.1. UV-Vis spectroscopy

UV-Vis spectroscopy was used to determine the molar absorptivity coefficient (g) of each
molecule that was synthesised. This involved preparing initial stock solutions of concentrations
that provided sharp peaks on the Soret band and then diluting these concentrations thrice more.
Once an absorbance of 1 was attained for the Soret band, this was chosen as the first absorbance,
the concentration was then serially diluted so that this concentration was halved twice more
The resultant absorbance measurements were then plotted against concentration to find molar
absorption coefficient (¢). This was calculated using the Beer Lamberts Law ,
which equates absorbance to the product of concentration, ¢ and length of the cuvette, 1 (the
glass cuvette had a width of 1cm) and €.

A=¢ccl Equation (1)

3.2.2.2. Fluorescence and Fluorescence Quantum Yield

Fluorescence and fluorescence quantum yield (®r) were obtained on a fluorophotometer using
a standard (std) of tetraphenylporphyrinato zinc(Il) (ZnTPP) with a fluorescence quantum yield
0f 0.033 (Dgsa). The measurement was done in toluene, which has a refractive index of 1.4968
(nswa) (Khisa, 2020; Oloo, 2020). The solvent used to measure the ®rof the samples was DMSO,
and it has a refractive index of 1.4772 (n). It was possible to compute the fluorescence quantum
yield of the metallated and free-base porphyrins from this standard because fluorescence
quantum yield is independent of wavelength, this is based on Kasha’s rule (Wardle, 2009). The
UV-Vis absorbance of the sample was read first and the samples of the porphyrins used had an
absorbance of 1, and were excited at 400nm. ®@r was read directly from the fluorophotometer,
the fluorescence spectra were generated simultaneously with ®¢ The values for ®r were

calculated manually using
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Qe =Drstd F Asta () Equation (2)
Fstd A (Ilstd]2

@s = Fluorescence quantum vield
F = Areaunder a peak

n = refractive index

A = optical absorbance

std = standard

3.2.3. Theoretical Studies

Theoretical modelling was done through Gaussian09 software (Trucks et al., 2013). The
theoretical model used was density functional theory (DFT) though the functionals B3LYP and
CAM- B3LYP. Generally, the basis set used was 6-311g(d) except for the larger metals like
indium and tin, where the basis set used was Stuggart-Dresden (SDD). The molecules’
geometries were optimised and then their UV-Vis properties were simulated using time-
dependent density functional theory (TD-DFT). These properties were simulated in vacuum
and solvent conditions. To simulate solvent conditions, polarizable continuum model (PCM)

was used (Oloo, 2020; Oyim ef al., 2022).

3.2.4.  Antimicrobial Studies

Gram-positive methicillin resistant Staphylococcus aureus (MRSA) and gram-negative
carbapenem resistant Escherichia coli (CRE. coli) were thawed from a freezer at 37 °C and
transferred to nutrient agar plates to facilitate growth for 24 hours. The bacteria were then
collected with a sterile swab and inoculated onto a nutrient broth for three days. Their
absorbance was tested at 600 nm and then utilised in bacterial studies when their absorbance

ranged between 0.6 and 0.8 for both bacteria for 100 pL of bacteria.

100 pL of bacteria was tested against 100 pL of porphyrins of varying concentrations in
triplicate in a 96-well plate. The concentrations were generated from a stock solution of 500
uM of the porphyrin, the stock solution was composed of 5% DMSO and 95% phosphate buffer
solution (PBS). The concentrations used in the 96 well plate were 20, 40, 60, 80 and 100 pM.

37



One positive and one negative control were used. The negative control contained 200 uLL PBS

only, whereas the positive control contained 200 pL of the bacteria only.

The plates were then divided into two, one for dark conditions and the other for light conditions.
For the dark conditions: the plate’s absorbance was tested before incubation and tested again
after 24 hours of incubation. While for the light conditions: the plate was exposed to light
conditions and then its absorbance measured, after which it was incubated for 24 hours and its
absorbance measured again. The light condition was: 10-minutes exposure to 430 nm light.
Percentage cell viability (antimicrobial activity) was then calculated as the ratio between the
average change of the absorbance over 24 hours relative to the average change for the positive

control, as shown in

Antimicrobial = A Average Abs(sample) x 100..........oooeiii . Equation(3)
activity A Average Abs(Control)
Key:

Abs= Absorbance
A= Change
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CHAPTER 4: RESULTS AND DISCUSSION

4.1.0utline of the Study

This study involved synthesis of: 5,10,15,20-tetra(5-bromothiophen-2-yl) porphyrin (BTP) and
its metal analogues, determination of their photo-physical properties, performing theoretical
studies on the synthesised compounds and finally four of the compounds including the free-
base had their antimicrobial activity established. In total 8 molecules were synthesised
comprising of BTP, 6 metallated derivatives (Zn, In, Fe, Co, Ni and Sn) analogues of BTP. The

8 molecules were synthesised with the aim of optimising BTP for water disinfection.

4.2.Synthesis and Characterisation of the Porphyrins

The synthesis and structure elucidation of the 8 porphyrins are illustrated below.

4.2.1. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrin (BTP)
BTP was synthesised according to protocol from literature as shown in (Sun et al.,

2013).

N
®

P 1
yrrole Propanoic:Valeric :m-nitro
_I_ acid acid
(47:47:6)
Reflux, 2Hrs
Br S O
o T
H
5-Bromothiophene-2-carbaldehyde M eso-tetra(5-bromothiophen-2-yl)porphyrin

(BTP)
Yield = 13%

Scheme 5: Synthesis of meso-tetra(5-bromothiophen-2-yl)porphyrin [m-nitro = m-

nitrotoluene)]
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The product was isolated as a purple powder. The mass spectrum of BTP showed a molecular
ion peak (m/z) of 955.477, corresponding to an empirical formula of C3sHisBraN4Sa.
Subsequent fragment peaks showed m/z of 877.484, 797.502, 719.527 and 639.484 as shown

in

Scheme 6: Fragmentation pattern of meso-tetra(5-bromothiophen-2-yl)porphyrin in a mass
spectrometer
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The difference between the peaks corresponds to the fragment peaks arising from loss of
bromine which would be either 79 or 81 (these represent the two isotopes of bromine) give or
take some hydrogen ions. The UV-Vis spectrum of BTP had its Soret band at 430.5 nm, and
four Q bands at 524, 563, 596.5 and 660 nm. The four Q bands and a strong soret band are
characteristic of a free-base porphyrin (Mack, 2017). "H NMR spectra showed a peak at § -3.27
(2H, core H)), which is characteristic of core hydrogens in porphyrins. The core is highly
shielded due to the anisotropic effect of the porphyrin ring (Arnold, 1988; Wang and Wamser,
2015) FTIR provided further evidence of the core hydrogen with a peak at 3310 cm™! which is
characteristic of an N-H stretch (Oloo, 2020).

4.2.2. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Zinc (Il) (Zn-BTP)
The synthesis of Zn-BTP followed a protocol from literature, where BTP was metallated with

zinc as shown in (Khisa, 2020; Oloo, 2020).

xs Zn(OAc),

DCM: Methanol
3:1
48hours

M eso-tetra(S-bromothiophen-2-yl)porphyrinato Zinc
n (Zn-BTP)
Yield = 66%

Scheme 7: Synthesis of meso-tetra(5-bromothiophen-2-yl)porphyrinato Zinc (II)
Upon metallation, the porphyrin molecules de-protonates and forms a di-anionic ligand, the
metal thus acts as a Lewis acid that accepts electrons from the ligand (Marsh and Mink, 1996).
Consequently, Zn-BTP was isolated as a purple powder, whose m/z was 1017.390, which
corresponded to an empirical formula of C3sH16BrsSs4Zn. Subsequent fragment peaks observed
were progressively reduced by the approximate m/z of a bromine atom, 79 or 81. This is also
similar to the pattern observed in BTP’s mass spectra ( ). Its UV-Vis bands were: 437
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nm for its Soret band and 567 and 611 nm for its Q bands, which confirmed successful
metallation (Oloo, 2020). Metallation was further confirmed by the absence of a shielded

hydrogen peak at 6- 3.27, as shown in

4.2.3. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Indium (Ill) chloride (In-
BTP)
The synthesis of In-BTP was done according to a protocol described by Oloo (2020) in

literature by metallating BTP with Indium as shown in

xs InCly
xs NaOAc

Acetic Acid
Reflux, 48hours

M eso-tetra(5-bromothiophen-2-
yDporphyrinato Indium (III) chloride

(In-BTP)
Yield = 54%

Scheme 8: Synthesis of meso-tetra(5-bromothiophen-2-yl)porphyrinato Indium (III) chloride

Consequently, In-BTP was a purple powder whose m/z was 1068.357, which corresponded to
an empirical formula of C3sH16Br4S4ln The same pattern of peaks as those in Zn-BTP and BTP
was observed. Its UV-Vis bands were at 441.5 nm for its Soret band and 570.5 and 616 nm for
its Q bands. In addition to the reduction in Q band peaks, successful metallation was further

confirmed via '"H NMR by the absence of a peak at § -3.27, as shown in

4.2.4. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Tin(IV)hydroxide (Sn-
BTP)
The metallation of BTP with Sn to provide Sn-BTP was achieved following a literature

protocol (Arnold, 1988; Babu et al., 2019). This is illustrated in
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SnCl,2H,0

Pyridine
Reflux, 2 hours

M eso-tetra(5-bromothiophen-2-yl)porphyrinato
Tin(IV)hydroxide

Sn-BTP
Yield =33%

SnClz‘szo

Pyridine
Reflux, 2 hours

M eso-tetra(S-bromothiophen-2-yl)porphyrinato
Tin(IV)hydroxide
Sn-BTP
Yield =33%

Scheme 9: Synthesis of meso-tetra(5-bromothiophen-2-yl)porphyrinato Tin(IV)hydroxide

As aresult, Sn-BTP was isolated as a dark-green powder. The value of m/z of 1107.329

corresponded to a formula of C3cH1sBraN4O2S4Sn. The mass spectra confirmed the successful
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metallation of BTP with tin. The UV-Vis bands were 446 nm for the Soret band and 572 and
620 nm for the Q bands. Metallation was proven further by the absence of a peak at é -3.27,

as shown in
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4.2.5. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Tin(IV)dioxypyridine
(Pyr-BTP)

The synthesis of Pyr-BTP was achieved according to literature protocol, where Sn-BTP was

axially ligated with hydroxypyridine as shown in (Arnold, 1988; Babu et al., 2019).

Chloroform
Reflux, 48 hours

Br

M eso-tetra(5-bromothiophen-2-yl)porphyrinato
Tin(IV)dioxypyridine

Pyr-BTP
Yield =29%

N

~N

Scheme 10: Synthesis of meso-tetra(5-bromothiophen-2-yl)porphyrinato Tin(IV)dioxypyridine
Consequently, Pyr-BTP was isolated as a green powder. The UV bands were 442.5 nm for the
Soret band and 569 and 616 nm for the Q bands. The slight shift in the bands signified
successful axial ligation. Successful axial ligation was further shown through the mass spectra
of Pyr-BTP, which showed a m/z of 1260.308 which corresponded to an empirical formula of
C46H24BraNgO2S4Sn. This value was 152.979 greater than the m/z peak of Sn-BTP (1107.329),

which corresponded to the approximate mass of two pyridine molecules.
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4.2.6. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Iron(lll)chloride (Fe-
BTP)
The synthesis of Fe-BTP involved metallating BTP with iron as shown in

xs FeCl;,
xs NaOAc

Acetic Acid
Reflux, 48hours

M eso-tetra(S-bromothiophen-2-
y)porphyrinato Iron(IlT)chloride

Fe-BTP
Yield = 40%

Scheme 11: Synthesis of meso-tetra(5-bromothiophen-2-yl)porphyrinato Iron(Ill)chloride

As a result, Fe-BTP was isolated as a green-brown powder whose m/z was 1008.032. This
corresponded to an empirical formula of C3sH16BrsS4Fe. This change in m/z was an indication
of successful metallation of BTP with iron. Fe-BTP’s UV-Vis bands were at 417.5 nm for its
Soret band and 576 and 619.5 nm for its Q bands. The combination of the blue-shift observed
in the Soret band relative to BTP as well as the reduction of Q bands from four to two were

indicative of successful metallation.
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4.2.7. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Cobalt(Ill) (Co-BTP)
Following a protocol provided in literature (Khisa, 2020; Oloo, 2020), BTP was metallated

with cobalt as shown in

XS COClz' 6H20,
xs NaOAc

Acetic Acid
Reflux, 48hours

M eso-tetra(S-bromothiophen-2-
yDporphyrinato Cobalt(II)

Co-BTP
Yield =42%

Scheme 12: Synthesis of meso-tetra(5-bromothiophen-2-yl)porphyrinato Cobalt(II)

As a result, Co-BTP was isolated as a brown powder with an m/z of 1011.183, which
corresponded to an empirical formula of C3sHi16BrsS4Co. The variation in the value of the
molecular peak relative to BTP acted as evidence of successful metallation. The UV-Vis bands
of Co-BTP were at 447 nm for its Soret band and 560 and 605.5 nm for its Q bands. The
reduction of Q bands from four in the free-base (BTP) to two was also indicative of successful

metallation.
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4.2.8. Synthesis of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Nickel (II) (Ni-BTP)
The synthesis of Ni-BTP was realised by metallating BTP with nickel as illustrated in

XS Niclz 6H20

xs NaOAc

Acetic Acid
Reflux, 48hours
Br
Br
M eso-tetra(S-bromothiophen-2-
yD)porphyrinato Nickel (IT)
Ni-BTP
Yield =26%
13.
Br
Br

XS Niclz 6H20
xs NaOAc

Acetic Acid
Reflux, 48hours

M eso-tetra(S-bromothiophen-2-
yl)porphyrinato Nickel (II)
Ni-BTP
Yield = 26%

Scheme 13: Synthesis of meso-tetra(5-bromothiophen-2-yl)porphyrinato Nickel (II)
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As aresult, Ni-BTP was isolated as a red powder, whose m/z of 1012.179, corresponding to an
empirical formula of C3sH16BrsaS4Ni. This value of m/z relative to that of BTP’s acted as
evidence of successful metallation with nickel. Ni-BTP UV-Vis bands were at 428 nm for its
Soret band and 539 nm for its Q band. Both the blue-shift in the Soret band and the reduction

of Q bands from four to one relative to BTP was also indicative of successful metallation.

4.3.Photo-physical Studies

Photo-physical properties relate to observable properties of a molecule due to its interaction
with light. The photo-physical properties of the porphyrins that were evaluated were UV-Vis,

fluorescence and infrared.

4.3.1. UV-Vis Studies

Porphyrins have a common UV-Vis spectral pattern (Conradie et al., 2021). The pattern
consists of two groups of peaks, the strong Soret band between 400 and 480 nm and a series
of weaker peaks, Q bands from 500 to 700 nm, which were reproduced by BTP and its metal

analogues as shown in
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UV-Vis Spectra of BTP and its Metallated Analogues
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Figure 10: Over-laid UV-Vis spectra of meso-tetra(5-bromothiophen-2-yl)porphyrin and its

metallated analogues

4.3.1.1. Soret bands
Figure 11 shows the Soret band positions of the synthesised molecules on the EMS.
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Normalised UV-Vis Spectra (B bands) of BTP and its
Metallated Analogues 1
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Figure 11: Overlaid Soret bands of meso-tetra(5-bromothiophen-2-yl)porphyrin and its
metallated analogues
Figure 12 also shows the Soret band positions but also contrasts BTP’s Soret band with those

of its metallated counterparts.
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Soret Band Shifts Amongst BTP and its Metallated

Analogues
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Figure 12: BTP Soret band shifts amongst meso-tetra(5-bromothiophen-2-yl)porphyrin and its
metallated analogues

Only Fe-BTP and Ni-BTP are blue-shifted relative to BTP and all other analogues are red-
shifted. Fe-BTP is the most blue-shifted, while Co-BTP is the most red-shifted followed by Sn-
BTP.

Soret bands occur as a consequence of electronic transitions amongst the frontier orbitals of a
porphyrin to the second excited state (S2) (Zhang et al., 2017). Frontier orbitals’ responsibility
in this has been illustrated by Gouterman through his four molecular orbital theory, see Figure

13.
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Figure 13: Gouterman’s 4 orbital model (Mack, 2017)

Gouterman used an 18m aromatic metallated porphyrin to model the transitions observed in the
porphyrins (Wamser and Ghosh, 2022). He calculated that for a porphyrin with Ds, symmetry,
the HOMO orbitals (ajy and azy) would be almost degenerate and the LUMO orbitals (eg) would
be degenerate as shown in Figure 13 (Mack, 2017; Mack et al., 2005; Wamser and Ghosh,
2022). The addition of metals to the porphyrin core or substituents on the beta or meso position
can reduce the symmetry from Dien (perfectly planar porphyrin) to Dan, when the porphyrin is
metalated and to the even lower Doy, in free-base porphyrins (Oloo, 2020; Valicsek and
Horvath, 2013). This would alter the positon of the bands on the visible spectrum and introduce
more peaks as well. More peaks would be introduced due to a break in the degeneracy of the
HOMO orbitals (the ey orbitals would now be ajy and ay, orbitals), hence the Soret bands and
Q bands that are characteristic in identifying porphyrins (Mack, 2017). In free-base porphyrins
there are usually 4 peaks due to a split in the S; state which is introduced due to a further

reduction in symmetry (Zhang et al., 2017).

The blue or red shifts observed in the metallated porphyrins could be a consequence of either;
the distortion metals induce in the porphyrin or the electronic nature of the metal centre, which
either reduce or increase the energy of the frontier orbitals. A more planar porphyrin would
lead to a hypsochromic shift, while less planarity would lead to a bathochromic shift (Pattengale
et al., 2019; Sayer et al., 1982; Valicsek and Horvath, 2013).The consequence of planarity on

the energy levels of the soret bands is discussed in the Theoretical Studies of this study. The
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data indicated that the electronic nature of the metals played a greater role in determining the

shifts in the Soret bands of the porphyrins synthesised.

Gouterman classified metallated porphyrins into three categories, hyperporphyrins,
hypsoporphyrins and normal porphyrins (Wamser and Ghosh, 2022). Normal porphyrins are
those with closed shell electronic configuration (d° and d'°), such as Zinc or free-base
porphyrins and have spectra that obey Gouterman orbital theory. Hypsoporphyrins were those
with normal spectra but were blue shifted, while hyperporphyrins were those with normal

spectra but were red-shifted (Wamser and Ghosh, 2022).

The metallated analogues of BTP: Zn-BTP, In-BTP, Sn-BTP and Pyr-BTP are all red-shifted
relative to the free-base, BTP. This is because of metal ligand charge transfer (MLCT) (Wamser
and Ghosh, 2022) to the HOMO orbitals of the porphyrin, which leads to a decrease in the band
gap amongst the frontier orbitals. This can be observed through the 'H NMR data of the f-
pyrrole’s hydrogens, which are de-shielded due to an increase in the atomic size of the core
metal, indicative of a stronger magnetic field. A stronger magnetic field in this context would
be from increased delocalization of electrons within the porphyrin core or an increase in
electron density within the aromatic ring. An increase in electron density would favour a higher
wavelength for the Soret band as well as a stronger magnetic field, as evidenced by the chemical
shift of f-pyrrole hydrogens of the porphyrins [Zn-BTP (69.10), In-BTP (69.19) and Sn-BTP
(69.29)] (Arnold, 1988).).

Transition metals with 6 to 9 d electrons (d® to d°) usually form hypsoporphyrins. This is due
to ligand to metal charge transfer (LMCT) (Wamser and Ghosh, 2022). This back-bonding
results in an increase in energy difference between the HOMO and LUMO orbitals, hence the
blue-shift observed (Beyene et al., 2020). Back-bonding occurs between the metal’s dx, and dy
orbitals and the LUMO orbitals (eg). This results in the destabilisation of the LUMO orbitals
and thus an increase in the energy gap between the frontier orbitals (Conradie ef al., 2021). For,
Fe-BTP (Fe = d°) and Ni-BTP (Ni= d®) this was the case as they were blue-shifted. However,
this documented observation did not hold for Co-BTP (Co= d’). Implying perhaps that there
exists an alternative or an additional mechanism for the hypsochromic shift observed in

porphyrins metallated with d®-d° transition elements. Indeed, Conradie et al, 2021do argue for
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this from their computational studies. They found that hypsochromic shifts were a consequence
of electron density being donated to the porphyrin’s nitrogen’s 1s orbital. This resulted in the
decrease in the energy level of the axy orbital which causes the energy gap between the frontier
orbitals to widen (Conradie et al., 2021). Modelling molecules can help in elucidating the

causes of these bathochromic shifts (Zhang et al., 2017).

4.3.1.2. Q bands

The Q-bands are so named after the Japanese name for the number nine, ‘kyu’. From
Gouterman’ s four orbital model. They are a result of a forbidden change in magnetic quantum
number, AM; = £9. This is juxtaposed to AM; = =1 that causes the Soret band (Mack et al.,
2005). Despite being forbidden, Q bands still form due to vibrational borrowing from the B
band (Zhang et al., 2017). The presence of two bands for the Q bands when porphyrins are
metallated is due to a split in the excited state (S1), along the x and y axis, as a result of a
reduction in the symmetry of the porphyrin. For the free-base porphyrins there is a further
reduction in the symmetry of the porphyrin and this leads Si to be split once more leading to
four Q bands (Hanna et al., 2022).

In this study, the free-base porphyrin, BTP had four Q bands while all the other metallated

analogues had two Q bands except Ni-BTP, which had one, as shown in and
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Q-Bands of BTP and its Metallated Analogues
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Figure 14: Q-Bands of meso-tetra(5-bromothiophen-2-yl)porphyrin and its metallated

analogues
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Normalised UV-Vis Spectra (Q bands) of BTP and its Metallated
Analogues
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Figure 15: Overlaid UV-Vis spectra (Q bands) of meso-tetra(5-bromothiophen-2-yl)porphyrin
and its metallated analogues

It has been noted that degeneracy could lead to reduced number of Q bands, and could be the
explanation for Ni-BTP’s empirical results. Increased symmetry would point to an ideal 18-n
electron cyclic polyene that would have a symmetry of Dieh. According to Michl’s calculation,
at this symmetry this molecule’s S; state has one Q band (Hanna et al., 2022; Mack, 2017).
One Q band for Ni-BTP means that amongst the synthesised compounds, Ni-BTP had the
highest symmetry (Marsh and Mink, 1996).

4.3.1.3. Molar Absorption Coefficient

The value of the molar absorption coefficient (g) gives an indication as to whether a given
transition is spin-allowed or spin forbidden (Lee et al., 2015; Mack et al., 2007). Upon analysis
of the UV-Vis spectral data of the compounds synthesised in this study, it emerged that Co-

58



BTP had the highest € at 1,000,000 L/Mol/cm. This was just about 2.22 times greater than that
of In-BTP, which had the second highest €, while Sn-BTP had the least at 44,838 L/Mol/cm.
This is illustrated in Figure 16.

Molar Absorption Coeffecient, £ (L./Mol/cm)
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Figure 16: Molar absorption coefficient

The transition between states is also likely to be affected by whether a molecule occurs in its
monomeric form or is agglomerated (Thandu ez al., 2015). Agglomeration reduces molar
absorptivity coefficient because it introduces obstructions to the absorption of photons. This is
likely to be more prevalent with Sn-BTP not only because of n-n stacking but also because of
the axially ligated hydroxyl groups. The hydroxyl groups could form hydrogen bonds amongst
the Sn-BTP molecules leading to a greater degree of agglomeration (Babu ef al., 2019). In Pyr-
BTP, the hydroxyl groups of Sn-BTP have been replaced with hydroxypyridyl groups, this
would reduce the degree of agglomeration due to the bulkiness of the hydroxypyridyl group
thus preventing n-n stacking (Babu et al., 2019). Consequently, Pyr-BTP had a € of 228,656
L/Mol/cm, approximately 5 times the € of Sn-BTP, as shown in Figure 16.
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In rationalising the & based on space (volume) occupied per unit Avogadro’s number of

molecules per centimetre, the € of Co-BTP would mean that there are 1.000,000 litres worth of

Co-BTP for every mole of Co-BTP that absorb light per centimetre. But how could this work?

There appears to be a force that would induce repulsion amongst Co-BTP molecules and this

could explain its relatively high €. This answer is based on its oscillator strength (f), derived

from Theoretical Studies. It is worth noting that the f values for Co-BTP do not differ greatly

with those of its counterparts shown in Figure 17.
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Figure 17: Computed oscillator strength and empirical €

In Figure 17, Co-BTP had the highest €, however its f resembled all other compounds except

Fe-BTP. This implies that a physical manifestation could be responsible for its high €. For
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instance, a physical manifestation such as agglomeration has been attributed to the low ¢

observed in Sn-BTP relative to that of Pyr-BTP as their f are very similar (Babu ez al., 2019).

4.3.2. Fluorescence Spectroscopy

Fluorescence spectroscopy is a measure of the wavelength at which a molecule emits photons
after initially absorbing photons. The photons emitted are usually of lower energy than those
absorbed due to the principle of conservation of energy. The pattern of the fluorescence spectra
can be used to establish whether a molecule maintained its geometric and orbital organisation
in its excited state (Wardle, 2009). This is determined when it appears that the absorption and
emission spectra are mirror images of each other. In the case of BTP and its metallated

analogues, this was the case when both spectra were normalised, as shown in
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Figure 18: Normalised fluorescence spectra of meso-tetra(5-bromothiophen-2-yl)porphyrin and its
metallated analogues
The mirrored images of the UV-Vis spectra and fluorescence spectra can be found in Appendix
3. These mirrored spectra are indicative of the photo-stability of the synthesised compounds in
their excited state. Thus as photosensitisers in water disinfection they would neither take up

more reactive forms nor generate other artefacts while in use.

4.3.2.1. Fluorescence quantum yield
Fluorescence quantum yield (®r) is a relative measure of the photons fluoresced by the

molecule to those that are absorbed. It is in direct competition with inter-system crossing (ISC).
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A low ®rtranslates to more electrons being available for ISC (high ISC), which in turn increases
the probability of formation of singlet oxygen (Khisa, 2020). In this study, it was observed that
the ®r of BTP and its metal analogues were lower than the standard meso-
tetra(phenyl)pophyrinato zinc(Il) (Zn-TPP) at 3.3E-02, as shown in Figure 19. This low ®ris
largely attributed to the heavy atom effect, induced by the bromine atoms on the thiophenyl
substituents. Heavy atom effect leads to spin-orbit coupling, which encourages ISC (Fushimi

et al.,2017; Wardle, 2009)

Fluorescence Quantum Yield of BTP and its Metallated
Analogues
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Figure 19: Fluorescence quantum yield of meso-tetra(5-bromothiophen-2-yl)porphyrin and its

metallated analogues

With regard to heavy atom effect, it would be expected that the order of decreasing ®rwould
have been: Fe-BTP, Co-BTP, Ni-BTP, Zn-BTP, In-BTP, Sn-BTP and finally Pyr-BTP.
However, from the observations in this study, the converse is true with the transition metal
analogues (Co, Fe and Ni) having the lowest ®r. The low ®ramongst the transition metal

derivatives (Fe, Co and Ni) is attributed to the d; and n* back-bonding between the metal’s
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orbitals and the porphyrin ligand’s orbitals as well as the heavy atom effect (Marsh and Mink,
1996). The former explanation falls within El-Sayeed’s selection rule. El Sayed's selection rule
states that a change in orbital type will facilitate a faster rate of intersystem crossing, from the
lowest excited single state to the triplet manifold ( ), back-bonding would have an

effect on the orbital type (Wardle, 2009).

') M mr) is faster than Ynx) “M> nx)
') “M> (n.x') is faster than (') W J(mn’)

Figure 20: Illustration of El-Sayeed's selection rule (Wardle, 2009)

In this study, Zn-BTP and In-BTP behaved as expected, this is based on the fact that Indium
(In) is heavier than zinc (Zn) and thus indium (In) would have a comparatively larger heavy
atom effect than Zn. However, for Sn-BTP and Pyr BTP, it was observed that Sn-BTP had a
higher ®rthan In-BTP despite the former having a greater atomic mass. Furthermore, Pyr-BTP
had the greatest ®reven more so than the free-base. It is also worth noting that electron-donating
groups cause an increase in fluorescence (Wardle, 2009). In this regard, Pyr-BTP and Sn-BTP
have electron donating groups as substituents (oxypyridyl and hydroxyl groups, respectively)
that appear to counteract the heavy atom effect for tin. It also implies that the oxypyridyl group

is a stronger electron donor than the hydroxyl group.

4.3.2.2. Stoke’s shift

Stoke’s shift is a measure of the difference between the wavelength of the absorption band and
the emission band (Zhang et al., 2017). Stoke’s shift can be used to determine whether a
molecule will generate photons that would lead to self-excitation (Destruel ef al., 1989; Zhu et
al., 2017). The ability to self-excite would enhance the production of singlet oxygen for every
electron that is excited in the PS. In this study, Ni-BTP had the highest Stoke’s shift of the

synthesised molecules, this is on account of its solitary Q-band, as shown in
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Figure 21: Stoke's shift

In this case, self-excitation of the synthesised porphyrins is possible as the Q-bands are in close
proximity to the emitted bands (BTP has a proximity of 15.5 nm). However, given the observed
low ®ryields, this is unlikely to be a significant factor in the excitation of BTP and its metallated

derivatives for applications in photodynamic water disinfection.
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4.4. Theoretical Studies

Theoretical studies were conducted in line with the third objective of the study. This was to
explain the variations in the empirical UV-Vis spectroscopic properties of the porphyrins. The
molecules were modelled using density functional theory (DFT) through theoretical models,
B3LYP and CAM-B3LYP. Although, from previous studies, both CAM-B3LYP and B3LYP
had been shown to have good predictive powers when modelling porphyrins, CAM-B3LYP is
the superior of the two (Goerigk and Mehta, 2019; Oyim et al., 2022). To mimic solvent
conditions, the polarizable continuum model (PCM) was used with the compounds being

modelled in solvent conditions (DMSO) and vacuum conditions.

In order to identify the appropriate model to explain the photo-physical properties observed,
the model generated soret bands and soret shifts were compared with empirical ones, as shown

in Figure 22.
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Figure 22: Comparison of computed and empirical UV-Vis spectra
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Upon comparison of the models and empirical data, CAM-B3LYP in vacuum had a trend that
had close semblance to the empirical data with the highest coefficient of determination (1> =
0.7719) relative to the empirical data. It was thus the model chosen to simulate the properties
of the synthesised porphyrins. Although DMSO-B3LYP also had a similar trend, it was

disqualified on account of a lower r? value of 0.3447.

4.4.1. Optimised Geometry

The functional, CAM-B3LYP was used to compute the minimum energy of the synthesised
molecules. This was done by altering the geometry of the molecule with a view to minimising
its energy in order to optimise its geometry. An output file that contains the coordinates of the
atoms gives a virtual image of the molecule. The output files contain the energy levels of the
orbitals of the synthesised molecules. For BTP and its metallated analogues the thiophenyl
group was mostly perpendicular to the porphyrin core which is what was expected for

thiophenyl groups, this can be seen for Zn-BTP in Figure 23 and Appendix 5 for the remaining

molecules.

Figure 23: Meso-tetra(5-bromothiophen-2-yl)porphyrinato Zinc (II) showing atom labels

referenced in dihedral angle table
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This is mostly due to steric hindrance occasioned by the size of the sulphur molecule. The

modelling matched the predictions of Ghosh et al., (2010).

44.1.1. Distortion of Geometry
Distortion in the porphyrin core is measured based on the dihedral angle Cu-Cieso-Cimeso-N

angles as shown in (Valicsek and Horvath, 2013).
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Table 2: Dihedral angles showing distortion in synthesised porphyrins

Molecule | C(3)-C(23)- | C(22)-C(23)- | C(5)-C(11)- | C(10)-C(17)- C(16)-C(24)- | C(8)-C(11)- | C(14)-C(17)- | C(20)-C(24)-
C(22)-N21) | C(3)-N(4) C(8)-N(9) C(14)-N(15) C(20)-N21) | C(5)-N(4) C(10)-N(9) | C(16)-N(15)
BTP 3.1 3.1 2.4 3.1 24 3.8 3.1 3.8
Zn-BTP 2.7 1.8 1.8 1.8 1.8 2.7 2.7 2.7
In-BTP 1.6 2.8 -0.9 24 1.8 3.0 1.8 1.8
Sn-BTP 35 35 1.5 0.9 2.5 2.6 0.3 1.6
Pyr-BTP 1.1 2.0 32 22 1.1 22 3.2 2.0
Fe-BTP 2.3 7.6 8.0 7.6 8.0 3.0 2.3 3.0
Co-BTP 117 47 4.8 5.0 4.7 11.8 11.8 11.6
Ni-BTP 5.3 “12.0 12.0 116 12.0 5.2 52 5.5
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The BTP analogues metalated with transition elements were more distorted than their non-
transition element counter-parts except for Zn-BTP. The non-linearity of the effects of ring
distortion on Soret band shifts relative to the free-base (BTP) was observed in the optimised
geometries of the molecule. Where a hypsochromic shift was expected for a planar molecule,
a bathochromic shift was observed as in Sn-BTP (Sn-BTP is relatively planar) and vice-versa
for Fe-BTP (Fe-BTP was more distorted).The comparison amongst the Soret band bears
significance because empirically distortion has been confirmed as a contributing factor in Soret

band shifts in porphyrins (Pattengale et al., 2019).

This means that these distortions affect the positions of HOMO and LUMO. For in-plane
porphyrins, blue-shifts are a consequence of metal charge transfer between the metal and the
porphyrin ring. This causes a reduction in the energy level of the HOMO orbitals and
consequently a blue-shift in the porphyrin’s Soret bands (Valicsek and Horvath, 2013). The
definition of in-plane porphyrin is one whose metal centre is planar to the porphyrin core.
However, given the results arrived at from the calculations whereby Fe-BTP was geometrically
optimised but was observed to be more distorted relative to the other metal analogues of BTP
and BTP itself, the resultant blue-shift can only be attributed to metal charge transfer between

the metal and the porphine ring with minimal regard to distortion.

The dominance of the electronic nature of the metals on the optical properties can be viewed
by contrasting the geometries calculated with the UV-Vis data where hyperporphyrins are more

planar than their hypsoporphyrins counterparts as shown in
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4.4.1.2.  Frontier Orbitals
Orbitals represent points in a molecule where electrons have the highest probability of being
found. Frontier orbitals refer to the highest occupied orbitals and the lowest unoccupied orbitals
in a compound. They are the orbitals between which excited and relaxing electrons transition.
For BTP and its metal analogues, the energy levels of their orbitals as well as Gouterman’s four
orbitals are captured in the output files shown in . The ‘a’ and ‘s’ notations used in
serve to distinguish between orbitals which have a node running through their y-axis
and those that do not. Those that have a node are denoted as ‘a’ while those that have an anti-
node are denoted as ‘s’, to differentiate the HOMO orbitals from the LUMO orbitals, LUMO
orbitals’ notations have a negative sign (—a and —s) (Mack, 2017; Oyim et al., 2022).
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Gouterman's Four Orbitals (CAM Vacuum) for BTP and Derivatives
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Figure 24: Gouterman’s four molecular orbitals (CAM_Vacuum) for meso-tetra(5-bromothiophen-2-yl)porphyrin and its metal analogues
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From , 1t 1s possible to observe the effect that addition of the metals had on the frontier
orbitals of the porphyrin, in terms of energy level. Porphyrins and their metal derivatives are
classified as normal porphyrins, when they have their distinct UV-Vis spectral pattern as in closed d-
shell metals such as in Zinc (d') or in their free-base form and as hypsoporphyrins when they are
blue-shifted relative to normal porphyrins such as in d°-d° transition element porphyrin derivatives.
They are also classified as hyperporphyrins when, they are red-shifted relative to normal porphyrins
such as in d!-d° or as metalloid porphyrin derivatives (Ghosh and Conradie, 2021). This latter
distinction between the metalloids and the transition metals and their effect on the frontier orbitals is

apparent in

44.1.2.1. Metalloid Elements

The metalloids employed in this study are Indium and Tin, represented by In-BTP, Sn-BTP and Pyr-
BTP. In all cases, relative to the normal porphyrins their HOMO positons have decreased further (in
descending order, that is Sn-BTP, In-BTP and finally Pyr-BTP), as shown in . This agrees
with the prevalent theory that hyperporphyrins are a consequence of metal ligand charge transfer
(MLCT), which results in a lowering of the HOMO orbitals and subsequent decrease in HOMO-
LUMO gap (Wamser and Ghosh, 2022).

4.4.1.2.2. Transition Elements

The transition elements that were employed in this study are: iron, cobalt, nickel and zinc through
their corresponding metal-complexes: Fe-BTP, Co-BTP, Ni-BTP and Zn-BTP. From itis
apparent that relative to BTP, all transition element analogues of BTP were predicted to have larger
band-gaps with Fe-BTP having the greatest band-gap and Co-BTP having the least. The relative
average energy changes of the orbitals are illustrated in . In this case, only Co-BTP’s
HOMO orbitals were elevated in energy relative to BTP, while all the other transition metal HOMO
orbital energies’ decreased. As for the LUMO orbitals, only Fe-BTP LUMO orbitals’ decreased while
all other transition metal LUMO orbitals’ increased in energy. The standard reason given for blue-
shifts in hypsoporphyrins of transition elements is that the LUMO orbitals interact with the dr orbitals
of the metals. This stabilises the dr orbitals but causes a subsequent de-stabilisation of the LUMO
orbitals causing an increase in energy, in other words ligand metal charge transfer (LMCT) (Wamser
and Ghosh, 2022). While this could explain the variation in energy for Co-BTP and Ni-BTP, it does

not explain the variation in energy for Fe-BTP. Fortunately Ghosh and Conradie, (2021) did a
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theoretical study to establish the cause for hypsochromic shifts in transition element porphyrins, in
an article entitled ‘The Dog that did not Bark’. They were also surprised to find that the cause was
not LMCT (they based this on the finding that the LUMO orbitals of the Zinc porphyrin remained
constant irrespective of the transition elements substituted for it, namely palladium and platinum) but
rather a withholding of electron density by the transition elements (Ghosh and Conradie, 2021).
Mulliken charges were used to establish the degree of electron-negativity with the more blue-shifted
element having a greater Mulliken charge relative to their red-shifted counterparts at greater than 1
for the former and less than 1 for the latter (Ghosh and Conradie, 2021). The same was observed
amongst the transition element analogues for BTP, as shown in . That being said, based on
the results of this modelling, it appears that both LMCT (for Ni-BTP) and electron density denial (for

Fe-BTP) could be used to explain hypsochromic shifts in transition element porphyrins.

Table 3: Mulliken charges of transition elements

Mulliken Charges
Fe-BTP  Co-BTP  Ni-BTP  Zn-BTP
1.110404 091104 0.781073 0.939455

4.4.2. Time Dependent —Density Functional Theory Studies
Time dependent-density functional theory (TD-DFT) enables chemists to simulate UV-Vis spectra
of molecules as well as the oscillator strength (f) of various transitions. This conforms with the

Gouterman’s theory by showing the orbitals responsible for a particular transition (Conradie ef al.,

2021).

These simulations provide an opportunity to observe what would happen to an individual molecule
when it is excited. This is especially relevant when trying to determine the potential of a molecule
for a particular application (Conradie ef al., 2021; Oyim et al., 2022). This is illustrated in this study
through comparison of the empirical and calculated results of Sn-BTP. Sn-BTP had a ¢ of
44,836L/Mol/cm but is shown to have an oscillator strength (f) of 1.4073, as shown in
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Computed Oscillator Strength and Empirical €
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Figure 25: Computed oscillator strength and empirical €

This f value of Sn-BTP is similar to those observed with all other BTP molecules except for Fe-BTP
which had an f value of 0.5684. It was thus concluded that the reduction in & for Sn-BTP was due to
hydrogen bonding. The same applies for Co-BTP, where empirically it had a & of
1,000,000L/Mol/cm, but upon interrogation of its computed oscillator strength (f),1.3475 it was
found to lie alongside most other metallated BTPs. In conclusion it could be inferred that a factor

such as repulsion may play a role in the high € of Co-BTP.

TD-DFT calculations also showed that for all the synthesised porphyrins, the Soret band and Q-band
transitions were a consequence of excitation of electrons amongst the frontier orbitals as shown in

Table 4 for BTP, while BTP’s metal analogues are shown in Appendix 7.
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Table 4: Computed photo-physical properties of meso-tetra(5-bromothiophen-2-yl)porphyrin

f, Calculated Empirical Wavefunction
Molecule Band State oscillator Probability (%)
strength nm cm’! nm cm’! HOMO( ) -LUMO()
660.5 15,140.05 -

Q 1 0.0018  589.1  16,975.05 aC1) a 45
596.5 16,764.46 S s(+1) 52

563 17,761.99 - +
Q 2 0.0252 537.47  18,605.69 a(-1) st 43
524 19,083.97 S a 54
a(-1) a 48
BTP B 3 1.3746 372.86  26,819.72 a(-1) s(+1) 2
s(-1) s(+1) 38
430.5 23,228.80 a(-1) a 2

- +
B 4 17717 36239 27,594.58 at-1) st >3
s a 43
S s(+1) 2

76



This further conforms to the Gouterman’s four orbital theory, where he determined that only
the frontier orbitals would be responsible for these transitions. This is because the remaining

orbitals were energetically too far from the frontier orbitals (Conradie ef al., 2021).

4.5.Antimicrobial Studies

Antimicrobial studies were conducted using broth micro-dilution technique. This method
involved testing the antimicrobial activity of a compound at varying concentrations against
bacteria in a 96-well plate (Balouiri et al., 2016). Carbapenem resistant E. coli (CRE.coli) and
methicillin resistant Staphylococcus aureus (MRSA) were exposed to BTP and three of its
metal analogues (Zn-BTP, In-BTP and Fe-BTP). The concentrations chosen were: 20uM,
40uM, 60uM, 80uM and100uM. In order to ascertain the role of light in antimicrobial activity,
the bacteria were assayed in light and dark conditions. The resultant survival rate of the bacteria
was then determined by comparing the absorbance of bacteria that had survived exposure

relative to those that were not exposed to the antimicrobial, via

Antimicrobial = A Average Abs(sample) x 00 Equation (4)
activity /A Average Abs(Control)

Key: Abs= Absorbance, /A= Change

The two species of bacteria assayed are representative of two categories of bacteria namely,
gram-positive (MRSA) and gram negative (CRE.coli) bacteria. Note that gram-positive and
gram-negative bacteria are differentiated based on the ability of their membranes to be stained
by crystal violet (gram-positive can be stained while gram-negative bacteria cannot) (Khisa,
2020). This points to a difference in the morphology of their membranes. In gram-positive
bacteria, their membrane is composed of 70% by dry weight peptidoglycan and is the reason
why it stains in the presence of crystal violet. While, gram-negative bacteria membranes are
composed of less than 10% by dry-weight of peptidoglycan, which does not stain, however

they do have a more complex membrane. (Hogg, 2013)
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4.5.1. Methicillin Resistant Staphylococcus aureus

To demonstrate the role of light in the antimicrobial activity of BTP and its metal analogues

against methicillin resistant Staphylococcus aureus (MRSA), their activity was compared

under light and dark conditions. The results are summarised in Figure 26.
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Figure 26: Antimicrobial activity of meso-tetra(5-bromothiophen-2-yl)porphyrin (BTP) and

metal analogues against Methicillin Resistant Staphylococcus aureus
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The survival rate of MRSA in dark conditions was higher than those in light conditions,

demonstrating the necessity of light in photosensitising BTP and its metal analogues for

potential application in photodynamic water disinfection. This was further supported by

analysis of variance (ANOVA) one-factor tests, which showed a significant difference between

the two conditions as shown in

Table 5: Significance tests for light against dark conditions- methicillin resistant

Staphylococcus aureus

MRSA ANOVA-One Factor
Compound F F critical
BTP 10.7006 5.3177
Zn-BTP 21.5859 5.3177
In-BTP 30.9690 5.3177
Fe-BTP 34.4185 5.3177

The concentration-dependent antibacterial activity of BTP and its metal analogues and their

respective 50% minimum inhibitory concentration (ICso) against MRSA under light conditions

are summarised in

and

, respectively.
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Figure 27: Antimicrobial activity against methicillin resistant Staphylococcus aureus

Table 6: Methicillin resistant Staphylococcus aureus’s 50% Minimum inhibitory concentration

Compound ICso MRSA (uM)
BTP 75
Zn-BTP 34
In-BTP 76
Fe-BTP 33

Based on the 1Csp (Gomis-Tena et al., 2020) values in Table 6 the most potent porphyrins
against MRSA were Fe-BTP and Zn-BTP.
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4.5.2. Carbapenem Resistant Escherichia coli
To demonstrate the role of light in the antimicrobial activity of BTP and its metal analogues
against carbapenem resistant Escherichia coli (CRE.coli), their activity was compared under

light and dark conditions. The results are summarised in Figure 28.
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Figure 28: Antimicrobial activity of meso-tetra(5-bromothiophen-2-yl)porphyrin and
metallated analogues against carbapenem resistant Escherichia coli
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From

, it was clear that the survival rate of CRE.coli in dark conditions was higher

than those in light conditions, demonstrating the necessity of light in photosensitising BTP and

its metal analogues for potential application in photodynamic water disinfection This was

further supported by analysis of variance (ANOV A) one-factor test, which showed a significant

difference between the two conditions, thus highlighting the necessity of light in photodynamic

water disinfection.

Table 7: Significance tests for light against dark conditions- carbapenem resistant Escherichia

coli
CRE.coli ANOVA-One Factor
Compound F F critical
BTP 21.3906 5.3177
Zn-BTP 41.9825 5.3177
In-BTP 42.6894 5.3177
Fe-BTP 36.2188 5.3177

Having demonstrated the importance of light in the antimicrobial activity of BTP and its metal

analogues, the rest of the antimicrobial studies are discussed under light conditions. The

concentration-dependent antibacterial activity of BTP and its metal analogues and their
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respective  ICsos against MRSA  under

light conditions are

summarised
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Figure 29 and Table &, respectively.
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Figure 29: Antimicrobial activity against carbapenem resistant Escherichia coli

Fe-BTP and In-BTP were the only ones to have a 50% inhibitory concentration (ICso) below
100uM each as shown in Table 8.

Table 8: Carbapenem resistant Escherichia coli’s 50% Minimum inhibitory concentration

Compound ICso CRE.coli (nM)
BTP -
Zn-BTP -
In-BTP 91
Fe-BTP 87
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The most potent porphyrins assayed against CRE.coli based on their ICso values were Fe-BTP
and In-BTP. Note that ICso is used as the standard measure for efficacy of compounds against

bacteria (Gomis-Tena et al., 2020).

CRE.coli was more resilient to BTP and its metal analogues than MRSA, with higher
concentrations of Fe-BTP and In-BTP needed to arrive at ICso.This may be due to an adaptation
that is unique to CRE.coli. Indeed, CRE.coli is a gram-negative bacteria, which are known to
be more resilient against 'O> (Huang et al., 2012). This resilience is based on the nature of the
membrane of gram-negative bacteria that affords it better protection against 'O2. (Dahl et al.,
1989; Hogg, 2013). Fe-BTP was the most efficacious compound agaisnt both gram-negative

and gram-positive bacteria.

The membrane of gram-negative bacteria is composed of a thin-peptidoglycan layer (~10% by
dry-weight) enclosed in a lipid bi-layer of a leaflet of lipopolysaccacharide. This increases the
impermeability of the gram-negative bacteria and furthermore, the lipopolsaccharide layer is
said to possess species that may react with 'O,. (Huang ef al., 2012; Maisch et al., 2007). This
is in contrast to gram-positive bacteria, whose membrane is 70-80% peptidoglycan by dry-
weight and is more permeable (Hogg, 2013). This allows for the porphyrin to gain access to
the membrane and internal components of the bacteria (Maisch et al., 2007). Indeed in this
study it was observed that the antimicrobial activity of BTP and its metallated analogues
resemble those of other porphyrins (Xu ef al., 2016). This is that: gram-positive bacteria are
more susceptible to neutral porphyrins than gram-negative bacteria (Huang et al., 2012; Khisa,

2020).
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5.1.

CHAPTER 5: CONCLUSION AND RECOMMENDATIONS

Conclusion

In this study, the following conclusions can be drawn:

(1)

(i)

(iii)

(iv)

5.2.

The compounds in this study, BTP and its six metallated analogues (Zn, In, Sn, Fe, Co
and Ni) were synthesised and characterised successfully.

The photo-physical properties of BTP and its metal analogues were determined
successfully. For Co-BTP, a hyperchromic shift was observed where a hypsochromic
shift was expected. This lent credence to the findings of (Conradie et al., 2021) that
there is possibly an alternative explanation for hypsochromic shifts observed in
transition elements of d®-d” electrons.

The photo-physical properties of BTP and its metal analogues were simulated
successfully using DFT through the functional CAM-B3LYP. The direction of soret
band shifts was predicted accurately for the metalloid analogues but for the transition
element analogues, the predictions were less accurate.

The role of light in the antimicrobial activity of BTP and its metal analogues was
established. Gram-positive MRSA was more susceptible to BTP and its analogues
compared to CRE.coli, with Fe-BTP having the highest efficacy based on its ICso values
(33uM for MRSA and 87uM for CRE.coli). This agreed with the findings of other
studies which show that gram-positive bacteria are more susceptible to neutral

porphyrins than gram-negative ones.

Recommendations

As a result of this study, the following recommendations are made:

(1)

(i)

In order to enhance the antimicrobial activity of BTP and its metal analogues, a study
to enhance the molar absorption coefficient through attachment to substrates or as metal
organic frameworks should be conducted. This may allow more light to reach the
compounds and thus increase their antimicrobial activity.

In order to improve the predictive capacity of CAM-B3LYP amongst the transition
metal analogues of BTP, DFT studies for BTP and its metal analogues should be
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(iif)

conducted with correction for London dispersion effects and or with constraints on the
geometry of the porphyrins.

In order to determine the reason for Fe-BTP’s unexpectedly high efficacy, an
investigation to establish the mechanism by which it induces microbicidal activity
should be conducted. This could bring greater insight on what other criteria should be

looked into when choosing PSs.
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APPENDICES
Appendix 1: Mass Spectra

Appendix 1. 1 Mass Spectra of Meso-tetra(5-bromothiophen-2-yl)porphyrin
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Appendix 1. 2: Mass Spectra of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Zinc (I1)
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Appendix 1. 3: Mass Spectra of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Indium (I1I)
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Appendix 1.4: Mass Spectra of Meso-tetra(5-bromothiophen-2-yl)porphyrinato
Tin(IV)hydroxide
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Appendix 1. 5: Mass Spectra of Meso-tetra(5-bromothiophen-2-yl)porphyrinato

Tin(IV)dioxypyridine
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Appendix 1. 6: Mass Spectra of Meso-tetra(5-bromothiophen-2-yl)porphyrinato
Iron(I1I)chloride
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Appendix 1. 7: Mass Spectra of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Cobalt(II)

853.224

933.180

‘ ‘ 1011.183

| \
A “MMMW»'Mwmwﬁwmﬁu.wmm)n"‘ ,huw;MmﬁV.wAw\&k..\.w.‘www.w.wwhM."‘wwlM‘r‘u&mw’w»w-.wwmw«wm
T T T T T 1

T
850 900 950 1000 1050

miz

103



Appendix 1. 8: Mass Spectra of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Nickel (II)
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Appendix 2: 'H NMR

Appendix 2. 1: 'H NMR of Meso-tetra(5-bromothiophen-2-yl)porphyrin
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Appendix 2. 2: 'TH NMR of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Zinc (II)
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Appendix 2. 3: 'TH NMR of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Indium (III) chloride

9.17

7.56
o
7.36
T? 34

30000

-2500(

r2000(

-1500(

1000(

5000

30000
N 8083
1,2,6,7,12,13,18,19 l 7 N 25000
|
. C(s) 20000
C(s) 7.36
7.36
All(s) B (d) 15000
Al(s) B (d) iz 7.54
9|17 7.54
I| 10000
1
I
29,33,37,41 5000
|
30,34,38,42
I -0
' r T T T T T T T T T T T T
94 9.2 9.0 88 86 84 82 80 78 76 74 72 7.0
f1 (ppm)
T L
g 3%
@ o
16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -2 -3
f1 (ppm)

>:?.54
\
s /?.36
A7 SR
g_ﬂ'} == \91?
\ N — Br
Lo \\‘/N Cl S |
n
Lo A
Br \ N
9.1 17
%1? / 9.1?
"
7.36

107



Appendix 2. 4: 'TH NMR of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Tin(IV)hydroxide
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Appendix 3: Empirical Photo-physical Properties (UV-Vis, Molar Absorption Coefficient and Fluorescence)
Appendix 3. 1: Empirical Photophysical Properties of Meso-tetra(5-bromothiophen-2-yl)porphyrin
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Appendix 3. 2: Empirical Photophysical Properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Zinc (II)

1.2

UV-Vis Spectra of Zn-BTP

1

0.8

0.4

0.2

380

480 580
Wavelength, nm

680

g of Zn-BTP

1.2

1 [ ]
0.8

206
. y=156707x +0.036
0.4 R2=0.9999
¢

0.2

0

0.E+00 2.E-06 4.E-06 6.E-06 8.E-06
Conc, mol/L

Fluorescence Spectra of Zn-BTP

1.2

Emission
o o o o
\8) I AN o0 —

()

500 600 700
Wavelength, nm

110



Appendix 3. 3Empirical Photophysical Properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Indium (III) chloride
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Appendix 3. 4: Empirical Photophysical Properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Tin(IV)hydroxide

1.2 UV-Vis Spectra of Sn-BTP g of Sn-BTP
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Appendix 3. 5: Empirical Photophysical Properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Tin(IV)dioxypyridine
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Appendix 3. 6: Empirical Photophysical Properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Iron(IlI)chloride
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Appendix 3. 7: Empirical Photophysical Properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Cobalt(II)

12 UV-Vis Spectra of Co-BTP ¢ of Co-BTP
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Appendix 3. 8: Empirical Photophysical Properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Nickel (II)
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Appendix 4: Infrared Spectra
Appendix 4. 1: FTIR of Meso-tetra(5-bromothiophen-2-yl)porphyrin and its Metal Derivatives
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Appendix 4. 2: FTIR Spectra of Meso-tetra(5-bromothiophen-2-yl)porphyrin and its Metal

Derivatives ( 3000 to 4000 cm™)
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Appendix 5: Optimised Structures
Appendix 5. 1: Optimised Structure of Meso-tetra(5-bromothiophen-2-yl)porphyrin

Appendix 5. 2: Optimised Structure of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Zinc
(D)
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Appendix 5. 3: Optimised Structure of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Indium
(IIT) chloride

Appendix 5. 4: Optimised Structure of Meso-tetra(5-bromothiophen-2-yl)porphyrinato
Tin(IV)hydroxide
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Appendix 5. 5: Optimised Structure of Meso-tetra(5-bromothiophen-2-yl)porphyrinato
Tin(IV)dioxypyridine
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Appendix 5. 6: Optimised Structure of Meso-tetra(5-bromothiophen-2-yl)porphyrinato
Iron(IIT)chloride

Appendix 5. 7: Optimised Structure of Meso-tetra(5-bromothiophen-2-yl)porphyrinato
Cobalt(II)
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Appendix 5. 8: Optimised Structure of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Nickel
(1I)
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Appendix 6: Computed HOMO LUMO Gap

Appendix 6. 1: Gouterman’s Four Orbitals’ Energies

Orbitals, eV BTP Zn-BTP In-BTP Sn-BTP | Pyr-BTP Fe-BTP Co-BTP Ni-BTP
HOMO LUMO Gap 4.6109 4.7014 4.6034 4.5504 4.5822 4.8521 4.6909 4.7740
LUMO+1 -1.8246 -1.7807 -2.5081 -2.4504 -2.8534 -1.8893 -1.7832 -1.7165
LUMO -1.9070 -1.7807 -2.5163 -2.4624 -2.8537 -1.8915 -1.7867 -1.7187
HOMO -6.4225 -6.4465 -7.0816 -6.9036 -7.3858 -6.6457 -6.4236 -6.4495
HOMO-1 -6.5308 -6.5178 -7.1496 -7.1099 -7.4857 -6.8394 -6.5281 -6.5338

Appendix 6. 2: Variations in Orbitals' Averaged Energies
Property BTP Zn-BTP In-BTP Sn-BTP Pyr-BTP Fe-BTP Co-BTP Ni-BTP
Zn-LUMO 0.085037 0 0.731453 0.675669 1.072825 0.109664 0.004218 -0.063131
Variation
Extra-LUMO 0 -0.085037 | 0.646416 0.590632 0.987788 0.024627 -0.080819 -0.148168
Variation
Average LUMO -1.865777 | -1.78074 -2.512193 | -2.456409 | -2.853565 -1.890404 -1.784958 -1.717609
Average HOMO -6.476681 | -6.482123 | -7.115614 | -7.006766 | -7.43576 -6.74254 -6.475864 -6.491647
Extra-HOMO 0 0.005442 0.638933 0.530086 0.95908 0.265859 -0.000816 0.014966
Variation
Zn-HOMO -0.005442 | 0 0.633491 0.524644 0.953638 0.260417 -0.006259 0.009524
Variation
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Appendix 7: Computed Photophysical Properties of Meso-tetra(5-bromothiophen-2-yl)porphyrin and its Metal Analogues
Appendix 7. 1: Computed photo-physical properties of Meso-tetra(5-bromothiohen-2-yl)porphyrin

f, Calculated Empirical Wavefunction
Molecule Band State oscillator Probability (%)
strength ) cm! nm em?’  HOMO() -LUMO()
660.5  15,140.05 _

Q 1 0.0018  589.1  16,975.05 at-1) a 45
596.5  16,764.46 « S(+1) 57

563 17,761.99 _ +
Q 2 0.0252  537.47  18,605.69 at-1) st 43
524 19,083.97 S q 54
a(-1) a 48
BTP B 3 1.3746 372.86  26,819.72 a(-1) s(+1) 2
s(-1) s(+1) 38
430.5  23,228.80 a(-1) N )

- +
B 4 17717 36239  27,594.58 at-1) st >3
S a 43
s s(+1) 2
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Appendix 7. 2: Computed photo-physical properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Zinc(II)

f Calculated Empirical Wavefunction
Molecule Band State oscillator Probability (%)
strength nm cm’! nm cm! HOMO() -LUMO()
Q 1 0.0008 539.32 18,541.87 611 16,366.61 a a 45
' ' SRt 200 s(-1) S(+1) 52
Q 2 0.0008 53932  18,541.87 567 17,636.68 a st 43
' ' Dt 020- s(-1) a 54
s(-1) s 38
-1 +1 12
Zn-BTP B 3 15778 36188  27,633.47 S(a ) a(s ) 0
a a(+1) 34
437 17,636.68
: s(-1) s 12
-1 +1 38
B 4 15778 361.88  27.633.47 sC1) aCtl)
a S 34
a a(+1) 11
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Appendix 7. 3: Computed photo-physical properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Indium (III) chloride

f, Calculated Empirical Wavefunction
Molecule Band State  oscillator Probability (%)
strength nm cm’! nm em! HOMO() -LUMO()
a(-1) s 3
- +
Q 1 0.0074  556.61  17,965.90 616 16,233.77 a(-1) a(+1) ;1:)1
S S
S a(+1) 3
a(-1) s 45
- +
Q 2 0.0064 556.23 17,978.17 570.5 17,528.48 a(-1) a(t1) i
S S
In-BTP S a(+]) 49
a(-1) s 12
- +
B 3 1.5509 369.24 27,082.66 a(-1) a(+1) 39
S S 34
441.5 22,650.06 s a(+1) 11
a(-1) s 39
- +
B 4 1.5559 36856  27,132.62 a(-1) a(+1) 12
s s 11
S a(+1) 35
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Appendix 7. 4: Computed photo-physical properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Tin(IV)hydroxide

¢ Calculated Empirical Wavefunction
Molecule Band State oscillator Probability (%)
strength nm em! nm em?  HOMO() -LUMO()
a(-1) S 6
- +
Q 1 0.0227 56544  17,685.34 620 1612003 D a(+1) ig
S S
S a(+1) 9
a(-1) S 36
- +
Q 2 0.0203 564.4 17,717.93 572.5 17,467.25 a(-1) a(t1) 6
S a(+1) 9
Sn-BTP s s 48
a(-1) ] 3
- -
B 3 1.4073 37729 26,504.81 a(-1) a(+1) 52
S S 36
446 22,421.52 s a(+1) 2
a(-1) S 52
B 4 1.4494 376.11  26,587.97 a(-1) a(+1) 3
S S 2
a(+1) 37
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Appendix 7. 5: Computed photo-physical properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Tin(IV)dioxypyridine

f, Calculated Empirical Wavefunction
Molecule Band State  oscillator Probability (%)
strength nm cm’! nm cm! HOMO( ) -LUMO()
Q 1 0.0089 56544  17,685.34 a(-1) st 46
616 16,233.77 S a >3
Q 2 0.0087 5644  17,717.93 a(-1) a 46
s s(+1) 53
Q 5 0.1518 406.85  24,579.08 a(-1) st 12
Pyr-BTP 569 17,574.69 S a 16
Q 6 0.1578 406.57  24,596.01 a(-1) a 12
S s(+1) 17
B 7 1.2004 367.08  27,242.02 at-1) a 40
4425 22,598.87 s s(+1) 29
B 8 12208 366.63 2727545 a(:) S(Zl) ;‘g
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Appendix 7. 6: Computed photo-physical properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Iron(IlI)chloride

£ Calculated Empirical Wavefunction .
s Probability (%)
Molecule  Band State oscillator
strength nm cm! nm cm! HOMO( ) -LUMO( )
s(-1) s(+1) 24
Q 16 0.0036 529.8 18,875.05 619.5 16,142.05
a s(+1) 58
s(-1) s(+1) 50
Q 17 0.0014 528.81 18,910.38 576 17,361.11
a s(+1) 29
s(-1) s(+1) 3
Fe-BTP B 31 0.5684 382.06 26,173.90
a s(+1) 21
s(-1) s(+1) 12
B 39 0.6773 343.25 29,133.28 417.5 23,952.10
a s(+1) 9
s(-1) s(+1) 15
B 40 0.5828 342.07 29,233.78
a s(+1) 5
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Appendix 7. 7: Computed photo-physical properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Cobalt(II)

. Calculated Empirical Wavefunction
Molecule Band State f’szf_ceﬂl‘;tl?r Probability (%)
nm cm’! nm cm! HOMO() -LUMO()
s(-1) a 19
Q 12 0.0001 592.57 16,875.64 s¢-1) s(+1) 39
a a 31
a s(+1) 11
605.5 16,515.28 s1) . 3
Q 13 0.0001 59225 16,884.76 S(:) 5(21) }?
a s(+1) 31
s(-1) a 7
Q 14 0.0062 533.34 18,749.77 s¢-1) s(+1) 33
a a 41
560 17.857.14 a s(+1) ?
Co-BTP s(-1) a 35
Q 15 0.0065 533.27 18,752.23 S(:) S(;l) g
a s(+1) 42
s(-1) a 32
B 30 1.3775 369.64 27.053.35 S(:) S(zl) }?
a s(+1) 30
447 22.371.36
B 32 1.3945 368.93 27.105.41 s(-1) a 17
s(-1) s(+1) 33
a a 30
a s(+1) 12
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Appendix 7. 8: Computed photo-physical properties of Meso-tetra(5-bromothiophen-2-yl)porphyrinato Nickel (I1)

f, Calculated Empirical Wavefunction
Molecule Band State oscillator Probability (%)
strength nm cm’! nm cm’! HOMO() -LUMO()
a(-1) a 8
Q 4 0.0005 52637  18.998.04 a(-1) s(+1) 36
S a 45
S s(+1) 10
539 18,552.88 1) ' .
Q 5 0.0007 5263 19,000.57 a(:) S(Zl) 180
. s s(+1) 45
N-BTP a(-1) 2 41
B 8 1.4171 36599  27.323.15 a(-1) sC+1) 12
S a 10
s s(+) 34
428 23.364.49 ) ' -
B 9 12266 36525  27.378.51 a(-1) sC+1) 37
S a 30
s s(+) 10
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Appendix 8: Antimicrobial Activity

Appendix 8. 1: Methicillin Resistant Staphylococcus aureus survival rate

Bacteria MRSA Survival Rate (%)

Condition Dark Light

Concentration, | 20 40 60 80 100 |20 40 60 80 100
M

BTP 89 87 83 95 82 81 72 63 46 38
Zn-BTP 99 82 88 72 75 69 46 53 41 40
In-BTP 93 95 86 91 91 66 58 56 47 24
Fe-BTP 95 97 91 85 81 70 45 50 46 30

Appendix 8. 2: Carbapenem Resistant Escherichia coli survival rate

Bacteria CRE.coli Survival Rate (%)

Condition Dark Light

Concentration, [20 [40 [60 [80 [100 [20 [40 [60 [80 [100
pM

BTP 92 94 96 95 93 82 79 74 69 |55
Zn-BTP 88 93 93 91 98 76 73 71 66 |57
In-BTP 9 |96 |91 |88 [87 |73 |66 [53 |51 [49
Fe-BTP 89 [88 [84 [85 [86 [74 |60 [55 [52 |46
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