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Abstract  

 
Cancer is a devastating disease that is a leading cause of death worldwide. Despite the 

available cancer treatments, there is a significant need to improve the therapeutic approach 

towards this disease. Photodynamic therapy (PDT) is an alternative approach for treating 

cancer, which requires a photosensitiser, molecular oxygen and light. Although some 

porphyrin-based derivatives have been approved by the United States Food and Drug 

Administration (FDA) and other similar agencies elsewhere for photodynamic therapy, their 

relatively poor photophysicochemical properties mean that there is an ongoing need for new 

photosensitiser dyes. Singlet oxygen photosensitiser dyes can also be used to treat bacteria 

that develop antimicrobial resistance in the context of photodynamic antimicrobial 

chemotherapy (PACT).  

 

The main aim of this study was to synthesise and characterise a series of porphyrin dyes with 

4-quinolinyl, thien-2-yl and 4-bromo-thien-2-yl meso-aryl groups and their Sn(IV) and In(III) 

complexes, as well as their corrole analogues. Corroles are contracted macrocycles that have 

interesting optical properties. The corroles selected for study were found to be difficult to 

synthesise and purify and had unfavourable photophysicochemical properties and were thus 

omitted from the PDT and PACT biological applications within this thesis. High- and low-

symmetry A4 and ABAB type meso-tetraarylporphyrins porphyrins were synthesised to 

improve the photophysicochemical properties of the photosensitisers; the utility of these dyes 

as photosensitisers was studied against the MCF-7 breast cancer cell line for PDT and against 

Staphylococcus aureus and Escherichia coli for PACT.  

 

The thienyl-2-yl rings were introduced to red shift the lowest energy Q band towards the 

phototherapeutic window, while quaternisation of the nitrogen and sulfur atoms of the 4-

quinolinyl and thien-2-yl rings to introduce a cationic nature was explored to improve the 

bioavailability of the drugs and uptake into the target cell walls for improved efficacy. Heavy 

Sn(IV) and In(III) central metal ions were introduced to enhance the singlet oxygen quantum 
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yields and limit aggregation through axial ligation. The bromine atoms of the 4-bromo-thien-2-

yl meso-aryl rings were also introduced to enhance the singlet oxygen quantum yields of the 

dyes.  

 

Furthermore, the utility of the porphyrin and corrole molecules for optical limiting properties to 

limit laser radiation to protect optical devices, including eyes, was explored by the z-scan 

technique. One of the dyes studied, Sn(IV) tetrathien-2-ylporphyrin, that exhibited the most 

favourable reverse saturable absorbance (RSA) response was embedded into a 

poly(bisphenol carbonate A) polymer thin film to further explore its suitability for practical 

applications.  
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1.1 Problem statement  
 

Currently, there is a global drive toward the design of more selective and efficacious therapies 

to combat the increasingly problematic disease of cancer. Photodynamic therapy is an 

alternative, less invasive cancer therapy that uses light to activate molecular dyes, stimulating 

the formation of cytotoxic singlet oxygen (1O2), the therapeutic agent. Despite the fact that 

there are existing clinically-approved photosensitiser drugs, there is scope to improve their 

properties through rationally selected structural modifications. Porphyrin derivatives are 

known for their inherent photosensitising abilities, but they absorb weakly in the near-infrared 

of the visible region, and, thus, present issues with deeply rooted tumours and, particularly 

within the African context, cause negative side effects due to the interaction of endogenous 

biomolecules with the incident photons.  

 

This thesis reports the photophysicochemical properties of a series of porphyrin derivatives 

with 4-quinolinyl, thien-2-yl and 4-bromo-thien-2-yl meso-aryl groups and their Sn(IV) and 

In(III) complexes and the activity of these molecular dyes during in vitro anticancer and 

antimicrobial therapy studies. Additionally, the optical limiting properties of the synthesised 

dyes were also assessed.   



 
 

3 

1.2 Target disease: cancer 

 

Cancer is a problematic disease that is characterised by rapid and uncontrollable cellular 

growth in particular regions of the body; the cancerous cells are capable of invading and 

destroying healthy surrounding tissue, which is not limited to organs themselves.1 

 

Cancer broadly refers to more than 277 different cancer diseases and currently is the second 

leading cause of death worldwide.2 The variety within cancer poses a major challenge in terms 

of diagnostics, as well as the efficacy of treatments, because each cancer behaves differently.2 

Since different stages of cancer have been identified, it can be concluded that several gene 

mutations are involved in cancer pathogenesis and the development of the disease.2 The 

uncontrollable cell growth can be attributed to these genetic mutations that are either 

stimulated by environmental or inherited genetic factors.2  

 

In 2020, nearly ten million deaths were caused by cancer, which accounted for one in six 

deaths documented in that year.3 The most common cancers globally are breast, lung, 

prostate, colon, and rectal cancer.3  

 

Metastasis is a process that occurs whereby cancer spreads beyond the usual boundaries of 

the cell and invades other parts of the body and other organs: the primary cause of death in 

cancer is caused by widespread metastases. Cancer exploits the circulatory and lymphatic 

systems of the body to spread to surrounding tissues. However, upon early detection and 

treatment, the disease is usually manageable.2,3 

 

Generally, cancer disrupts cellular signalling pathways, which leads to the uncontrollable 

growth and reduction of apoptosis (a genetically regulated form of cell death that is an 

essential biological process, especially in the immune system).2,4 In addition, genetic 

mutations also lead to the dysfunction of vital genes.2 The interaction between genetic 

predispositions and three major external factors leads to the pathogenesis of cancer:  
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1) Physical carcinogens: high energy radiation (e.g. ultraviolet) and ionising radiation are 

known to induce cancer cell formation.3  

2) Chemical carcinogens: these are agents that interact at a molecular level and induce 

genetic mutations that are not repaired before replication of the cell. Common chemical 

carcinogens include asbestos, components of tobacco smoke and alcohol.3,5  

3) Biological carcinogens: these are infections from parasites, bacteria, and viruses (such 

as the human papillomavirus) that lead to genetic mutations.3  

 

Although Africa is experiencing significant improvements in population health (attributed to 

declining mortality rates, decreased fatality from HIV/AIDS and increased lifespans in 

general), the morbidity and mortality rates due to non-infectious diseases, such as cancer, are 

rising.6 Cancer is an emerging problem in Africa: 57% of all new cancer cases in the world 

occur in low-income areas, and this is exacerbated by increased life expectancies and a lack 

of awareness and preventative strategies.7 For this reason, this thesis details the synthesis, 

characterisation and subsequent application of molecular photosensitising agents within an 

African context; this will be elaborated on further.  
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1.3 Porphyrin derivatives and their nomenclature  
 

Porphyrins are macrocyclic structures that have been researched extensively due to their 

potential application within various fields, including but not limited to the biomedical field.8 They 

consist of four pyrrole moieties that are linked via methene bridges in a planar manner.9,10 

They are widely distributed throughout nature, mostly in their metalated forms, as iron or 

magnesium complexes.11 Porphyrins are well known for their function as prosthetic groups in 

various essential metabolites in biological systems, including but not limited to haemoglobin, 

cytochromes, enzymes, and chlorophylls.11 Their ubiquity in Nature stems from their ability to 

store and transport oxygen, mediate photosynthetic energy production, and their significance 

as enzymes and vitamins.10 Porphyrins are heteroaromatic due to their extended conjugated 

18 𝜋𝜋-electron systems. This leads to their intense colours.10 Their electronic structures contain 

26 𝜋𝜋-electrons in total, with 18 delocalised on the inner ligand perimeter according to Hückel’s 

law of aromaticity.12 

 

Porphyrin molecules and their derivatives have been explored as contrast agents for magnetic 

resonance imaging (MRI), as photocatalytic and non-linear optic agents and in molecular 

electronic devices. This investigation will focus on their potential utility in the biomedical field, 

since they have been reported to possess potential as drugs in the photodynamic therapeutic 

approach to cancer.8,10 The central cavity of porphyrin molecules is suitable for coordinating 

various metal ions and other compounds, leading to the formation of metalloporphyrins.10 The 

significance of this will be discussed below in Section 1.7. The photophysical properties of 

porphyrins and metalloporphyrins govern their biological significance, and this is a direct result 

of the physicochemical properties of the compounds, which can be tuned via structural 

modifications.8,10 They are attractive within the sphere of biomedical research due to their 

interesting photophysical properties, such as long wavelengths of light absorption and 

emission, low in vivo toxicity, and high singlet oxygen quantum yields.10 
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Since these compounds play a significant role in many disciplines, it is essential to have a 

uniform nomenclature system.13 The first nomenclature to be applied to the porphyrin system 

was Hanz Fischer’s method, outlined in Figure 1.3.1. The bridging meso- or methene carbons 

are labelled 𝛂𝛂, 𝛃𝛃, 𝛄𝛄, and 𝛅𝛅, whereas the linking 𝛂𝛂-carbons are left unassigned. The 𝛃𝛃-carbons 

are numbered from 1-8.  

 

Figure 1.3.1. Fischer’s nomenclature for porphine (the parent compound of porphyrin 

systems).13 

 

The IUPAC subsequently provided a more comprehensive numbering scheme for the 

porphyrin that has proven more useful for interdisciplinary communication.13 The numbering 

in this nomenclature is from 1-24, with every atom in the parent structure included, as outlined 

in Figure 1.3.2.   

 

Figure 1.3.2. IUPAC nomenclature for porphine, where every atom is assigned a number.13 
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1.4 Corroles  
 

Corrole compounds are derivatives of porphyrins that are heteroaromatic and tetrapyrrolic, but 

contain a direct pyrrole-pyrrole bond and, consequently, only three methene bridges.14,15 In a 

similar manner to porphyrins, they have 18 𝜋𝜋-electrons on the inner ligand perimeter, as there 

is an additional protonated pyrrole nitrogen upon loss of the bridging meso-carbon.16 The 

structure of a corrole is depicted in Figure 1.4.1. Corroles have been explored extensively in 

the past two decades, due to their increased metabolic rate in the body and favourable 

potential as cancer therapeutic agents. Corroles have a contracted ring structure, which 

affords a lower C2v symmetry, more intense absorption of light at the lower energy end of the 

visible spectrum and lower oxidation potentials.17,18 They have only been explored extensively 

in the last two decades due to a breakthrough made by Gryko et al. in their previously 

challenging synthesis.17 

 

 

Figure 1.4.1. The structure of a corrole with the pyrrole-pyrrole bond highlighted.17 

 

Corroles can be exploited for photodynamic therapy applications due to their increased 

absorption at the lower energy range of the visible region. Ultimately this means that they will 

absorb light of longer wavelength more efficiently. This affords a more efficacious therapy, 

since the aim is to exploit the phototherapeutic window, which is highlighted in Figure 1.4.2. 

This helps avoid the development of negative side effects that occur when endogenous 
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biological molecules interact with the incident radiation, as well as achieving deeper 

penetration into the tissue.19 

 

Figure 1.4.2. The phototherapeutic window (highlighted in blue) normally should be used 

within this therapy. This results from the absorption of light by endogenous biological 

molecules in the visible range and by water in the infrared. Reproduced with permission from 

Reference 20, © Elsevier 2016.    

 

Corroles can be metalated; their free-base and metalated counterparts have been studied for 

various applications due to their potential as drug candidates for cancer, diabetes, and 

neurodegenerative diseases, antibacterial agents in photodynamic antimicrobial therapy, and 

as bio-imaging agents.17 Their potential as imaging agents within the biomedical sphere stems 

from their apparent increased fluorescence upon contraction of the macrocyclic cavity.17 In 

addition, corroles can form stable conjugates with proteins, which expands their utility for 

application in biological systems.18 

 

Corroles are more acidic than their porphyrin counterparts since they contain three pyrrole- 

and imine-like nitrogen donors.21 Corroles can coordinate metal ions in high oxidation states, 

due to the formation of a tetradentate trianion (i.e. a tribasic ligand) upon metalation.18,21 There 

has been growing interest in these contracted ring structures for applications since their 
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optical, redox, and coordination properties are significantly modified.16 Corroles are near 

planar due to their heteroaromaticity.18 

 

In nomenclature terms, the missing meso-carbon is omitted in the numbering process. This 

results in the inner nitrogens in porphyrins and corroles being assigned identically.22 

Porphyrins and corroles that contain differing meso-groups are named similarly: if they contain 

two different functionalities at the meso-positions, a porphyrin would be referred to as either a 

trans- or cis-A2B2 depending on whether these groups are opposite or next to each other, 

respectively.22 Corroles are named in the same manner. 

 

This investigation will focus primarily on a comparison of corrole compounds with their 

porphyrin counterparts. Symmetric and asymmetric corroles and porphyrins will be studied to 

explore the effect of a loss of symmetry on the photophysicochemical and redox properties of 

the photosensitising agents.   
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1.5 The synthetic history of the macrocycles in this investigation  

 
1.5.1 The history of porphyrins 
 

Porphyrins are readily available via biosynthetic routes with relatively simple precursors and 

in biological systems23; a great deal of interest and research over the past century has led to 

the development of synthetic pathways to exploit the rich chemistry of these compounds.11 

 

The history of porphyrin synthesis began with Hans Fischer: in 1929, he started developing 

methodologies for porphyrin synthesis using dipyrromethene salts and organic acid solvents 

that, ultimately, afforded multiple naturally occurring porphyrins at low synthetic yield.24 He 

was honoured as a Nobel Laureate in 1930 for his discovery of essential biological pigments, 

such as hemin (a component of haemoglobin) and chlorophylls, and particularly, for his 

synthesis of the former.25 

 

In 1935, Paul Rothemund reported the first synthesis of porphyrins from a reaction between 

aldehydes, pyrrole and methanol; he conducted this reaction under three different conditions: 

1) at room temperature for several weeks, 2) heated under reflux for 15−25 h, or 3) in a sealed 

tube place in a water bath at 85−90°C for 10−20 h, detailed by Scheme 1.5.1.1.26,27 

 

In Rothemund’s early work, acetaldehyde was primarily used to yield tetramethylporphin, 

which lacks aromatic groups at the meso-positions of the porphyrin; he also attempted to use 

formaldehyde, which yields the tetracyclic parent compound of porphyrins, porphin, which has 

a slightly atypical UV-visible absorption spectrum.27 He applied this approach to determine the 

utility of using a series of different aldehydes in a porphyrin synthesis, which led to very 

important developments in this field.26 Rothmund also coordinated the porphyrins to copper 

and achieved increased yields when performing the reactions in pyridine.  
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Rothemund and Menotti reported the first synthesis of meso-tetraphenylporphyrin (TPP) in 

1941: this was achieved under anaerobic conditions in a sealed tube in pyridine at 200°C and 

resulted in a 5% yield of the target compound.28,29 

 

Scheme 1.5.1.1. The synthetic scheme that Rothemund used to yield tetraphenylporphyrin in 

the 1930s.25,26 

 

Further synthetic developments were achieved to improve the yields of the target porphyrins, 

as well as the versatility of the reaction. Adler and Longo and their co-workers developed a 

refined method for the synthesis of meso-substituted symmetrical porphyrins: this involved 

reacting equimolar amounts of pyrrole and benzaldehyde in propionic acid or acetic acid as 

solvents that usually yields the porphyrin in one step and can achieve yields of up to 30% 

(Scheme 1.5.1.2).28 The reaction is carried out in aerobic conditions, and the increased yields 

afford large-scale synthesis of porphyrins, which had been problematic previously.  

 

The Adler-Longo method can be slightly problematic when dealing with aldehydes that are 

sensitive to the harsh acidic environment. For example, alkyl and aromatic derivatives with 

ionisable functional groups tend to form porphyrin acid salts. This limits the applicability of this 

particular synthesis when designing porphyrins that bear these functionalities. The main 

reason for this is the increased solubility experienced upon forming the porphyrin acid salts, 

which hinders the precipitation event carried out with methanol and water to yield crystals that 
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can be subjected to chromatographic purification.30 The harsh reaction conditions used in the 

Adler-Longo synthesis of porphyrins also limit the yields, in addition to the versatility of the 

reaction.31 As a result, it lacked rational and reproducible access to different meso-

substituents.31 

 

Scheme 1.5.1.2. The optimised synthetic strategy developed in the 1960s by Adler and Longo 

et al. to yield tetraphenylporphyrin.28 

 

Despite its drawbacks, the Adler-Longo synthesis of porphyrins is the most routinely used 

approach for preparing porphyrins. It has been adapted to yield asymmetric porphyrins in what 

is known as statistical condensation reactions.32 This usually involves the reaction between 

two different aldehydes in the desired ratio of the substitution at the meso-positions of the 

porphyrin with pyrrole added in equimolar quantities to the aldehydes: for an A3B porphyrin, 

one would use 3 eq of the aldehyde A, 1 eq of aldehyde B and 4 eq of pyrrole (Scheme 

1.5.1.3). This proves incredibly problematic at the purification stage and is not a feasible option 

for large-scale syntheses.32 
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Scheme 1.5.1.3. The general synthetic scheme for a statistical condensation reaction.32 

 

Having encountered the disadvantages associated with the Rothemund and the Adler-Longo 

methods, Jonathan Lindsey opted to design a more efficient reaction that was more generally 

applicable for asymmetric syntheses by utilising a two-step mechanism.31 The conditions used 

are less harsh and, in some ways, attempted to adopt a biomimetic approach: 1) an acid-

catalyzed condensation of an aldehyde and pyrrole to yield a porphyrinogen as a precursor, 

and 2) an oxidation reaction achieving 6e−/6H+oxidative dehydrogenation, ultimately yielding 

the target porphyrin (Scheme 1.5.1.4).31 Relatively mild conditions are achieved in this 

synthesis: a chlorinated solvent that contains an acid (usually TFA or BF3·O(Et)2, an oxidant 

that is soluble in organic solvent systems, such as tetrachloro-1,4-benzoquinone (p-chloranil) 

or 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), and dilute concentrations of the pyrrole 

and aldehydes (0.01 M). These reaction conditions help to limit the formation of 
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oligopyrromethanes and enhance the formation of porphyrinogens, which are subsequently 

oxidised to yield the porphyrin macrocycle. The reaction conditions were optimised by 

systematically varying the reactant concentrations, the type and concentration of the acid 

catalyst, determining the suitable aldehydes, and general conditions for the reaction.31 

 

Scheme 1.5.1.4. The synthetic scheme for Lindsey’s route to yield a porphyrin, which relies 

on a biomimetic approach.31 

 

Although a statistical condensation reaction can yield a desired asymmetric porphyrin, it is 

inappropriate for large-scale syntheses. Lindsey et al. attempted to find better approaches to 

yield a particular asymmetric porphyrin more selectively to limit the amount of chromatography 

required.31 The major strategy adopted to increase the selectivity of an asymmetric porphyrin 
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synthesis was to employ dipyrromethane (DPM) precursors (Scheme 1.5.1.5). There are 

multiple methods to achieve the synthesis, but a considerable challenge presents itself in 

preventing the DPM from oligomerising and halting the reaction at the DPM required for further 

use in the porphyrin synthesis. In Lindsey’s one-flask DPM synthesis, pyrrole is used as both 

the reactant and the solvent with an acid (TFA, BF3·O(Et)2, or InCl3) added at room 

temperature. Since pyrrole is used as the solvent, particularly high ratios of pyrrole:aldehyde 

(25:1 to 100:1) are used to limit the oligomerisation event. The DPM can be purified via column 

chromatography. This synthesis has proven useful in yielding hundreds of different stable 

DPMs in a reaction that can be scaled up to produce over 100 g.  

 

 

Scheme 1.5.1.5. A synthetic approach used by Rohand et al. to yield dipyrromethanes.33 

 

Although ABCD porphyrins can be yielded from a series of reactions with DPMs, in this 

investigation, it was trans-A2B2 porphyrins that were synthesised.  
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1.5.2 The history of corroles   

 
Kay and Johnson discovered corroles via serendipity in 1964. The Johnson research group 

aimed to synthesise a corrin ligand, but instead achieved the synthesis of a corrole via the 

cyclisation of a,c-biladienes .34 Since then, corroles have become an extensively researched 

molecule rather than an academic curiosity.34 In 1999, there was an important advance in their 

synthesis: two research groups independently published research on the synthesis of A3-

corroles in a one-pot manner; this was achieved with pyrrole and aromatic aldehydes as the 

reagents.34 Despite the very low yields, the fact that these molecules could be prepared in 

essentially one step was a great advance in the field. Since corroles provide properties that 

differ markedly from porphyrins, this advance was necessary to facilitate important research 

that was subsequently conducted.34 

 

Kay and Johnson, as previously mentioned, were the first to prepare corrole macrocycles.22 

The synthesis involved the irradiation of a basic solution of 1,19-dideoxybiladiene-ac in 

methanol under a 200 W tungsten bulb; complete cyclisation was observed after only 10 min, 

as outlined in Scheme 1.5.2.1.22 

 

Scheme 1.5.2.1. The synthetic scheme that Kay and Johnson used to achieve the first corrole 

macrocycle.22 
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The Kay and Johnson group was able to form the first metalated corrole complexes with Zn(II) 

and Ni(II) as the coordinated ions, and they also reported the basic nature of the NH bond in 

corroles via deuterium exchange studies.22 “Templated macrocyclisation” was achieved by the 

same research group: Co(OAc)2 was used in the cyclisation step to yield cobalt corroles, and 

this has remained the synthetic approach of choice for most research groups (Scheme 

1.5.2.2).22 

 

Chan and co-workers reported a method to obtain a rhenium-oxo complex of 5,10,15-tris-

trifluoromethylcorrole in 1998: 5,10,15,20-tetrakis(trifluoromethyl)porphyrin was converted 

into this corrole via a metal-assisted ring-contraction mechanism.22,35 
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Scheme 1.5.2.2. Paolesse’s approach reported in the 1990s for preparing metalated corroles 

via two different synthetic strategies.22  
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It was not until 1999 that the breakthrough for corrole synthesis was achieved when two 

independent research groups published papers describing the direct synthesis of meso-

substituted corroles with aromatic aldehydes and pyrrole as the starting reagents.18,22,34 The 

first method, reported by the Paolesse group and detailed by Scheme 1.5.2.3, was a slight 

modification of the Rothemund reaction, an already widely established approach to yield 

porphyrins; nonetheless, the reaction used the same mechanism required to yield the 

porphyrin counterparts.22 The reaction conditions (including but not limited to the acid type and 

concentration, the concentrations and molar ratio of the reactants) that were used affected the 

products that were yielded: the polypyrrolic products were either closed-chained like 

porphyrins or open-chained like bilanes, which are important precursors for preparing 

corroles.22 

 

Scheme 1.5.2.3. The 1999 approach for synthesising free base corroles reported by the 

Paolesse research group.22 

 

While triphenylcorrole was synthesised in a reaction that closely resembles the Rothemund 

reaction (3:1 ratio between pyrrole and benzaldehyde, respectively), the first tris-

pentafluorophenyl-corrole was reported by Gross and coworkers in a reaction that more 

closely resembles the Lindsey reaction. This was achieved with equimolar quantities of the 

relevant aromatic aldehyde and pyrrole mixed on a solid support, such as alumina; after the 

condensation step, the reaction was diluted with dichloromethane and oxidised with the use 

of DDQ.22 It was initially assumed that an acid catalyst was not necessary for this reaction, but 

it was later discovered that small amounts of acid present in the aldehydes were catalysing 

the reaction.22 Although the yields of corrole products were between 5 and 15% initially, it was 
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a turning point in their synthesis and provided scope for further optimisation, which was later 

achieved.22 

 

The revolution of corrole synthesis was not achieved until Gross et al. developed a one-pot 

synthetic approach to yield corroles that many researchers continue to use.18,36 This synthesis 

was a direct approach that uses pyrrole and an aromatic aldehyde and facilitates the synthesis 

of the corrole target product in a single day; the synthesis can be performed in three different 

ways, including with a solid-support, with an acid-catalyst, or neat.  

 

Furthermore, in 2006 Gryko et al. made a breakthrough in the synthesis of trans-A2B corroles: 

the synthetic approach involved using a dipyrromethane and a secondary aromatic aldehyde 

in a water/methanol solvent mixture. They achieved yields of approximately 50% when the 

reactants were relatively small and/or hydrophilic. Sterically hindered dipyrromethanes require 

an increased MeOH/H2O ratio (2:1), and they were still able to achieve yields of approximately 

30%. Gryko et al.’s synthetic approach could achieve gram quantities and afforded a relatively 

simplified chromatography and/or crystallisation process. Additionally, they found that p-

chloranil generally gives higher yields of corroles (except in the case of aldehydes with strong 

electron-withdrawing groups).34 To date, this synthetic approach developed by Gryko et al. 

remains the most efficient procedure for preparing high- and low-symmetry corroles, as 

outlined by Scheme 1.5.2.4. 

 

Scheme 1.5.2.4. Gryko et al.’s synthetic approach to yield a trans−A2B corrole.34 
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1.6 Electronic and optical properties of porphyrin-type molecules 

 

The characteristic colours observed in porphyrinoid compounds can be attributed to their 

electronic properties: ππ* transitions occur after absorption of incident photos in the visible 

region, unlike what would be the case for most transition metal complexes. Porphyrins display 

well-known spectroscopic trends in their absorption spectra: an intense B (or Soret) band 

around 400 nm and a weaker absorption band envelope in the 500−750 nm range termed the 

Q bands (Figure 1.6.1).37 

 

Figure 1.6.1. A schematic representation of a typical UV-visible absorption spectrum of a free-

base porphyrin, depicting the characteristic Soret (or B band) and the Q band envelope.38 

 

The nodal patterns of the HOMO and LUMO orbitals of porphyrin macrocycles and their 

derivatives provide the starting point in conceptual frameworks such as Gouterman’s 4-orbital 

model and Michl’s perimeter model for analysing how transitions between the orbitals give rise 

to the typical spectral bands that are observed (Figure 1.6.2).  
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Figure 1.6.2. The nodes for the HOMOs (4 nodal planes; ML = ±4) and LUMOs (5 nodal 

planes; ML = ±4) are depicted by the dotted grey lines; these represent metallated porphyrins 

with an 18 π electron ring. The blue and green represent the electron density of occupied π 

molecular orbitals, and the red and yellow represent that of unoccupied π* molecular orbitals. 

Reproduced with permission from Reference 39, © Royal Society of Chemistry 2017.  

 

Although density functional theory (DFT) and time-dependent density functional theory (TD-

DFT) are routinely used to calculate the MO energies and predict the absorption spectra, older 

conceptual frameworks, such as Gouterman’s 4-orbitals model and Michl’s perimeter model, 

still prove useful in identifying and analysing the trends associated with the electronic and 

optical properties across series of related macrocyclic structures.16 

 

In the 1960s, Martin Gouterman provided a theoretical evaluation of the absorption spectra of 

porphyrins.16 A comparison was made between porphyrins and a D16h symmetry 16-atom 18 

π-electron C16H16
2− model species: cyclic polyenes (the [16]annulene dianion mentioned or 

[18]annulene) are used because they are considered a parent ligand of porphyrins and their 

analogues.16 It was termed the four-orbital model, and it affords a ready explanation of the 

absorption spectra of tetrapyrrolic macrocycles, like porphyrins and their analogues, as well 

as phthalocyanines.16 Michl’s perimeter 4N + 2 and 4N models, as well as Gouterman’s 4 



 
 

23 

orbital model, will be used as the conceptual framework to understand the effect that the 

contraction of the macrocycle (in the case of the corrole) and the isomerisation (in the case of 

the N-confused porphyrin) have on the electronic structures and optical properties of the series 

of compounds.  

 

In the 1940s, molecular orbital theory was used by Platt to assign the major spectral bands in 

optical spectrum of benzene: the ML = 0, ±1, ±2, 3 angular nodal properties of the π system 

MOs were taken into consideration, where ML (magnetic quantum number) describes the 

orbital angular momentum within the π system.40 Two transitions exist between the orbitally 

degenerate highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular 

orbital (LUMO), namely, the allowed (ΔML = ±1) transition and the forbidden (ΔML = ±3) 

transition.16 The allowed and forbidden considerations come about since magnetic vector of 

the incident photon can only rotate once per wavelength, at most. In the 1960s, Gouterman 

applied this theoretical evaluation to porphyrinoid systems: here, there is an ML = 0, ±1, ±2, 

±3, ±4, ±5, ±6, ±7, 8 sequence in the MOs of the inner ligand perimeter of a C16H16
2− parent 

species (Figure 1.6.3). Once pyrrole rings are introduced into the parent ligand perimeter, a 

loss of symmetry is observed from D16h (as seen in the parent 16 atom sp2-hybridized carbon 

atom ring) to D4h. A degenerate LUMO (1eg
∗ or -a and -s) and a nondegenerate HOMO (1a1u 

and 1a2u or a and s). with ML = ±5 and ML = ±4 angular nodal patterns respectively exist. 

Gouterman’s four orbital model accounts for the B and Q bands observed in porphyrinoid 

spectra with the consideration of allowed ΔML = ±1 and forbidden ΔML = ±9 transitions, 

respectively, which is outlined in Figure 1.6.4.41,42 
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Figure 1.6.3. The four frontier π-MOs of the parent (C16H16
2-) perimeter and a zinc porphyrin. 

Reproduced with permission from Reference 16, © American Chemical Society.   

 

Figure 1.6.4. Gouterman’s four-orbital model explains the electronic transitions that give rise 

to the B and Q bands in porphyrinoid systems.16 

 

The Q bands of porphyrins are almost fully forbidden due to the accidental degeneracy of the 

1a1u and 1a2u MOs: this results in a close to perfect cancellation of the electric dipole transition 

moments that arise from the near equal contributions of the 1a1u  eg
∗ and 1a2u  eg

∗ 

transitions.16,41,42 When the structure of a porphyrin ligand is modified, the energies of the 

frontier π-MOs can be significantly altered so that there is a significant lifting of the near 

degeneracy of the 1a1u and 1a2u MOs; this leads to a mixing of the allowed and forbidden 

properties of the B and Q bands, respectively, Since the electric dipole transition moments 

that arise from the 1a1u  eg
∗ and 1a2u  eg

∗ transitions are no longer equal, they can no 

longer cancel, so there is an intensification of the Q bands.  

 

Michl introduced an a, s, -a and -s terminology for the MOs derived from the HOMO and 

LUMO of the parent hydrocarbon perimeter.16 When nodal planes are aligned with the yz 
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plane, the MOs are labelled a or -a depending on whether it is a HOMO or LUMO orbital, 

respectively, and if there are large MO coefficients on this plane, the MO is s or -s (Figure 

1.6.5).43,44 This convention will be used within this thesis to facilitate comparisons between 

structures of differing symmetry.  

 

Figure 1.6.5. Angular nodal patterns for a, s, -a and -s MOs of a ZnTPP. This model can be 

used to qualitatively assess how structural modifications modify the MOs energies and hence 

the optical and redox properties. Reproduced with permission from Reference 45, © American 

Chemical Society 2005.   

 

The mixing of the Q and B band forbidden and allowed properties are controlled by the relative 

energy separations of the MOs derived from the HOMO and LUMO of the parent hydrocarbon 

perimeter; there will be referred to as ΔHOMO and ΔLUMO values, as they are referred to in 

Michl’s terminology.16 When ΔHOMO ≈ ΔLUMO, the Q band remains largely forbidden, and 

most of the intensity observed in the Q band region of a spectrum is obtained by vibrational 

borrowing from the allowed B transition.41 In contrast, if structural modifications cause a 

splitting of the MOs derived from the HOMO and LUMO of the parent hydrocarbon perimeter 

so that ∆HOMO > ∆LUMO or ∆LUMO > ∆HOMO, the Q bands become more intense |∆HOMO 

− ∆LUMO|2 increases.16,46-49 
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In the case of corroles, specifically, the contraction in the macrocycle results in a further loss 

of symmetry of the ligand: this, ultimately, results in a loss of degeneracy of the MOs derived 

from the the HOMO and the LUMO of the parent perimeter.16 The x- and y-polarised 

components of the Q and B bands split because they no longer lie at the same wavelength.16 

In addition, since the x- and y-polarised components of the Q bands cannot cancel each other, 

the forbidden and allowed properties of the B and Q bands mix, which results in relatively 

intense Q bands in the spectra of corrole macrocycles, which is advantageous in the context 

of PDT.16 

 

In the case of N-confused porphyrins, a structural isomer of porphyrin, one of the pyrrole rings 

is inverted to the outer perimeter of the macrocyclic structure. The structure of the N-confused 

porphyrin isomer is given in Figure 1.6.6. 

 

Figure 1.6.6. The structures of tetraphenylporphyrin and N-confused tetraphenylporphyrin (an 

isomer of the former).  

 

Upon inverting the nitrogen to the exterior position within the macrocyclic structure, the a MO 

is stabilized by placing the electronegative nitrogen into a position with a large MO coefficient. 

The -a orbital is stabilized for the same reason. The s orbital is destabilized due to the 
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replacement of an electronegative nitrogen with a relatively electropositive carbon atom. The 

-s orbital is also destabilized for this reason. We, thus, expect to see an intensification of the 

Q bands within the porphyrinoid system and a red shift upon narrowing the HOMO-LUMO gap 

and allowing for transitions at higher wavelengths (lower energy), which is advantageous 

within the context of PDT. As previously mentioned, when ΔHOMO ≈ ΔLUMO, the Q band still 

remains largely forbidden, and this phenomenon will be explored via molecular modelling 

within this investigation. 

 

N-confused porphyrins were initially investigated in this thesis, but upon a failed synthesis of 

the molecule (see Section 2.10.5), the focus was reverted primarily to porphyrins and 

corroles.  
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1.7 Photophysicochemical properties of porphyrin/corrole systems 

 

The resultant toxicity from the interactions of the photosensitiser with light needs to be carefully 

controlled and exploited.50 This implies the need to understand the mechanism of these 

reactions and the efficiency of the processes that occur to generate the toxic response. 

 

An efficient photosensitiser will have sufficient absorption of photons within the 

phototherapeutic window and produce high singlet oxygen quantum yields and long-lived 

triplet states.51 

 

Figure 1.7.1. A simplified Jablonski diagram that shows the possible events after a 

photosensitising agent has been photoexcited. The vibrational energy levels of the 

photosensitiser have not been shown.52 

The porphyrin photosensitiser initially is in its singlet ground state (i.e. S0 in Figure 1.7.1.), 

and this state is characterised by a fully paired set of electrons with a total spin of 0 and a 

multiplicity of 1.53 When the photosensitiser is exposed to an appropriate wavelength of 

incident radiation, one of these electrons is excited to a previously unoccupied orbital of higher 

energy upon the absorption of a photon. Since this state of excitation is unfavourable in 

energetic terms, the molecule will eventually return to the ground state; this deactivation of the 

excited state can happen via several mechanisms.53 

Although the vibrational energies have not been shown in the above figure, if, upon excitation, 

the photosensitiser occupies a high vibrational level of a state, it will quickly relax to the lowest 

energetic level of that state in a process known as vibrational relaxation (VR) or internal 

conversion and the energy is dissipated in the form of heat.53 
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Molecular relaxation is the process that occurs when the dye returns to the S0 state from an 

excited state. This usually results in the emission of a secondary photon via fluorescence. 

Relaxation to the S0 state can also occur by heat dissipation.53 Fluorescence occurs from the 

lowest vibrational level of an excited state, and the emitted photon will always have lower 

energies than those that excited the electrons; this is known as a Stokes shift.54 

If the dye does not emit a photon via a fluorescence event, it may undergo a transition to 

occupy an isoenergetic level of the triplet state (denoted as T1 in Figure 1.7.1.). The state is 

characterised by two unpaired electrons having the same spin.53 The transition to the triplet 

state is non-radiative and is referred to as intersystem crossing. Although this is known as a 

spin-forbidden transition (since it violates the rule of no spin changes during a transition 

between electronic states), most photosensitising agents have high quantum efficiencies for 

this particular process, which is ideal for their envisaged applications.53 Spin-orbit coupling, 

the interaction between the magnetic and spin-motion magnetic momenta of an electron, is 

prevalent in the context of heavy atoms and increases the probability of such an event.53,55 

Once the triplet state is occupied, it can interact with surrounding molecular oxygen to produce 

the cytotoxic species (via one of two mechanisms) to achieve the therapeutic effect. Radiative 

relaxation back to S0 can be achieved via phosphorescence. 
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1.7.1 Fluorescence Quantum Yields  
 

The efficiency of the fluorescence process can be assessed via fluorescence quantum yields,  

which are the ratio between the number of photons emitted and the number of photons 

absorbed. 

 

A comparative method was used to determine the fluorescence quantum yields using zinc 

tetraphenyl porphyrin (ZnTPP) in DMSO as a standard (Φ𝐹𝐹  = 0.039) .43 

 

Φ𝐹𝐹 = Φ𝐹𝐹
𝑠𝑠𝑠𝑠𝑠𝑠 × 𝐹𝐹 × 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 × 𝑛𝑛2

𝐹𝐹𝑠𝑠𝑠𝑠𝑠𝑠 × 𝐴𝐴 × 𝑛𝑛𝑠𝑠𝑠𝑠𝑠𝑠
2         (1.1) 

 

In the above equation, F and Fstd are the areas under the curves of the sample and standard, 

respectively; Astd and A are the absorbances of the standard and the sample at the excitation 

wavelength, respectively. Lastly, n refers to the refractive indices of the solvents used for the 

sample and the standard solutions.   

 

For PDT to be effective, the rate of the fluorescence process needs to be limited to allow for 

an efficient population of the triplet state via maximal ISC. The heavy atom effect can be 

exploited in this case to increase the efficiency of the ISC and the resultant population of the 

triplet manifold.56,57 This investigation will exploit this effect via co-ordination to high valent 

ions, such as Sn(IV) and P(V) to exploit this effect, particularly in the case of the former, as 

well as the introduction of heavy atoms such as bromine to the meso-aryl rings.  
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1.7.2 Singlet Oxygen Quantum Yields  

 

PDT is reliant on the production of highly reactive and cytotoxic singlet oxygen (1O2) from the 

interaction with the triplet state of the photosensitising agent (reached by the absorption of 

light and an ISC event) and molecular oxygen (3O2).58 In theory, the greater the singlet oxygen 

quantum yields, the more effective the therapeutic approach will be, in theory. This is a primary 

objective in the design of efficient photosensitising agents. The triplet state of the 

photosensitiser, shown as T1 in Figure 1.7.1, needs to be reached via ISC to afford the 

production of singlet oxygen for the therapy to be effective.  

 

This quantum yield is quantitatively determined by using a spectroscopic approach: a chemical 

trap is used to quench the singlet oxygen produced by the photosensitiser upon irradiation at 

predetermined intervals. The chemical traps utilised in organic solvents are typically either 

9,10-dimethylanthracene (DMA) or 1,3-diphenylisobenzofuran (DPBF); this study used the 

former. The idea behind the spectroscopic approach is that the chemical trap (DMA) reacts 

with the singlet oxygen produced by the dye when exposed to laser radiation and reduces the 

ability of DMA to absorb within the visible region, due to the loss of aromaticity upon the 

incorporation of the highly reactive 1O2 to form an endoperoxide (Figure 1.7.2.1).59,60 

 

 

 

Figure 1.7.2.1. A scheme showing the formation of an endoperoxide from 9,10-

dimethylanthracene via singlet oxygen produced by the photosensitising agents.60 

 

1O2 
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The efficiency of the singlet oxygen production is, thus, also measured with a comparative 

method: ZnTPP is used as the reference compound (Φ∆ = 0.55 in DMSO). The singlet oxygen 

quantum yield (Φ∆) value for each compound is then determined with the following equation: 

 

Φ
∆ 

=  Φ
∆
𝑠𝑠𝑠𝑠𝑠𝑠  ×  𝑅𝑅 × 𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴

𝑠𝑠𝑠𝑠𝑠𝑠

𝑅𝑅𝑠𝑠𝑠𝑠𝑠𝑠 × 𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴
        (1.2) 

 

Φ∆
std is the singlet oxygen quantum yield of the standard, ZnTPP. R and Rstd are the 

photodegradation rates of DMA by the sample and standard, respectively; these values are 

derived from the gradients of the linear plots between the photoirradiation time intervals and 

the change in maximum absorbance of DMA at 318 nm in the sample and the standard 

solutions. 𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴 and 𝐼𝐼𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆
 are the rates of light absorption by the sample and standard, 

respectively. The concentration of the chemical trap was kept constant in the sample and the 

standard solutions.  

 

1.7.3 Triplet lifetimes 
 

Since the existence of the triplet manifold is required for the generation of cytotoxic species in 

PDT via either of the two mechanisms, it is essential to have long-lived triplet states, as this is 

an indicator of the efficiency of the photosensitiser as a PDT therapeutic agent. The rationale 

behind this is that with longer-lived triplet states, there is an increased probability of 

interactions between this state and molecular oxygen within the biological environment, 

ultimately leading to higher singlet oxygen quantum yields and a more efficacious therapeutic 

approach.61,62 Longer triplet lifetimes enhance the intermolecular processes, and it is a pivotal 

feature of photosensitiser agents in applications, such as PDT, that require electron or energy 

transfer.63 

 

The triplet lifetimes of porphyrinoids vary based on molecular differences: heavy metals tend 

to reduce the triplet lifetimes of the organic macrocycles because the increased spin-orbit 

coupling promotes not only ISC, but also phosphorescence.64 
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This thesis will detail the method used to determine the triplet lifetimes and the effect this 

parameter has on the photodynamic activity of the dyes.  

 

1.7.4 Molar Extinction Coefficients  

 

The molar extinction coefficient of a sample is a value that is assigned to describe how 

efficiently a compound absorbs light at a particular wavelength. The Beer-Lambert Law can 

be used to quantify the coefficients by relating the attenuation of light to the properties of the 

material that the light interacts with.65 Two essential proportionalities exist: firstly, the 

absorbance of the material at a particular wavelength is proportional to the concentration of 

the sample (A α C) and, secondly, the absorbance of the sample is proportional to the length 

of the light path through the cuvette (A α l). The Beer-Lambert Law arises from this: 

 

𝐴𝐴 =  𝑙𝑙𝑙𝑙𝑙𝑙10 �
𝐼𝐼0
𝐼𝐼
� =  ε × 𝐶𝐶 ×  𝑙𝑙        (1.3) 

 

In this equation, A represents the absorbance of the sample at a particular wavelength. This 

is determined with a reference cell (Io): where I > I0, the sample has absorbed light. ε is the 

symbol that denotes the molar extinction coefficient of a compound; C is the concentration of 

the compound, and l is the pathlength of the light in cm (the width of the cuvette).65 

 

Since the therapy is photo-dependent, the higher the molar extinction coefficient at the 

wavelength used to photoirradiate the photosensitiser dye, the more promising the compound 

is for PDT and PACT. This is because lower molecule concentrations of the molecule can 

achieve relatively efficient absorption at a particular wavelength, so lower concentrations are 

required to achieve the desired therapeutic effect. Ultimately, this would further reduce the 

development of negative side effects, decrease the scope for dye aggregation and improve 

bioavailability.66 
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1.8 Photodynamic Therapy (PDT) 
 

Photodynamic therapy is a less invasive, clinically approved alternative therapeutic approach 

that exhibits a more selective cytotoxic effect on malignant/cancerous cells.67,68 The process 

involves two fairly simple procedures detailed in Figure 1.8.1: administering a photosensitising 

agent and subsequent illumination of the tumour at a wavelength at which the photosensitiser 

primarily absorbs for activation and a resultant therapeutic effect.67,68 

 

 

Figure 1.8.1. The scheme for photodynamic therapy. 1) The administration of the 

photosensitising drug, 2) the localisation of the drug (green) within cancerous tissues (red), 3) 

the activation of the drug with light, and 4) remission.69 

 

This approach to cancer therapy is beneficial because it offers a high efficacy for small 

tumours that are superficially located and sometimes inoperable, minimal adverse side effects 

develop and leaves little to no scarring. In addition, subsequent treatments can be 

administered without the accumulation of toxicity within the body.67,68 PDT has been 

acknowledged as a valuable treatment option for its effect on cancers and within the cosmetic 

realm as a primary therapy, as well as in combinatorial therapy.67 Photosensitisers are 

activated by incident photons and, thus, present minimal normal tissue toxicity and there is a 

lack of resistance mechanisms developed by the body against these drugs, affording a 

promising alternative and selective therapeutic approach to cancer.67 

 

This therapy requires the presence of molecular oxygen within the surrounding biological 

environment for the development of a photodynamic reaction.70 This reaction has strict 
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requirements for an effective therapeutic effect. Firstly, the photosensitiser needs to localise 

within cancerous/diseased cells and tissues, only become toxic upon photoirradiation and 

have a suitable balance between hydrophobicity and hydrophilicity for effective drug transport, 

pharmacokinetics and bioavailability.70 It should also clear rapidly from the body after 

achieving its therapeutic effect to avoid cumulative toxicity.71 

 

In addition to the requirement of an effective photosensitiser with the above characteristics, it 

is also essential that they absorb light strongly within the phototherapeutic window: 650−850 

nm.72 This is the optimal wavelength range as it affords maximal penetration into human tissue 

and is the least harmful.72 By using a wavelength of light within the phototherapeutic window, 

the scope for developing adverse side effects decreases because endogenous biomolecules 

within the human body do not absorb light within the region, as depicted in Figure 1.4.2.   

 

Porphyrin derivatives have been chosen as the photosensitising agents of choice, as they 

absorb light within the phototherapeutic window and can be exploited for their photophysical 

properties in diagnoses or for their photochemical reactions in the context of therapy. In 

addition, these molecules have an affinity for neoplasms, tumour vessels, and proliferating 

endothelial tissues;67,72 this affords increased selectivity, which is a primary reason for 

developing newer cancer therapies.  

 

The mechanism of PDT includes the absorption of a photon by the photosensitiser resulting 

in the photoexcitation from the ground state to the excited singlet state.68 Once the 

photosensitiser occupies this state, it can either relax and emit a photon via fluorescence or it 

can undergo a spin conversion (a quantum mechanics forbidden event) via intersystem 

crossing to populate the triplet manifold.68 As previously mentioned, the therapy requires the 

presence of molecular oxygen: the excited triplet state of the photosensitiser can interact with 

diatomic oxygen to generate cytotoxic species. This happens in one of two ways: either there 

is a proton or electron transfer to facilitate the generation of radical species (Type I) or there 
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is a direct transfer of energy to the molecular oxygen, which results in the production of singlet 

oxygen (Type II).68,73 The mechanisms are depicted in Figure 1.8.2. 

 

Figure 1.8.2. The mechanism of PDT. After absorption of a photon by the photosensitiser, the 

molecule converts to a singlet excited state. Either fluorescence or intersystem crossing 

occurs; the latter is required to generate cytotoxic species for the therapeutic effect.74 

 

Singlet oxygen is the lowest electronic excited state of diatomic oxygen and is a reactive 

dienophile.73 This is the therapeutic agent in PDT because it is responsible for the induction of 

apoptosis or necrosis, which leads to the subsequent generation of a cytotoxic response and 

the induction of immune signals.73 Singlet oxygen is responsible for tumour 

ablation/destruction in photodynamic therapy. It causes oxidative stress on important 

biological macromolecules within the targeted tissue, such as proteins, nucleic acids, lipids 

and carbohydrates, within the targeted tissue.72 This oxidative stress has at least three 

principal consequences within the biological system: 

1. Direct cell death via apoptosis, necrosis, or autophagy, 

2. Stimulation of an immune response, and 

3. The occlusion of blood vessels within the vicinity of the tumour.72 

All of these effects are responsible for the therapeutic response in attacking the diseased 

tissues.  

In comparison to traditional therapies against cancer, PDT is often considered more cost-

effective and efficacious. Traditional chemotherapies are infamous for their serious adverse 

effects and low therapeutic efficacy, due to a lack of selectivity.75 They are also not sufficiently 

affordable.75 Although the advantages of surgery to remove tumours may outweigh the 
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disadvantages in many cases, these procedures have long recovery periods and can cause 

damage to other organs in the body and blood loss, as well as the development of negative 

side effects related to the anaesthesia used.76 Radiation is effective at slowing/stunting the 

growth of cancerous cells, but it is not selective in its approach; it damages the healthy cells 

in the vicinity, resulting in the development of side effects.77 These side effects vary depending 

on the region of therapy, but they include fatigue, hair loss, memory and concentration issues, 

among many others.77 

 

In addition to the previously mentioned advantages that PDT offers, the cell death that is 

induced by this therapy is also capable of stimulating an immune response: this happens via 

the triggering of maturation of dendritic cells upon the release of cell-death associated 

molecular patterns (CDAMPs) or damage-associated molecular patterns (DAMPs). The 

mature dendritic cells then migrate towards the lymph nodes and present antigens to CD4+ or 

CD8 T+ cells (T helper cells/cytotoxic T cells, respectively). Immunogenic cell death can be 

observed once the activated T cells have returned to the blood circulation and infiltration of 

the tumorous tissue takes place.78 

 

It is apparent that there is a need for more effective cancer therapies. This thesis details the 

use of high- and low-symmetry porphyrins as photosensitising agents in photodynamic 

therapy.  
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1.9 Photodynamic Antimicrobial Chemotherapy (PACT) 
 

PACT is a secondary application of the photosensitising dyes prepared in this investigation. 

This therapy makes use of the same mechanisms for generating cytotoxic species as PDT, 

only with different target cells for the cytotoxic singlet oxygen: bacteria (Figure 1.9.1). In recent 

years, PACT has been explored as a non-invasive therapeutic modality for bacterial, viral and 

fungal infections in recent years.79 An enormous drive toward the development of effective 

strategies to combat infections caused by microbial pathogens has been underway over the 

last few decades and is still ongoing.80 An antibiotic resistance crisis has emerged due to 

overuse and/or misuse of antibiotics, as well as the lack of design of newer and more effective 

drugs to combat microbial infections.81 Currently, anti-microbial resistance (AMR) infections 

are responsible for 50000 deaths each year in Europe and the United States alone.82,83 

Projections for 2050 estimate that there will be 10 million deaths per year due to AMR 

infections if the crisis is not managed, which surpasses the estimated 8.2 million deaths related 

to cancer.83 It is thus evident that there is a need to design novel therapies against microbial 

pathogens in order to continue saving millions of lives. PACT provides an opportunity to 

combat this ever-increasing concern.  

 

Figure 1.9.1. The mechanism of photodynamic antimicrobial therapy via the production of 

cytotoxic species by Type I and II photochemical reactions. This mechanism is responsible for 

the photoinactivation of bacteria: the photosensitiser (PS) absorbs light to reach the first singlet 

excited state (S1) and then undergoes an intersystem crossing (ISC) event to the triplet 

manifold, which interacts with diatomic oxygen to produce reactive oxygen species (ROS). 

The rate of fluorescence (F) is minimised to achieve a high triplet state population.84 
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1.9.1. Target microorganisms  

 
Bacteria fall into two major categories depending on the complex multi-layered structure that 

protects them from external hostile environments, which are outlined in Figure 1.9.1.1.85 

Gram-(+) bacteria do not have an outer membrane but have thick layers of peptidoglycan 

surrounding them that contain long anionic polymers known as teichoic acids.85 Gram-(−) 

bacteria, on the other hand, have a thin peptidoglycan layer that is encapsulated in an outer 

membrane with lipopolysaccharides.  

 

Figure 1.9.1.1 A graphic representation of the differences between the cell membrane 

structures of gram-(+) and –(−) bacteria.84 

 

Although the structures of these organisms appear simple, their membranes are in reality 

relatively complex since they are adapted to protect them from adverse and hostile 

conditions.85 This means that it takes extensive efforts to overcome the inherent protective 

mechanisms of the bacteria, and it will differ from one bacterium to the next. The bacteria 

involved in this investigation will be Staphylococcus aureus (S. aureus) to assess PACT 

activities of the dyes studied on a typical gram-(+) bacteria and Escherichia coli (E. coli) to 

assess the effect of PACT on a typical gram-(−) bacteria. Gram-(−) bacteria tend to be much 
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more resistant due to their distinctive structures and, thus, result in a higher percentage of 

morbidity and mortality globally.86 
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1.10 Optical limiting  
 

As a tertiary application for this project, the optical limiting capabilities of the compounds were 

assessed. Optical limiting is both desirable and necessary for a range of applications that 

involve high-power light sources and sensitive photodetectors.87 As higher-power lasers are 

constantly being developed, the demand for efficient optical limiters is required to limit the 

damage caused by the lasers; optical limiters should transmit low-intensity light (on-state) and 

block high-intensity light (off-state).87 It is important for optical limiters to have a fast response 

time, high damage threshold, large turndown ratio, and high on-state transmission.87 The most 

common designs for optical limiting agents employ the mechanism of two-photon absorption 

or absorption in nonlinear media, which is the limiting element.87 

 

Optical limiting is an applied research area of non-linear optics, which, in general, is concerned 

with the interaction of intense coherent light with matter and how this interaction affects the 

optical properties of materials.88 The use of organic and organometallic compounds for 

emerging photonic technologies is of interest to generate materials that can protect eyes and 

other optical sensors from laser beam pulses.89 Optical limiting materials, due to their nonlinear 

absorbance of light, exhibit a decreasing transmittance as a function of intensity; they, thus, 

attenuate the intensity of high-intensity light from lasers and allow beams of light through that 

are safe for eyes and other optical sensors (Figure 1.10.1).90 

 

When considering the design and mechanism of the protective devices needed within this 

context, it is important to consider why safety goggles/glasses are not appropriate. Safety 

glasses/goggles filter the light that passes through them and only allow certain wavelengths 

through that cannot cause damage to the retina, whereas optical limiting substances do not 

filter off any wavelength of light, but only allow a safe intensity of light to transmit through the 

substance and restrict high-intensity light.90 An ideal optical limiter will allow the linear 

transmittance of light at low intensities, but once the limiting intensity (Ilim) threshold has been 

reached, the intensity will be attenuated via various different NLO mechanisms.  
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Ideally, there is a critical intensity threshold that these substances have at which the 

transmittance is rapidly reduced, thus reducing the intensity of light that is allowed to transmit 

through this material that is less than the intensity of light that would damage the eye or the 

sensor (Figure 1.10.2). In reality, however, the transmittance is more likely to decrease 

gradually with an increase in incident laser intensity rather than with a sharp decrease at this 

threshold.91 

 

Figure 1.10.1. A representation of the function of an optical limiting device in the presence of 

normal/safe intensity light (linear transmittance) and high/unsafe intensity light (the attenuated 

beam of light transmission).90 

 

Figure 1.10.2. A graphical representation of the Iin and Iout, which are the incident and 

transmitted intensities of light, respectively. A comparison is drawn between normal 

substances that exhibit linear transmittance and optical limiting devices that deviate from linear 

transmittance at the limiting intensity (depicted by the purple line).90,91 
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This particular investigation will study the passive optical limiting potential of organic and 

organometallic macrocycles: it is passive optical limiting in that the inherent nonlinear 

transmittance of light is exploited, and it does not rely on any internal feedback mechanisms 

and mechanical structures to attenuate the incident radiation at high intensities.90,92 This is 

advantageous, as it offers much faster response times, which is desirable in these 

applications.  

 

Macrocycles, such as porphyrins and phthalocyanines, are promising materials for NLO 

applications. Their structural variability, strong intramolecular charge transfer (ICT), inherent 

nonlinear properties, and fast-response times make these π-conjugated organic 

chromophores promising within NLO applications.93,94 Porphyrins and their analogues can be 

structurally modified via metalation, peripheral substitution, molecular symmetry, change of 

oxidation states, and conformational design to tailor them specifically for this application.93 

Asymmetric porphyrin analogues have increased polarizability, which is important for NLO 

applications. Metalated porphyrins, specifically, are excellent optical limiters due to their 

increased π-electron delocalisation and, hence, polarizability. In addition to metalation, the 

introduction of electron-withdrawing moieties at the porphyrin periphery is said to improve the 

NLO properties of the macrocycles. The introduction of electron-withdrawing groups (such as 

-CH3, -Br, -OCH3 or -Cl) at the acceptor part of the molecules, however, affords better tuning 

of the optical-electronic properties.94 It has been found that the hyperpolarizability NLO 

parameter can be enhanced via structural modifications with electron-rich moieties, such as -

NO2 groups, and this can be rationalised due to the increased stabilisation of the charge 

transfer.94 Overall, there are three main factors that play a significant role in determining the 

NLO response of a molecule:95 

1) Extension of the π-conjugated system.  

2) The strength of the electron-withdrawing or -donating groups present on the 

macrocycle.  

3) The geometrical structure of the compound. 

 



 
 

44 

1.10.1 The Z scan technique  
 

This particular investigation employs a single Gaussian laser beam in tight-focus geometry to 

study the nonlinear absorption (NLA); the transmittance of a nonlinear medium is measured 

in the absence of an aperture in front of a photodetector (D2, as depicted in Figure 

1.10.1.1).96,97 It measures the transmittance as a function of the sample position (z), which is 

measured with respect to the focal plane.99 The sample is moved along the z direction of the 

focussed Gaussian beam, but the pulsed laser is held fixed.90 Using a setup as depicted in 

Figure 1.10.1.1, information about the nonlinear refractive and nonlinear absorptive properties 

can be found. A dispersion-shaped curve is yielded from the plot of transmittance through the 

aperture in the far fields, and the nonlinear refractive index can be calculated from this data.90 

 

Figure 1.10.1.1. The Z-scan experimental apparatus, where the transmittance ratio D2/D1 is 

recorded as a function of the sample position z. The sample is translated from -z to +z through 

the focal point of a lens. D1 and D2 are detectors that are used to measure the intensity of the 

transmitted light.97 

 

The results for the NLA are found by detecting the total energy transmitted from the sample, 

as well as a second detector that measures the intensity of the incident beam via a beam 

splitter. The experiment detailed within this thesis employed the second harmonic of an 

Nd:YAG laser at 532 nm as the source of the beam.97 

 



 
 

45 

The response of an optical limiter to high-intensity incident light is characterised by a reverse 

saturable absorption (RSA) response: at the negative and positive ends of the z position of 

the sample, the transmittance is high, and as the sample is moved towards the z = 0 position 

between -z and z, the transmittance decreases.97 RSA is characteristic of optical limiters, since 

they undergo a more intense excited state absorption (ESA) than the ground state absorption 

on the nanosecond timescale.98 

There are two important mechanisms of optical limiting to consider (Figure 1.10.1.2): ESA, 

where there is an excitation of an electron from a lower excited state to a higher excited state, 

either in the singlet or triplet manifold of the photosensitiser and two-photon absorption (2-

PA), which is a third-order nonlinear process that is characterised by a molecule 

simultaneously absorbing two photons when exposed to high-intensity incident light.97 

 

Figure 1.10.1.2. Jablonski diagrams for two mechanisms of nonlinearity: (a) Excited State 

Absorption, and (b) two-photon absorption.97 

 

The work reported in this thesis focuses on the NLA properties of porphyrins (in their free-

base and metalated forms, as well as symmetric and asymmetric molecules) and free-base 

corroles. Bromination of the thienyl moiety is also assessed using the open aperture z-scan 

technique.  

 

The normalised energy transmittance is the measured quantity in an open-aperture z-scan 

experiment. It is given by Equation 1.4 for a Gaussian pulse.99 
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𝑇𝑇(𝑧𝑧) =  1
√𝜋𝜋𝑞𝑞0(𝑧𝑧)∫ ln�1 +  𝑞𝑞0(𝑧𝑧)𝑒𝑒𝜏𝜏2�𝑑𝑑𝑑𝑑∞

−∞       (1.4) 

 

In the above equation, q0 is a parameter that characterises the extent of the nonlinear 

response and this parameter, upon employing a circular Gaussian beam, can be further 

described by:100 

 

𝑞𝑞0(𝑧𝑧) =  2𝛽𝛽𝑃𝑃0𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒
𝜋𝜋𝑤𝑤2(𝑧𝑧)

         (1.5) 

 

In the above equation, β is the nonlinear absorption coefficient of the material, P0 is the peak 

power of the pulses, and, lastly, Leff is the effective propagation/path length in a sample of 

length L and can be further described by Equation 1.6:100 

 

𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 =  1− 𝑒𝑒−𝑎𝑎𝑎𝑎

𝑎𝑎
          (1.6) 

 

Here, a is the linear absorption coefficient (cm−1) of the molecule, which is to be measured at 

the intended wavelength employed in the application of the dyes.  

 

In Equation 1.7, w0, is the beam waist at the sample plane/focus (z = 0), which is defined as 

the distance from the beam centre to the point where the intensity decreases to 1/e2 of its axis 

value. This parameter is dependent on the sample position (zs), and the following equation 

describes this dependence:100 

 

𝑤𝑤(𝑧𝑧𝑠𝑠) = 𝑤𝑤0  ×  �1 +  (𝑧𝑧𝑠𝑠− 𝑧𝑧0
𝑧𝑧𝑅𝑅

)2        (1.7) 

 

In Equation 1.7, z0 is the location of the beam focus, while the parameter zR is the Raleigh 

length, which is given by the following relationship.100 In the following equation λ is the 

wavelength of the laser beam.  
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𝑧𝑧𝑅𝑅 =  𝜋𝜋𝑤𝑤0
2

𝜆𝜆
          (1.8) 

 

Equations 1.4-1.6 are valid for calculating third-order nonlinearities: the absorption coefficient 

of the photosensitiser has a linear dependence on the intensity of the incident beam. 

Essentially, these calculations can be used at moderate intensities where higher-order effects, 

such as excited state absorption, are absent and there is a two-photon absorption.100 

Equations 1.4-1.9 can be used to determine the nonlinear absorption coefficient β from the 

experimental transmittance measurements. The parameter q0 is determined by fitting 

Equation 1.4 to the experimental data and, subsequently, β is calculated with Equations 1.4-

1.7.100 

 

Tsigaridas et al.100 have produced an analytical formula that simplifies the calculation required 

to retrieve q0 and it is given by Equation 1.9: 

 

𝑞𝑞0 =  �𝑎𝑎0 +  𝑎𝑎1𝑇𝑇(𝑧𝑧) +  𝑎𝑎2𝑇𝑇2(𝑧𝑧) +  𝑎𝑎3𝑇𝑇3(𝑧𝑧) 𝑓𝑓𝑓𝑓𝑓𝑓 𝑇𝑇(𝑧𝑧) ≤ 0.75
𝑐𝑐0 +  𝑐𝑐1[𝑇𝑇(𝑧𝑧)]𝑐𝑐2  𝑓𝑓𝑓𝑓𝑓𝑓 𝑇𝑇(𝑧𝑧) ≥ 0.75     (1.9) 

 

Where the coefficients a0, a1, a2, a3, c0, c1 and c2 are given as 15.66, -7.45, 30.76, -8.97, -

2.301, 2.156 and -1.563 for Gaussian pulses, respectively.90,100 Upon substitution of Equation 

1.7 into Equation 1.5 q0(z) can be determined via Equation 1.10:90 

 

𝑞𝑞0(𝑧𝑧) =  𝑄𝑄0
1+( 𝑧𝑧𝑧𝑧0

)2
          (1.10) 

 

where Q0  is given by:100 

 

𝑄𝑄0 =  2𝛽𝛽𝑃𝑃0𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒
𝜋𝜋𝑤𝑤0

2 =  2𝛽𝛽𝑃𝑃0𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒
𝜆𝜆𝑧𝑧𝑅𝑅

        (1.11) 
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It can be noted from Equation 1.10 that q0(zs) that the curve has a maximum value (Q0) at the 

beam waist, where zs = z0. The peak value and full width at half maximum (FWHM) can be 

used to yield the values of Q0 and zR, respectively, from the q0(zs) curve. The nonlinear 

absorption coefficient is an important parameter for assessing the suitability of a particular 

material for optical limiting applications and can be calculated with Equation 1.12: 

 

𝛽𝛽 =  𝜆𝜆𝑧𝑧𝑅𝑅𝑄𝑄0
2𝑃𝑃0𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒

          (1.12) 

 

The imaginary component of the third-order nonlinear susceptibility (Im[χ(3)]) measures the 

speed of the response of a particular optical limiting material to the perturbation induced by 

an incident laser pulse.97 The imaginary component describes the nonlinear absorption, while 

the real component is descriptive of the nonlinear refraction of the material.90 Im[χ(3)] has a 

directly proportional relationship with the effective nonlinear absorption coefficient, βeff, and 

this can be calculated with Equation 1.13: 

 

𝐼𝐼𝐼𝐼�𝜒𝜒(3)� =  𝜂𝜂
2𝜀𝜀0𝐶𝐶𝐶𝐶𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒

2𝜋𝜋
                 (1.13) 

 

Where η, c, ε0 and λ are the refractive index of the solvent, speed of light, the permittivity of 

free space, and the wavelength of the laser, respectively.97 The optimal range reported for 

Im[χ(3)] is 10−9 – 10−15 esu for optical limiting applications.97 

 

Upon interaction of the permanent dipole of the photosensitiser with the intense incident laser 

radiation, a resultant bias in the average orientation of the molecules occurs, leading to 

induced hyperpolarizability. It is, thus, useful to compare the suitability of different 

photosensitisers for this particular application by considering the second-order 

hyperpolarisability (γ), which describes the behaviour at the molecular level and the nonlinear 

absorption per mole of the OL compound.90 The relationship between the imaginary 
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component of the third-order nonlinear susceptibility (Im[χ(3)]) and the hyperpolarizability (γ) is 

described by Equation 1.14: 

 

𝛾𝛾 =  𝐼𝐼𝐼𝐼[𝜒𝜒(3)]
𝑓𝑓4𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚𝑁𝑁𝐴𝐴

                  (1.14) 

 

Where f is the Lorentz local field enhancement factor and f = (η2 + 2)/3 (and η is the refractive 

index of the sample), Cmol is the molar concentration of the photosensitiser, and NA is 

Avogadro’s constant. The hyperpolarisability has an ideal range of 10−29 – 10−34 esu in the 

context of the OL materials.97 

 

The limiting threshold intensity (Ilim) is defined as the input fluence at which the nonlinear 

transmittance is reduced to 50% of the linear transmittance value.101 It can be rationalised that 

a good optical limiting material will have a lower Ilim value; this implies that the limiting would 

occur at a lower intensity. There are guidelines in place to determine the suitable exposure 

limits to different lasers that are provided by the International Commission on Non-Ionising 

Radiation Protection.102 The following equation can then be used to determine the exposure 

limit as a function of time: 

 

𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 = 2.7𝐶𝐶𝐴𝐴𝑡𝑡0.75𝐽𝐽. 𝑐𝑐𝑐𝑐−2               (1.15) 

 

Where CA is a correction factor, which can be assumed to be 1 when dealing with a wavelength 

in the 400−700 nm range, and t is the exposure time. In the investigation, the exposure limit 

was determined to be 0.95 J/cm2 assuming a 0.25 s exposure time (selected, as it is the 

average human blink reflex time upon exposure to a sudden light flux to the eye).103 

 

The porphyrins and corroles applied in this application were selected as a means to assess 

the different responses of porphyrins, themselves, and their analogues to light and their 

suitability as optical limiting materials. In addition to this, the loss of symmetry is explored as 
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a means to improve the optical limiting potential of the materials. Lastly, the introduction of 

heavy atoms into the molecular structures is explored to determine whether this further 

enhances the optical limiting parameters of the organic molecules.  

 

1.10.2. Thin films  
 

Although it is important to investigate the optical limiting properties of dyes in solution, the 

dyes must be embedded in the solid state in the context of applications.104 For applicability in 

real-world situations, these dyes would need to be incorporated into safety visors or 

windshields. In this work, the most promising optical limiting compound was embedded in a 

polymer thin film for NLO studies, and the polymer that was chosen was poly(bisphenol 

carbonate A), the structure of which is provided in Figure 1.10.2.1. Most protective eyewear 

and sports goggles are made from polycarbonate lenses. They are also used in the 

manufacturing of safety visors.90,105 

 

Figure 1.10.2.1. The structure of one unit of poly(bisphenol carbonate A). 
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1.11 Summary of aims  

 

The aim of this investigation was to study the utility of A4 and ABAB type tetraarylporphyrin 

macrocycles with 4-quinolinyl, thien-2-yl and 4-bromo-thien-2-yl meso-aryl groups and their 

Sn(IV) and In(III) complexes (Figure 1.11.1) and their A3 and ABA type triarylcorroles 

derivatives (Figure 1.11.2) in the context of photodynamic therapy against cancer and bacteria 

(PDT and PACT). In a similar manner to what has been reported previously by Mack and 

coworkers,18 the thien-2-yl rings were introduced to red shift the lowest energy Q band towards 

the therapeutic window, while quaternisation of the nitrogen and sulfur atoms of the 4-

quinolinyl and the thien-2-yl rings to introduce a cationic nature was explored to improve the 

bioavailability of the drugs and uptake into the target cell walls for improved efficacy. Heavy 

Sn(IV) and In(III) central metal ions were introduced to enhance the singlet oxygen quantum 

yield and limit aggregation effects through axial ligation.18 The bromine atoms of the 4-bromo-

thien-2-yl meso-aryl rings were also introduced to enhance the singlet oxygen quantum yields 

of the dyes. As a tertiary application, the optical limiting properties of these molecules were 

also assessed. The lower symmetry of corroles due to the formation of a direct pyrrole-pyrrole 

bond makes these dyes potential strong candidates for this application by introducing a large 

groundstate dipole moment.  

 

The initial aims involved the synthesis of high- and low-symmetry porphyrins and corroles that 

would be metalated with Sn(IV) and coordinated to P(V). Bromination of the moiety at the 

meso-position was also explored to improve the therapeutic efficacy of the photosensitisers. 

A later aim included the metalation of the porphyrins with In(III).  

 

The aims of this thesis are summarised below:  

 

1. The synthesis, purification and characterisation of the series of porphyrin and corrole 

photosensitisers with 4-quinolinyl, thien-2-yl and 4-bromo-thien-2-yl meso-aryl groups.  
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2. Quantifying the photophysicochemical properties of the photosensitisers, with a 

special focus on the ability to generate singlet oxygen after structural modifications.  

 

3. Application of the molecules during in vitro analyses of the photodynamic 

chemotherapeutic activities (Figure 1.11.1): PDT (Sn(IV)T4, In(III)T4, Sn(IV)TBr4, 

Sn(IV)T2Q2, In(III)T2Q2, and Sn(IV)T2Q2+) and PACT (Sn(IV)T4, In(III)T4, 

Sn(IV)TBr4, Sn(IV)T2Q2, In(III)T2Q2, TBr2Q2, and Sn(IV)T2Q2+).  

 

4. A study of the nonlinear optical behaviour of the photosensitiser dyes (Figure 1.11.1 

and Figure 1.11.2) : (T4, Sn(IV)T4, In(III)T4, TBr4, Sn(IV)TBr4, T2Q2, Sn(IV)T2Q2, 

In(III)T2Q2, TBr2Q2, Sn(IV)T2Q2+, T3, and TBr3).  

 

5. Molecular modelling of the free base, Sn(IV), In(III) and P(V) porphyrins and corroles 

to better understand the structure-property relationship of these compounds.  
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Figure 1.11.1. The porphyrin molecules that were synthesised in this thesis. PACT molecules 

(Chapter 4): Sn(IV)T4, In(III)T4, Sn(IV)TBr4, Sn(IV)T2Q2, In(III)T2Q2, TBr2Q2, and 

Sn(IV)T2Q2+. PDT molecules (Chapter 5): Sn(IV)T4, In(III)T4, Sn(IV)TBr4, Sn(IV)T2Q2, 

In(III)T2Q2, and Sn(IV)T2Q2+. OL molecules (Chapter 6): T4, Sn(IV)T4, In(III)T4, TBr4, 

Sn(IV)TBr4, T2Q2, Sn(IV)T2Q2, In(III)T2Q2, TBr2Q2, Sn(IV)T2Q2+. 
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Figure 1.11.2. The corrole molecules that were synthesised in this thesis and studied for their 

optical limiting properties in Chapter 6.  

 

 
Papers published: S. Dingiswayo, K. Burgess, B. Babu, J. Mack & T. Nyokong, “Photodynamic 

Antitumour and Antimicrobial Activities of Free-Base Tetra(4-methylthiolphenyl)chlorins and 

its Tin(IV) Complex”, ChemPlusChem 2022, 87, e202200115. 
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2.1 Materials 
 

All reagents were obtained from commercial sources. Reagent grade 2-

thiophenecarboxaldehyde, 4-bromo-2-thiophenecarboxaldehyde, pyridine and 5,10,15,20-

tetraphenyl porphyrin (H2TPP) were obtained from Sigma Aldrich. All solvents were of 

analytical grade and were purified and dried by routine procedures before use, where 

applicable. Similarly, p-chloranil (tetrachloro-1,4-benzoquinone), DDQ (2,3-dichloro-5,6-

dicyano-1,4-benzoquinone) and deuterated chloroform (CDCl3) for use in proton NMR was 

purchased from Sigma Aldrich. Hydrochloric acid (HCl, 32%), chloroform, dichloromethane, 

N,N-dimethylformamide, cyclohexane, petroleum ether, and methanol were obtained from 

local suppliers. Tin (II) chloride dihydrate (SnCl2⋅2H2O) was purchased from Fluka Chemicals. 

Ultra-pure Type II water was obtained from an Elga Purelab Chorus 2 (RO/DI) system.  

 

MCF-7 cell cultures were obtained from Cellonex®. Dulbecco’s Modified Eagle Medium 

(DMEM) and Dulbecco’s Phosphate Buffered Saline (DPBS) were purchased from Lonza®. 

10% (v/v) heat-inactivated fetal bovine serum (FBS), as well as antibiotic mix (100 units/mL-

penicillin-100µg/mL-streptomycin-amphotericin B), were obtained from Biowest®. 

 

2.2 Equipment  
 

• Ground state absorption spectra were obtained on an Evolution™ 350 UV-Vis 

spectrophotometer from Thermo Fischer Scientific™ and a Shimadzu UV-2550 

spectrophotometer.  

• 1H NMR spectra were recorded with a Bruker Fourier 80 MHz Benchtop or Bruker 

Avance IITM 600 MHz instrument. The spectra were obtained at ambient temperatures 

using deuterated solvents (CDCl3 and DMSO-d6).  

• Mass spectral data were collected from a Bruker AutoFLEX III Smartbeam TOF/TOF 

mass spectrometer with either positive or negative ion mode used and a nitrogen laser 

as the ionizing source; α-cyano-4-hydroxycinnamic acid was the MALDI matrix employed.  
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• Fluorescence yields were obtained with a Varian Cary-Eclipse spectrofluorimeter. 

The fluorescence quantum yield (ΦF) values were calculated via the comparative 

method by using emission and absorption spectra of ZnTPP (ΦF = 0.039 in DMSO) as 

the standard.106,107 

• Singlet oxygen quantum yields were quantified using a comparative method with 

DMSO as the solvent of choice. The Spectra-Physics® Primoscan OPO series (GWU 

Lasertechnik Vertriebsges, mbH) was pumped with a Spectra-Physics Quanta-Ray 

Lab Nd:YAG laser. The irradiation wavelength was the crossover between the 

absorbance of the standard (ZnTPP) and the sample.  

• Triplet state lifetimes were recorded in DMSO at 470 nm using an Edinburgh 

Instruments LP980 spectrometer and an Ekspla NT-342B laser equipped with an OPO 

to provide an excitation wavelength (2.0 mJ excitation energy, 7 nm pulse duration and 

a 20 Hz repetition rate). The solutions were degassed with nitrogen for 30 min prior to 

the measurement, and the absorbances of the samples were maintained at 

approximately 1.5 for the Soret band. Exponential curve fitting of the decay curve was 

achieved using OriginPro 98 software, which was used to determine the triplet lifetimes 

of the photosensitisers.  

• The Council for Scientific and Industrial Research’s (CSIR) Centre for High 

Performance Computing (CHPC) in Cape Town was used as a platform to perform the 

theoretical calculations with the Gaussian software package.108 Geometry 

optimisations were carried out at the B3LYP level of theory with SDD basis sets, while 

TD-DFT calculations used the Coulomb-attenuated B3LYP, i.e., CAM-B3LYP, 

functional with SDD basis sets. The simulated spectra were generated using 

Chemcraft software with a fixed bandwidth at 2000 cm−1, and the molecular orbitals 

were visualised using Avogadro.  

• The MCF-7 cells were cultured in Porvair 25 cm2 flasks and during their log phase, 

the cells were passaged to 75 cm2 Porvair flasks and incubated in a humidified 

atmosphere from Heal Force (37°C, 5% CO2). A Zeiss AxioVert.A1 inverted 

microscope was used to examine the cells.  
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• A Modulight® Medical Laser (ML) 7710-680 system, fitted with a Thorlabs LED that 

emits light in the wavelength used within the particular application, was used for PDT 

and PACT.  

• An autoclave from China Medical Device (RAU-530D) was used to sterilize the Luria 

broth, agar and all the equipment necessary for bacterial culturing.  

• The optical density (OD) of the bacterial culture was measured using a Ledetect 

96 microplate reader from Labxim products  

• The bacterial suspensions were mixed with a Lasec® analogue vortex mixer.  

• The bacterial pellet was obtained from the suspension by using a Hemle Z233M-2 

centrifuge from Lasec®.  

• The colony-forming units (CFU/mL) were determined by Scan® 500 series automatic 

colony counter from Interscience.  

• The open-aperture Z scan experiments were performed with a frequency-doubled 

Nd:YAG laser (Quanta-Ray, 1.5 J with 7 ns HWHM pulse duration) as the excitation 

source. The laser was operated in a near-Gaussian transverse mode with a low pulse 

repetition rate of 10 Hz and an energy range of 0.1 µJ − 0.1 mJ at 532 nm. This low 

repetition rate of the laser prevents cumulative thermal nonlinearities. The beam was 

spatially filtered to remove the higher order modes and tightly focused with a 15 cm 

focal length lens. The z-scan data of the organic solutions were collected using a 2 

mm quartz cuvette; UV visible absorption spectra were recorded before and after 

measurement to ensure that no aggregation effects were occurring, which could lead 

to significant nonlinear scattering (NLS) and, subsequently, interfere with the results 

being obtained within the nonlinear optics chapter of this thesis.  
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2.3 Synthesis of Porphyrins 
  

2.3.1 5,10,15,20-tetrakis(thien-2-yl)porphyrin (T4)  
 

A green synthetic approach was used to obtain T4 (Scheme 2.3.1).109 2-

thiophenecarboxaldehyde (10 mmol, 1,12 g, 0.93 mL), and freshly distilled pyrrole (10 mmol, 

0.67 g, 0.69 g, 0.69 mL) were dissolved in 500 mL of methanol. Subsequently, 250 mL of 

Millipore water (2:1) was added, followed by 20 mL of hydrochloric acid (32%). The reaction 

was stirred at room temperature for 2 h. The reaction mixture was then filtered over filter paper, 

and the precipitate was dissolved in 100 mL of DMF. This DMF solution was refluxed for a 

further 1.5 hours, and, subsequently, the solution was transferred to a beaker and stirred at 

room temperature overnight. Chromatographic separation (silica, CHCl3) afforded 64 mg of 

T4. Yield: 1%. UV-vis (CHCl3) λ / nm (log ε) 425 (5.57), 520 (4.23), 552 (3.82), 598 (3.81), 661 

(3.47). 1H NMR (CDCl3, 80 MHz) δH / ppm 9.03 (s, 8H), 7.87 (d, 8H, J = 4.98 Hz), 7.49 (s, 4H), 

-2.67 (s, 2H, inner protons). MS (MALDI-TOF): m/z for [M+H]+ 639.24 amu; calculated 638.86 

amu. 

 

Scheme 2.3.1. The synthesis of T4 using a green synthetic approach.109 
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2.3.2 5,10,15,20-tetrakis(thien-2-yl)porphyrinato tin(IV)-dichloride (Sn(IV)T4)  
 

The free-base porphyrin (T4) (0.05 mmol, 30 mg) was dissolved in 15 mL of pyridine and 

excess tin (II) chloride dihydrate (at least 2 eq) was added.110 The reaction mixture was 

refluxed for 3-4 h until a colour change in the solution was observed (Scheme 2.3.2). Millipore 

water was added to the round bottom flask to induce precipitation, followed by chloroform to 

extract the product from the solution. The organic layer was washed thoroughly with water and 

filtered to reduce the excess tin salt. Chromatographic separation (silica, CHCl3) afforded 28 

mg of Sn(IV)T4. Yield: 68%. UV-vis (CHCl3) λ / nm (log ε) 437 (5.27), 567 (3.96), 613 (3.70). 

1H NMR (CDCl3, 80 MHz) δH / ppm 9.40 (s, 8H, pyrrole protons), 8.08−7.93 (m, 8H, thienyl 

ring protons in positions 3&5), 7.62−7.51 (m, 4H, thienyl ring protons in position 4). MS 

(MALDI-TOF): m/z for [M−Cl]− 791.56 amu; calculated 826.46 amu. 

 

Scheme 2.3.2. The synthesis of Sn(IV)T4 from T4.110 

 

2.3.3 5,10,15,20-tetrakis(thien-2-yl)porphyrinato Indium(III)-chloride (In(III)T4)  
 

The free-base porphyrin (15 µmol, 10 mg) was dissolved in acetic acid and sodium acetate 

(400 mg, 7 mL) was added. Thereafter, Indium (III) chloride tetrahydrate (17 µmol, 5 mg) was 

added. The reaction mixture was refluxed for 72 h (Scheme 2.3.3). The reaction mixture was 

washed with water after dissolving in CHCl3, and lastly, washed with water that contained 
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NaHCO3. Chromatographic separation (SiO2, CHCl3 (4): MeOH (1)) yielded 8 mg of In(III)T4. 

Yield: 80%. UV-vis (CHCl3) λ / nm (log ε) 435 (4.80), 565 (3.48), 610 (3.06). 1H NMR (CDCl3, 

80 MHz) δH / ppm 9.27 (s, 8H), 8.04−7.83 (m, 8H), 7.62−7.45 (m, 4H). MS (MALDI-TOF): m/z 

for [M−Cl]− 751.12 amu; calculated 787.12 amu.111 

 

Scheme 2.3.3. The synthesis of In(III)T4 from T4.111 

 

2.3.4 5,10,15,20-tetrakis(4-bromo-thien-2-yl)porphyrin (TBr4)  

 

The Adler method of porphyrin synthesis was used to obtain TBr4 (Scheme 2.3.4).112 4-bromo-

2-thiophenecarboxaldehyde (50 mmol, 9.55 g) and freshly distilled pyrrole (50 mmol, 3,46 mL) 

were added to propionic acid (100 mL) and the mixture was refluxed for 3-4 h. The reaction 

was cooled on ice and methanol was added to induce precipitation. The reaction was filtered 

and washed with water. The solid was left overnight to dry to completion. Chromatographic 

separation (silica, CHCl3) afforded 188 mg of TBr4. Yield: 39%. UV-vis (CHCl3) λ / nm (log ε) 

425 (5.32), 521 (4.11), 554 (3.79), 599 (3.69), 663 (3.77). 1H NMR (CDCl3, 80 MHz) δH / ppm 

9.08 (s, 4H), 8.65 (s, 4H), 8.23 (d, J = 6.70 Hz, 4H), 7.83 (d, J = 4.51 Hz, 4H), −0,66 (s, 2H, 

inner NH). MS (MALDI-TOF): m/z for [M+H]+ 955.07 amu; calculated 954.45 amu.   
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Scheme 2.3.4. The synthesis of TBr4 using the Adler method.112 

 

2.3.5 5,10,15,20-tetrakis(4-bromo-thien-2-yl)porphyrinato tin(IV)-dichloride (Sn(IV)TBr4)  
 

The free-base porphyrin (TBr4) (0.05 mmol, 30 mg) was dissolved in 15 mL of pyridine and 

excess tin (II) chloride dihydrate (at least 2 equivalents) was added. The reaction mixture was 

refluxed for 3-4 h until a colour change in the solution was observed (Scheme 2.3.5). Millipore 

water was added to the round bottom flask to induce precipitation, and chloroform was used 

to extract the product out of the solution. The organic layer was washed thoroughly with water 

and filtered to reduce the excess tin salt. Chromatographic separation (silica, CHCl3) afforded 

27 mg of Sn(IV)TBr4 Yield: 47%. UV-vis (CHCl3) λ / nm (log ε) 434 (4.68), 566 (3.38), 609 

(3.07), 638 (3.19). 1H NMR (CDCl3, 80 MHz) δH / ppm 9.43 (s, 8H, thienyl ring), 7.93 (d, 8H, 

pyrrole protons). MS (MALDI-TOF): m/z for [M−Cl]− 1107.76 amu; calculated 1142.05 amu.110 

 

Scheme 2.3.5. The synthesis of Sn(IV)TBr4 from TBr4.110 
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2.3.6. 2,2′-(thien-2-ylmethylene)bis[1H-pyrrole] 
 

To an aqueous mixture of HCl (a 100 mL 0.5% HCl solution), 1 eq of 2-

thiophenecarboxaldehyde (15 mmol, 1.4 mL) was added and stirred at room temperature while 

purging the solution with N2 (g). After 10 min, 3 eq of freshly distilled pyrrole (45 mmol, 3.12 

mL) was added to the reaction, and the solution turned cloudy. The reaction was monitored 

via TLC: the reaction mixture was spotted on a silica TLC plate, and chloroform was used as 

a mobile phase. After TLC, the silica plate was dipped into an iodine chamber and upon the 

blue staining of the primary band, the synthesis of the DPM can be confirmed and the reaction 

was stopped after 5 min upon extracting the dipyrromethene with chloroform. The short 

reaction time was used to limit oligomerisation past the target DPM product. The DPM was 

not purified via column chromatography due to its highly reactive nature and was advanced 

immediately to the subsequent synthesis to yield the low-symmetry molecules.333 Scheme 

2.3.6 details the synthesis of the DPM. 

 

Scheme 2.3.6. The synthesis of the thien-2-yl-substituted dipyrromethane precursor for low-

symmetry porphyrins.33 

 

2.3.7 5,15-bis(thien-2-yl)-10,20-bis(4-quinolinyl)porphyrin (T2Q2)  
 

Yielded from the low symmetry corrole synthesis of T2Q (Scheme 2.3.7):14 2,2′-(thien-2-

ylmethylene)bis[1H-pyrrole] (dipyrromethane) (8.25 mmol) and 4-quinoline carboxaldehyde 

(4.24 mmol, 0.67 g) were added to a 250 mL solution of CH2Cl2 and trifluoracetic acid (65 

µmol, 7.41 mg, 5 µL). The reaction was stirred at room temperature for 5 h. Afterwards, a 

solution of DDQ (4.5 mmol, 1.02 g) in 10 mL of toluene was added to the reaction mixture, 
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and the reaction was stirred for 5 min before allowing the solvent to dry. Chromatographic 

separation with a SiO2 column and 1:3 hexane/CHCl3 eluent and subsequently with an Al2O3 

column and 7:3 hexane/ethyl acetate as eluent yielded 30 mg of T2Q2. Yield: 1%. UV-vis 

(CHCl3) λ / nm (log ε) 423 (4.55), 518 (3.48), 554 (3.07), 593 (3.18), 648 (2.84). 1H NMR 

(CDCl3, 80 MHz) δH / ppm 9.37 (d, 2H, J = 4.47 Hz), 9.02 (d, 4H, J = 5.35 Hz), 8.53 ppm (d, 

4H, J = 5.06 Hz, pyrrole protons), 8.27 (d, 2H, J = 4.64 Hz), 7.62−9.94 (m, 12H), 7.18 (s, 2H), 

−2.49 (s, 2H, inner protons). MS (MALDI-TOF): m/z for [M+H]+ 729.41 amu; calculated 728.90 

amu. 

 

Scheme 2.3.7. The synthesis of the low-symmetry porphyrin T2Q2 from a secondary aromatic 

aldehyde and the thien-2-yl-substituted dipyrromethane.14 

 

2.3.8 5,15-bis(thien-2-yl)-10,20-bis(4-quinolinyl)porphyrinato tin(IV)-dichloride 
(Sn(IV)T2Q2) 
  

The free-base porphyrin (T2Q2) (0.01 mmol, 10 mg) was dissolved in 10 mL of pyridine and 

excess tin (II) chloride dihydrate (at least 2 equivalents) was added. The reaction mixture was 

refluxed for 3-4 h until a colour change in the solution was observed (Scheme 2.3.8). Millipore 

water was added to the round bottom flask to induce precipitation, and chloroform was used 

to extract the product. The organic layer was washed thoroughly with water and filtered to 

reduce the excess tin salt. Chromatographic separation (silica, CHCl3) afforded 8 mg of 

Sn(IV)T2Q2 Yield: 64%. UV-vis (CHCl3) λ / nm (log ε) 432 (4.53), 561 (3.24), 602 (2.78). 1H 



 
 

65 

NMR (CDCl3, 80 MHz) δH / ppm 9.31 (s, 4H), 8.91 (s, 1H), 8.40 (s, 1H), 7.71–8.04 (m, 18H), 

7.05 (s, 2H). MS (MALDI-TOF): m/z for [M−Cl]− 882.05 amu; calculated 916.50 amu.  

 

Scheme 2.3.8. The synthesis of Sn(IV)T2Q2 from T2Q2.110 

 

2.3.8 Quaternised 5,15-bis(thien-2-yl)-10,20-bis(4-quinolinyl)porphyrinato tin(IV)-
dichloride (Sn(IV)T2Q2+) 
 

An excess of iodomethane (70 µmol, 4 µL) was added to a solution of Sn(IV)T2Q2 (10 mg, 14 

µmol) in anhydrous DMF (10 mL) under a nitrogen atmosphere and stirred at room 

temperature for 24 h. The solution was evaporated under vacuum, and the desired product 

was washed with diethyl ether (50 mL) and recrystallised in acetone to yield 8mg. Yield 75%. 

UV-vis (CHCl3) λ / nm (log ε) 435 (3.32), 565 (2.54), 614 (2.35). 1H NMR (CDCl3, 80 MHz) δH 

/ ppm no visible aromatic protons, 3.53 (s, methyl peak). MS (MALDI-TOF): m/z for [M−Cl]4+ 

235.90 amu; calculated 976.64 amu. Scheme 2.3.9 details the synthesis of the quaternised 

molecule. 
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Scheme 2.3.9. The synthesis of Sn(IV)T2Q2+ from Sn(IV)T2Q.113 

 

2.3.10 5,15-bis(thien-2-yl)-10,20-bis(4-quinolinyl)porphyrinato indium(III)-chloride 
(In(III)T2Q2)  
 

The free-base porphyrin (7 µmol, 5 mg) was dissolved in 7 mL of acetic acid and sodium 

acetate (400 mg) was added. Thereafter, Indium (III) chloride tetrahydrate (17.5 µmol, 5 mg) 

was added. The reaction mixture was refluxed for 72 h (Scheme 2.3.10). The reaction mixture 

was washed with water after dissolving in CHCl3, and lastly washed with water that contained 

NaHCO3. Chromatographic separation with a SiO2 column and 4:1 CHCl3/MeOH as eluent 

yielded 5 mg of In(III)T2Q2. Yield: 87%. UV-vis (CHCl3) λ / nm (log ε) 433 (3.96), 564 (2.74), 

606 (2.30). 1H NMR (CDCl3, 80 MHz) δH / ppm 9.25 (d, 2H, J = 3.43 Hz), 9.04 (d, 4H, J = 4.51 

Hz), 8.59–8.86 (m, 4H), 8.27 ppm (s, 2H), 7.71–7.89 (m, 6H), 7.49–7.63 (m, 6H), 7.03 (s, 2 

H). MS (MALDI-TOF): m/z for [M−Cl]− 841.76 amu and for [M]− 877.68; calculated 877.12 amu. 
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Scheme 2.3.10. The synthesis of In(III)T2Q2 from T2Q2.111 

 

 

2.3.11. 2,2′-(4-bromo-thien-2-ylmethylene)bis[1H-pyrrole] 
 

To an aqueous mixture of HCl (a 100 mL 0.5% HCl solution), 1 eq of 4-bromo-2-

thiophenecarboxaldehyde (15 mmol, 2.87 g) was added and stirred at room temperature while 

purging the solution with N2 (g). After 10 min, 3 eq of freshly distilled pyrrole (45 mmol, 3.12 

mL) was added to the reaction, and the solution turned cloudy. The reaction was monitored 

via TLC: the reaction mixture was spotted on a silica TLC plate, and chloroform was used as 

a mobile phase. After TLC, the silica plate was dipped into an iodine chamber and upon the 

blue staining of the primary band, the synthesis of the DPM can be confirmed and the reaction 

was stopped after 20 min upon extracting the dipyrromethene with chloroform. The short 

reaction time was used to limit oligomerisation past the target DPM product. The DPM was 

not purified via column chromatography due to its highly reactive nature and was advanced 

immediately to the subsequent synthesis to yield the low-symmetry molecules. Scheme 

2.3.11 details the synthesis of the DPM. 
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Scheme 2.3.11. The synthesis of the 4-bromo-thien-2-yl-substituted dipyrromethane 

precursor for low-symmetry porphyrins.33 

 

2.3.12 5,15-bis(4-bromo-thien-2-yl)-10,20-bis(4-quinolinyl)porphyrin (TBr2Q2) 
 

Yielded from the low symmetry corrole synthesis of TBr2Q (Scheme 2.3.12):14 2,2′-(4-bromo-

thien-2-ylmethylene)bis[1H-pyrrole] (dipyrromethane) (8.25 mmol) and 4-quinoline 

carboxaldehyde (4.24 mmol, 0.67 g) were added to a 250 mL solution of CH2Cl2 and 

trifluoracetic acid (65 µmol, 7 mg, 5 µL). The reaction was stirred at room temperature for 5 

hours. Afterwards, a solution of DDQ (4.5 mmol, 1.02 g) in 10 mL of toluene was added to the 

reaction mixture and the reaction was stirred for 5 min before allowing the solvent to dry. 

Chromatographic separation with a SiO2 column and 1:3 Hexane/CHCl3 as eluent and 

subsequently with an Al2O3 column and 7:3 hexane/ethyl acetate as eluent yielded 5 mg of 

TBr2Q2. Yield: < 1%. UV-vis (CHCl3) λ / nm (log ε) 422 (4.07), 516 (3.26), 564 (3.15). 1H NMR 

(CDCl3, 80 MHz) δH / ppm 9.41 (d, 2 H, J = 4.5 Hz), 9.04 (d, 4 H, J = 4.92 Hz), 8.55 (d, 4 H, J 

= 5.03 Hz), 8.31 (s, 2H), 7.46−7.95 (m, 12H), -2.57 (s, 2 H). MS (MALDI-TOF): m/z for [M+H]+ 

887.74 amu; calculated 886.69 amu. 
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Scheme 2.3.12. The synthesis of the low-symmetry porphyrin TBr2Q2 from a secondary 

aromatic aldehyde and the 4-bromo-thien-2yl-substituted dipyrromethane.14 

 

2.4 Synthesis of Corroles  
 

2.4.1 5,10,15-tris(thien-2-yl)corrole (T3)  
 

Yielded from the low-symmetry corrole synthesis of T2Q due to the residual presence of the 

primary aromatic aldehyde (Scheme 2.4.1): 2,2′-(thien-2-ylmethylene)bis[1H-pyrrole] 

(dipyrromethane) (8.25 mmol) and 4-quinoline carboxaldehyde (4.24 mmol, 0.67 g) were 

added to a 250 mL solution of CH2Cl2 and trifluoracetic acid (65 µmol, 7 mg, 5 µL)The reaction 

was stirred at room temperature for 5 hours. Afterwards, a solution of DDQ (4.5 mmol, 1.02 g) 

in 10 mL of toluene was added to the reaction mixture, and the reaction was stirred for 5 min 

before allowing the solvent to dry. Chromatographic separation (SiO2, Hexane (1): CHCl3 (3)) 

and, subsequently, with (Al2O3, hexane (7): ethyl acetate (3)) yielded 10 mg of T3 as purple 

crystals. <1% yield. UV-vis (CHCl3) λ / nm (log ε) 427 (4.00), 585 (3.15), 627 (3.08). 1H NMR 

(CDCl3, 80 MHz) δH / ppm 9.18 (s, 2H), 8.93 (s, 2H), 8.77 (s, 2H), 8.41 (s, 2H), 8,09 (s, 1H), 

7.88−8.0 (m, 5H), 7.53−7.60 (m, 3H). MS (MALDI-TOF): m/z for [M]− 544.05 amu; calculated 

544.72 amu. 
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Scheme 2.4.1. The synthesis of the high-symmetry corrole T3 as a minor product of the 

synthesis to yield the low-symmetry porphyrin and corrole, T2Q2 and T2Q, respectively. This 

was possible due to the presence of the initial aromatic aldehyde, 2-

thiophenecarboxaldehyde.14 

 

2.4.2 5,10,15-tris(4-bromo-thien-2-yl)corrole (TBr3)  
 

TBr3 was yielded according to Gryko et al.’s aqueous method (Scheme 2.4.2):114 2-

thiophenecarboxaldehyde (5 mmol, 0.47 mL) and freshly distilled pyrrole (0.69 mL, 10 mmol) 

were dissolved in methanol (200 mL), and Millipore water (200 mL) was added afterwards. 

Subsequently, hydrochloric acid (32%, 4.5 mL) was added and the reaction was stirred for 3 

h at room temperature. The mixture was extracted with CHCl3 and the organic layer was 

washed thrice with water, filtered and dried over Na2SO4 and diluted to 300 mL with CHCl3. p-

Chloranil (5 mmol, 1.23 g) was added and the mixture was refluxed for 1 h. Purification was 

achieved via silica column chromatography with 1:1 CH2Cl2/cyclohexane as the eluent. All the 

fractions containing the corrole compounds were combined and chromatographed via DCVC 

twice (CH2Cl2 and hexane mixture). Yield: 5 mg of TBr3 as purple crystals. < 1% yield. UV-vis 

(CHCl3) λ / nm (log ε) 427 (4.47), 589 (3.67). 1H NMR (CDCl3, 80 MHz) δH / ppm 9.15 (s, 2H), 
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8.99 (s, 2H), 8.81 (s, 4H), 8.01 (s, 1H), 7.70−7.82 (m, 5H). MS (MALDI-TOF): m/z for [M+H]+ 

782.49 amu; calculated 781.41 amu. 

 

Scheme 2.4.2. The synthesis of the high-symmetry corrole TBr3.114 

 

 

2.5 Preparation of the Sn(IV)T4 thin film (Sn(IV)T4-PBC) 
 

Poly(bisphenol carbonate A) (PBS) (220 mg) (Figure 1.10.2.1) and of Sn(IV)T4 (0.2 µmol, 0.2 

mg) were dissolved in DCM (3 mL) and sonicated until a homogenous solution of the 

porphyrin-polymer mixture was obtained. Sn(IV)T4-PBC was then dropped onto glass 

substrates in a Petri dish, and the solvent was allowed to evaporate at room temperature. The 

average film thickness was determined to be 41 µm via SEM.90  
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2.6 Photostability experiments 

Upon exposure to radiation in solution, a photosensitiser may undergo a photoinduced 

transformation that can, ultimately, alter its spectroscopic properties. Phototransformation of 

the photosensitised tissues during illumination can be responsible for an alteration of the 

photodynamic activity and overall efficacy.115 Since this investigation employs light, this is an 

essential parameter to assess. The photostability experiments were conducted in a quartz 

cuvette (1 × 1 cm); the compounds were dissolved in PBS (5%DMSO) to mimic the in vitro 

experiments and irradiated with a 415 nm (360 mW/cm2) Thorlabs LED lamp in 6 min intervals 

over a total time of 30 min. The experiment was done in a dark irradiation chamber so as to 

avoid ambient light. The bleaching of the dyes at the Soret absorption peak was monitored as 

a function of time, and the amount of dye remaining after the 30 min of irradiation is reported 

in Table 3.4.1.  

 

2.7 Cell culturing and in vitro studies on MCF-7 cancerous cells  
 

2.7.1 In vitro dark toxicity  
 

In vitro dark toxicity studies were conducted on the MCF-7 (Michigan Cancer Foundation) 

human epithelial breast cancer cells before the PDT activity (light) studies. The cells were 

cultured in Dulbecco’s modified Eagle’s medium (DMEM) that was modified with 4.5 g.L−1 

glucose, L-glutamine and phenol red. The DMEM was supplemented with 10% heat-

inactivated FCS, penicillin-streptomycin-amphotericin B mix, 100 units.mL−1 penicillin and 100 

µg.mL−1 streptomycin-amphotericin B were added. The cells were incubated at 37°C in a 

humidified atmosphere containing 5% CO2 and grown in 75 cm2 Porvair® flasks with vented 

caps. Regular subculturing was performed via trypsinisation, and the detached cells were 

treated with trypan blue (0.4%) and examined for viability. The cells were seeded in DMEM 

(modified with phenol red) at a density of 10000 cells per well in 96 well tissue culture plates 

(Porvair) and kept in a 5% CO2 incubator maintained at 37°C for 24 h. When the cells were 
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confluent, the adherent cells were washed with 100 µL of DPBS. Subsequently, 100 µL of 

DMEM solution (modified with phenol red) containing the compounds under study at varying 

concentrations was added (2.5 µM − 80µM), and the solutions were incubated under the same 

conditions in the dark for 24 h. Control cells were incubated with the supplemented DMEM 

only.  

 

After 24 h, the wells were rinsed with 100 µL of DPBS. The cytotoxicity of the compounds was 

assessed by the WST-1 assay.116 The principle of this assay relies on the tetrazolium salt 

WST-1 being cleaved to a soluble formazan by a complex cellular mechanism that occurs 

primarily at the cell surface of viable cells; the amount of formazan formed is directly 

proportional to the number of metabolically viable cells in the cell culture.117 The absorbance 

is measured at 450 nm to quantify the viability of the cells. The percentage of cell viability is 

given by:  

 

% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎 450 𝑛𝑛𝑛𝑛
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑎𝑎𝑎𝑎 450 𝑛𝑛𝑛𝑛 

 ×  100    (2.7.1) 

 

2.7.2 In vitro PDT  
 

The cells were incubated with the same procedure described in Section 2.6.1, and the 

compounds (Sn(IV)T4, In(III)T4, Sn(IV)TBr4, Sn(IV)T2Q2, In(III)T2Q2 and Sn(IV)T2Q2+) were 

added in the same range of concentrations (2.5 µM – 80 µM) dissolved in 2% DMSO. The 

controls were only incubated with DMEM modified with phenol red. After 24 h of incubation 

with the drugs, the media was replaced with DPBS and the plates were photoirradiated with 

a 625 nm Thorlabs M625L3 LED for 30 min (240 mW/cm2). The LED was mounted into the 

housing of a Modulight 7710-680 medical laser system. After the irradiation, DPBS was 

replaced with DMEM modified with phenol red and incubated for 24 h. The cell viability was 

assayed using the previous protocol and equation described in Section 2.6.1 with WST-1.  
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An important parameter for assessing the efficacy of photosensitisers during in vitro PDT is 

the IC50 value: the concentration of the photosensitiser that promotes 50% cell death after 

incubation and light treatment. Nonlinear regression analysis with GraphPad Prism was used 

to determine the IC50 values of the photosensitisers.  

 

2.8 Bacterial Inactivation Studies (PACT) 
 

The photodynamic antimicrobial chemotherapeutic activities of the photosensitisers were 

assessed against Staphylococcus aureus and Escherichia coli. The bacterial cultures were 

prepared by placing an aliquot of the commercially acquired bacterial crystals into 6 mL of 

freshly prepared Luria nutrient broth; these solutions were then briefly vortexed and incubated 

under agitation in a shaking incubator at 37°C to grow. The optical density at 600 nm of the 

bacterial stock solutions was tested regularly until an optical density of 0.6 was achieved for 

both of the individual solutions to ensure mid-logarithmic growth. The stock solutions were 

centrifuged at 3000 rpm for 15 min to remove the nutrient broth. The pellets of S. aureus and 

E. coli were washed thrice with PBS to remove any residual nutrient broth. The pellets of the 

individual bacteria were resuspended in 10 mL of PBS to afford the stock solutions (10−2) for 

the subsequent studies.  

 

Before the PACT studies were carried out, the bacterial stock solution was optimised to afford 

an appropriate working concentration of the bacteria. The bacterial solutions used throughout 

the study were 10−7 and these working concentrations were acquired via serial dilutions of the 

stock solutions. Drug concentration optimisation studies were also conducted, but the highest 

possible working concentration was used. 

 

The PACT studies were conducted using the previously reported viable count method.118 Stock 

solutions (5 ×10−4 M) of the following compounds were prepared in PBS (5% DMSO) and they 

were assessed for their photodynamic antimicrobial chemotherapeutic activities: SnT4, InT4, 

SnTBr4, SnT2Q2, InT2Q2, TBr2Q2 and SnT2Q2+. The solutions that were used for the 
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experiments were prepared with 480 µL of the stock (to afford a final concentration of 40 µM 

for both S. aureus and E. coli ) and 60 µL of the 10−5 bacterial dilution, and they were made 

up to 6 mL with PBS. The mixtures were placed in a shaking incubator at 37°C for 4 h to afford 

localisation of the dyes into the bacterial cells. Approximately 2.5 mL of these solutions were 

placed into individual wells of a 24-well plate and irradiated at 595 nm with a Thorlabs M595L3 

LED (240 mW/cm2) over predefined intervals (tn, where n = 0, 30, 60, 90 and 120 min), while 

another 2.5 mL was placed in a different 24-well plate and kept in the dark for the same time 

intervals. After each of the subsequent experiments, 100 µL of the samples that were exposed 

to radiation or a lack thereof was inoculated onto agar plates in triplicate while maintaining a 

sterile environment. The plates were then inverted and placed into the incubator at 37°C for 

18 h before the colony counts were determined. The colony-forming units (CFU/mL) of 

bacteria were counted using a Scan® 500 automatic colony counter.  

 

 

2.9 In silico studies  
 

Density functional theory (DFT) and time-dependent density functional theory (TD-DFT) were 

employed in the theoretical calculations conducted throughout this study. This was done by 

using the B3LYP exchange-correlation functional of the Gaussian 09 software package 

(version E01).119 Geometry optimisations were conducted at the B3LYP/6-31G(d) level of 

theory. The obtained optimised B3LYP geometries were used to carry out excited state TD-

DFT calculations by using the CAM-B3LYP functional, which introduces a long-range 

correction. The overall visualisation of the generated molecular orbitals was achieved using 

Chemcraft.  
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2.10 Failed syntheses 
 

This section details the attempted syntheses of porphyrin compounds and their analogues and 

isomers. These compounds were selected to complete a trend set, but they could not be 

yielded upon synthesis and/or purification. 

  

2.10.1 5,10,15,20-tetrakis(thien-2-yl)porphyrinato Phosphorous(V)-trichloride (P(V)T4) 
 

The free base porphyrin (0.1 g, 0.16 mmol, 1 eq) was dissolved in 18 mL of pyridine under a 

nitrogen atmosphere and POCl3 (2 mL, 21.96 mL, 135 eq) was added dropwise to the mixture 

while stirring. A solution of PCl5 (0.1 g, 0.48 mmol, 3 eq) in 2 mL of pyridine was then added 

dropwise; the mixture was then refluxed under nitrogen for 24 h (Scheme 2.10.1). After cooling 

to room temperature and evaporating the pyridine under vacuum, the solid was dissolved in 

CH2Cl2 and subjected to column chromatography (SiO2, CH2Cl2). After analysis of the fractions 

that eluted from the column, there was no evidence of the formation of P(V)T4 upon analysis 

with MS and UV-visible spectroscopy. It was then decided that the Sn(IV) porphyrins would 

be compared to their In(III) counterparts experimentally, but P(V) the theoretical calculations 

of P(V) porphyrins and corroles are still reported in Chapter 8.120  

 

Scheme 2.10.1. The failed synthetic approach to yield P(V)T4 from T4.120 
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2.10.2 5,10,15,20-tetrakis(4-bromo-thien-2-yl)porphyrinato Indium(III)-trichloride 
(In(III)TBr4)  
 

50 mg of the free-base porphyrin (5.4 µmol) was dissolved in 15 mL of acetic acid, and sodium 

acetate (400 mg) was added. Thereafter, Indium (III) chloride tetrahydrate (15 mg, 51.1 µmol) 

was added. The reaction mixture was refluxed for 72 h (Scheme 2.10.2). The reaction mixture 

was washed with water after dissolving in CHCl3, and lastly washed with water that contained 

NaHCO3. Upon analysis of the crude product and eluted fractions from chromatographic 

separation (SiO2, CHCl3 (4): MeOH (1)), there was no evidence of the formation of Sn(IV)TBr4. 

The synthesis was attempted multiple times, but the target metalated product was not 

obtained.111 

 

Scheme 2.10.2. The failed synthetic approach to yield In(III)TBr4 from TBr4.111 

 

2.10.3 Synthesis of 5,15-bis(thien-2-yl)-10-(4-quinolinyl)corrole (T2Q) 
 

2,2′-(thien-2-ylmethylene)bis[1H-pyrrole] (dipyrromethane) (8.25 mmol) and 4-quinoline 

carboxaldehyde (4.24 mmol, 0.67 g) were added to a 250 mL solution of CH2Cl2 and 

trifluoracetic acid (65 µmol). The reaction was stirred at room temperature for 5 hours. 

Afterwards, a solution of DDQ (4.5 mmol, 1.02 g) in 10 mL of toluene was added to the reaction 

mixture and the reaction was stirred for 5 min before allowing the solvent to dry (Scheme 

2.10.3). Chromatographic separation was attempted via SiO2 gel chromatography with 1:3 

Hexane/CHCl3 as an eluent and subsequently with an Al2O3 column with 7:3 hexane/ethyl 
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acetate as the eluent. After the synthesis and column chromatography, the major product was 

found to be the low-symmetry porphyrin, T2Q2, and the low yield of the low-symmetry corrole, 

T2Q, could not be purified to a level sufficient for characterisation and subsequent 

application.14 

 

Scheme 2.10.3. The failed synthetic approach to yield T2Q.14 

 

2.10.4 5,15-bis(4-bromo-thien-2-yl)-10-(4-quinolinyl)corrole (TBr2Q) 
 

2,2′-(4-bromo-thien-2-ylmethylene)bis[1H-pyrrole] (dipyrromethane) (8.25 mmol) and 4-

quinoline carboxaldehyde (4.24 mmol, 0.67 g) were added to a 250 mL solution of CH2Cl2 and 

trifluoracetic acid (65 µmol). The reaction was stirred at room temperature for 5 hours 

(Scheme 2.10.4). Afterwards, a solution of DDQ (4.5 mmol, 1.02 g) in 10 mL of toluene was 

added to the reaction mixture and the reaction was stirred for 5 min before allowing the solvent 

to dry. Chromatographic separation was attempted via SiO2 gel chromatography with 1:3 

Hexane/CHCl3 as an eluent and subsequently with an Al2O3 column with 7:3 hexane/ethyl 

acetate as the eluent. There was no fraction that eluted from the column that corresponded to 

TBr2Q (in terms of UV-visible spectroscopy or mass spectrometry) and the major product was, 

once again, the low-symmetry porphyrin, TBr2Q2.14 
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Scheme 2.10.4. The failed synthetic approach to yield TBr2Q.14 

 
 

2.10.5 5,10,15,20-tetrakis(4-quinolinyl)-2-aza-21-carbaporphyrin (NCQ4) 

 

To a 1 L flask, dichloromethane (DCM) (750 mL), freshly distilled pyrrole (1.04 mL, 15 mmol) 

and 4-quinolinecarboxaldehyde (2.36 g, 15 mmol) were added. The reaction was initiated 

upon the addition of MSA (0.681 mL, 10.5 mmol). This was stirred at room temperature for 30 

min with foil around the flask. DDQ (3.00 g, 13.2 mmol) was then added; the mixture was 

stirred for 1 min (Scheme 2.10.5). The acid was quenched upon the addition of TEA (5.8 mL; 

42 mmol). Without solvent evaporation, the crude reaction mixture was passed through a 500 

mL separatory funnel with basic alumina. This was rinsed thoroughly with DCM to yield 

maximum product. The dried product was added to a column containing basic alumina with 

petroleum ether. The polarity of the eluant was increased from 0% DCM in the petroleum ether 

to 50%. Upon analysis of the fractions that were eluted from the column, there were no 

fractions that exhibited the expected mass in MS or the typically N-confused UV-visible 

spectrum.122 
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Scheme 2.10.5. The failed synthetic approach to yield NCQ4.121 
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3.1 Structural characterisation of the porphyrins 

 
1H NMR, MALDI-TOF MS and UV-visible absorption spectroscopy were all used to confirm 

the successful synthesis of the dyes within this investigation.  

 

3.1.1 Structural characterisation of the thien-2-yl substituted high-symmetry 
porphyrins 

 

Mass spectrometry was used as the preliminary characterisation technique to determine 

whether the synthesis of the photosensitisers was successful. T4, Sn(IV)T4, and In(III)T4 were 

all determined to be successfully synthesised and purified based on analyses by mass 

spectrometry and, later, 1H NMR spectroscopy. T4 was found to have a mass of 639.24 amu 

in MS, which is in an acceptable range for the expected mass of this molecule, which was 

638.86 amu (Figure 3.1.1.1). Similarly, the metalated molecules, Sn(IV)T4 and In(III)T4 were 

found to have their respective masses that correlated to their structures without one chloride 

axial ligand, which is easily cleaved off during MS (Figure 3.1.1.2 and Figure 3.1.1.3).  

 

 
Figure 3.1.1.1. MALDI-TOF data for T4, with its mass obtained in red and the expected mass 

and structure alongside.   
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Figure 3.1.1.2. MALDI-TOF data for Sn(IV)T4, with its mass obtained in red and the expected 

mass and structure alongside.   

 
 

Figure 3.1.1.3. MALDI-TOF data for In(III)T4, with its mass obtained in red and the expected 

mass and structure alongside.   

 

The signals for all 22 protons of T4 could be readily assigned in the 1H NMR spectrum (Figure 

3.1.1.4). The singlet at -2.67 ppm integrates to 2 protons, and these account for the inner 

protons in T4 (before metalation), which are significantly shielded from the external magnetic 

field by the aromatic system. The remaining signals account for the aromatic protons on either 
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on the thienyl ring or from the pyrrole groups. The lack of doublets could be accounted for by 

the high degree of symmetry within this molecule.  

 

A similar 1H NMR spectrum is seen for both Sn(IV)T4 and In(III)T4 (Figure 3.1.1.5 and Figure 

3.1.1.6), where there is a total aromatic integration of 20 protons, which again accounts for 

the aromatic protons within the molecule, i.e. on the pyrrole rings and the thiophene moiety. 

Both of these molecules lack a signal in the negative region of the spectrum due to the 

successful metalation event, which results in the deprotonation of the core electrons in the 

formation of a dianion for bonding to their respective metal ions.  

 
Figure 3.1.1.4. 1H NMR spectrum of T4 measured in CDCl3. 
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Figure 3.1.1.5. 1H NMR spectrum of Sn(IV)T4 measured in CDCl3. 

 
Figure 3.1.1.6. 1H NMR spectrum of In(III)T4 measured in CDCl3. 

 

T4, Sn(IV)T4, and In(III)T4 all exhibited typical porphyrinoid UV-visible trends, with an intense 

and narrow Soret absorbance band and a relatively weak Q band envelope. It can be noted 

that T4 has a relatively blue shifted B band compared to the metalated molecules, which was 
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expected. Additionally, T4 has 4 Q bands. Sn(IV)T4 and In(III)T4 both have red-shifted Soret 

bands and blue-shifted Q bands, which is accounted for in Chapter 8. The experimental 

collapse of the 4 Q bands, as seen in the free base molecule (Figure 3.1.1.7), to 2 Q bands 

in the metalated molecules is apparent (Figure 3.1.1.8 and Figure 3.1.1.9).  

 
Figure 3.1.1.7. UV-visible absorption spectrum of T4 measured in CHCl3. Soret band: 425 nm 

(logε = 5.57). 

 
Figure 3.1.1.8. UV-visible absorption spectrum of Sn(IV)T4 measured in CHCl3. Soret band: 

437 nm (logε = 5.27). 
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Figure 3.1.1.9. UV-visible absorption spectrum of In(III)T4 measured in CHCl3. Soret band: 

435 nm (logε = 4.80). 

 

 

3.1.2 Structural characterisation of the 4-bromo-thien-2-yl substituted high-symmetry 
porphyrins 

 
TBr4 and Sn(IV)TBr4 were successfully synthesised and purified based on analyses by mass 

spectrometry and, later, 1H NMR spectroscopy. TBr4 was found to have a mass of 954.99 amu 

in MS, which is in an acceptable range for the expected mass of this molecule, which was 

954.45 amu (Figure 3.1.2.1). Similarly, the metalated molecule, Sn(IV)TBr4, was found to have 

an experimentally determined mass that correlated to its structure without one chloride axial 

ligand, which is easily cleaved off during MS (Figure 3.1.2.2).  
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Figure 3.1.2.1. MALDI-TOF data for TBr4 with its mass obtained in red and its expected mass 

and structure alongside.  

 
Figure 3.1.2.2 MALDI-TOF data for Sn(IV)TBr4 with its mass obtained in red and its expected 

mass and structure alongside.  

 

The signals for all 18 protons of TBr4 could be readily assigned in the 1H NMR spectrum 

(Figure 3.1.2.3). The singlet at -0.66 ppm integrates to 2 protons, and these account for the 

inner protons in TBr4 (before metalation), which are significantly shielded from the external 

magnetic field by the aromatic system. The remaining signals all account for the aromatic 

protons: the thienyl-proton signals appear as singlets at 8.65 and 9.08 ppm due to the lack of 
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a proton neighbour, and the doublets at 8.27 and 7.86 ppm account for the pyrrole protons, 

since these protons each have one neighbouring proton.  

 

A similar 1H NMR spectrum is seen for Sn(IV)T4 (Figure 3.1.2.4), where there is a total 

aromatic integration of 16 protons, which again accounts for the aromatic protons within the 

molecule, i.e. on the pyrrole rings and the thiophene moiety. Sn(IV)TBr4 lack a signal in the 

negative region of the spectrum due to the successful metalation event, which results in the 

deprotonation of the core electrons in the formation of a dianion for bonding to Sn(IV). 

Additionally, Sn(IV)TBr4 only has two peaks. This can be accounted for by the high level of 

symmetry within this molecule.  

 

 
Figure 3.1.2.3. 1H NMR spectrum of TBr4 measured in CDCl3. 
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Figure 3.1.2.4. 1H NMR spectrum of Sn(IV)TBr4 measured in CDCl3. 

 

 

TBr4 and Sn(IV)TBr4 exhibited typical porphyrinoid UV-visible trends, with an intense and 

narrow Soret absorbance band and a relatively weak Q band envelope. It can be noted that 

TBr4 has a relatively blue shifted B band compared to the metalated molecules, which was 

expected. Additionally, TBr4 has 4 Q bands. Sn(IV)TBr4 has a red-shifted Soret band and blue-

shifted Q bands, which is accounted for in Chapter 8. The experimental collapse of the 4 Q 

bands, as seen in the free base molecule (Figure 3.1.2.5), to 3 Q bands in the metalated 

molecules is apparent (Figure 3.1.2.6).  
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Figure 3.1.2.5. UV-visible absorption spectrum for TBr4 measured in CHCl3. Soret band: 425 

nm (logε = 5.32). 

 
Figure 3.1.2.6. UV-visible absorption spectrum for Sn(IV)TBr4 measured in CHCl3. Soret 

band: 434 nm (logε = 4.68). 
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3.1.3 Structural characterisation of the thien-2-yl and 4-quinoline substituted low-
symmetry trans-porphyrins 

 

T2Q2, Sn(IV)T2Q2, and In(III)T2Q2 were all determined to be successfully synthesised and 

purified based on analyses by mass spectrometry and, later, 1H NMR spectroscopy. T2Q2 

was found to have a mass of 729.41 amu in MS, which is in an acceptable range to the 

expected mass of this molecule, which was 728.90 amu (Figure 3.1.3.1). Similarly, the 

metalated molecules, Sn(IV)T2Q2 and In(III)T2Q2, were found to have their respective 

masses that correlated to their structures without one chloride axial ligand, which is easily 

cleaved off during MS (Figure 3.1.3.2 and Figure 3.1.3.3). A second signal for In(III)T2Q2 

was found to lie within an acceptable range for the entire molecule with no loss of an axial 

ligand.  

 

 
Figure 3.1.3.1. MALDI-TOF data for T2Q2 with its mass obtained in red and its expected mass 

and structure alongside. 
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Figure 3.1.3.2. MALDI-TOF data for Sn(IV)T2Q2 with its mass obtained in red and its 

expected mass and structure alongside. 

 

 
Figure 3.1.3.3. MALDI-TOF data for In(III)T2Q2 with its masses obtained in red and its 

expected mass and structure alongside. 

 

The signals for all 28 protons of T2Q2 could be assigned in the 1H NMR spectrum (Figure 

3.1.3.4). The singlet at -2.49 ppm integrates to 2 protons, and these account for the inner 

protons in T2Q2 (before metalation), which are significantly shielded from the external 

magnetic field by the aromatic system. The remaining signals all account for the aromatic 

protons, either on the thienyl rings, quinoline rings or from the pyrrole groups. Although it is 
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not safe or necessary to assign the peaks to specific protons within the molecule, it is likely 

that the multiplet from 7.57 − 8.0 ppm accounts for the quinoline protons, which are difficult to 

distinguish from each other. The other signals account for the thienyl and pyrrole protons.  

 

A similar 1H NMR spectrum is seen for both Sn(IV)T2Q2 and In(III)T2Q2 (Figure 3.1.3.5 and 

Figure 3.1.3.6), where there is a total aromatic integration of 26 protons, which again accounts 

for the aromatic protons within the molecule, i.e. the thiophene and quinoline moieties, as well 

as the pyrrole rings. Both of these molecules lack a signal in the negative region of the 

spectrum due to the successful metalation event, which results in the deprotonation of the 

core electrons in the formation of a dianion for bonding to their respective metal ions. The 

aromatic region of Sn(IV)T2Q2, however, was challenging to integrate; there is a multiplet that 

integrates to 18 protons, which arise from a combination of the quinoline protons and some 

pyrrole protons. This NMR spectrum requires further investigation.  

 

 
Figure 3.1.3.4. 1H NMR spectrum of T2Q2 measured in CDCl3. 



 
 

95 

 
Figure 3.1.3.5. 1H NMR spectrum of Sn(IV)T2Q2 measured in CDCl3. 

 

 
Figure 3.1.3.6. 1H NMR spectrum of In(III)T2Q2 measured in CDCl3. The red asterisk denotes 

the residual DCM peak, while the blue asterisk denotes the residual MeOH peak.122 
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T2Q2, Sn(IV)T2Q2, and In(III)T2Q2 exhibited typical porphyrinoid UV-visible trends, with an 

intense and narrow Soret absorbance band and a relatively weak Q band envelope. It can be 

noted that T2Q2 has a relatively blue shifted B band compared to the metalated molecules, 

which was expected. Additionally, T2Q2 has 4 Q bands. Sn(IV)T2Q2 and In(III)T2Q2 both 

have red-shifted Soret bands and blue-shifted Q bands, which is accounted for in Chapter 8. 

The experimental collapse of the 4 Q bands, as seen in the free base molecule (Figure 

3.1.3.7), to 2 Q bands in the metalated molecules is apparent (Figure 3.1.3.8 and Figure 

3.1.3.9).  

 

 
Figure 3.1.3.7. UV-visible absorption spectrum for T2Q2 measured in CHCl3. Soret band: 423 

nm (logε = 4.55). 
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Figure 3.1.3.8. UV-visible absorption spectrum for Sn(IV)T2Q2 measured in CHCl3. Soret 

band: 432 nm (logε = 4.53). 

 
Figure 3.1.3.9. UV-visible absorption spectrum for In(III)T2Q2 measured in CHCl3. Soret 

band: 433 nm (logε = 3.96). 

 

 

 

 



 
 

98 

3.1.4 Structural characterisation of the 4-bromo-thien-2-yl and 4-quinoline substituted 
low-symmetry trans-porphyrins 
 

TBr2Q2 was determined to be successfully synthesised and purified based on analyses by 

mass spectrometry and, later, 1H NMR spectroscopy. TBrQ2 was found to have a mass of 

887.74 amu in MS, which is in an acceptable range for the expected mass of this molecule, 

which was 885.69 amu (Figure 3.1.4.1). 

 
Figure 3.1.4.1. MALDI-TOF data for TBr2Q2 with its mass obtained in red and its expected 

mass and structure alongside. 

 

 

The signals for all 26 protons of TBr2Q2 could be assigned in the 1H NMR spectrum (Figure 

3.1.4.2). The lack of a singlet at 7.17 ppm accounts for the bromines on the thienyl ring at 

position 4. The singlet at −2.57 ppm integrates to 2 protons, and these account for the inner 

protons in TBr2Q2 (before metalation), which are significantly shielded from the external 

magnetic field by the aromatic system. The remaining signals all account for the aromatic 

protons, either on the thienyl rings, quinoline rings or from the pyrrole groups. Although it is 

not safe or necessary to assign the peaks to specific protons within the molecule, it is likely 

that the multiplet from 7.46 to 7.95 ppm with an integration of 12 accounts for the quinoline 

protons, which are difficult to distinguish from each other. The other signals account for the 

thienyl and pyrrole protons.  
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Figure 3.1.4.2. 1H NMR spectrum of TBr2Q2 in CDCl3. The red asterisk denotes the residual 

DCM peak, while the blue asterisk denotes the residual MeOH peak.122 

 
Although TBr2Q2 has a typical porphyrin B band absorbance, the Q band envelope is rather 

abnormal: it has two, rather than four, relatively intense Q bands (Figure 3.1.4.3). This 

abnormality merits further investigation with a larger series of brominated low-symmetry 

porphyrins.  

 
Figure 3.1.4.3. UV-visible absorption spectrum of TBr2Q2 measured in CHCl3. Soret band: 

422 nm (logε = 4.07). 
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3.2. Structural characterisation of the corroles  

 
T3 and TBr3 were determined to be successfully synthesised and purified based on analyses 

by mass spectrometry and, later, 1H NMR spectroscopy. T3 was found to have a mass of 

544.05 amu in MS, which is in an acceptable range for the expected mass of this molecule, 

which was 544.72 amu (Figure 3.2.1). TBr3 was found to have a mass of 782.49 amu in MS, 

which is in an acceptable range for the expected mass of this molecule, which was 781.41 

amu (Figure 3.2.2). 

 

 
Figure 3.2.1. MALDI-TOF data for T3 with its obtained mass in red and the expected mass 

and structure alongside.  
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Figure 3.2.2. MALDI-TOF data for TBr3 with its obtained mass in red and the expected mass 

and structure alongside.  
 
The 1H NMR spectra of the corroles were consistent with Gryko et al.’s results:114 the eight 

pyrrole protons are observed at higher frequencies, and the thiophene protons lie further 

downfield in the context of both T3 and TBr3 (Figure 3.2.3 and Figure 3.2.4). The additional 

multiplet seen from 7.53 − 7.60 ppm in T3, is due to the lack of a bromine atom (and the 

presence of a proton) at position 4 of each of the thiophene moieties.  
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Figure 3.2.3. 1H NMR spectrum of T3 measured in CDCl3. 

 
Figure 3.2.4. 1H NMR spectrum of TBr3 measured in CDCl3. 
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The UV visible spectra of the corroles were consistent with what has been reported in the 

literature: a wider B band than the porphyrins and three relatively intense Q bands, with TBr3 

having slightly more red-shifted Q bands (Figure 3.2.5 and Figure 3.2.6).  

 
Figure 3.2.5. UV-visible absorption spectrum of T3 measured in CHCl3. Soret band: 427 nm 

(logε = 4.00). 

 
Figure 3.2.6. UV-visible absorption spectrum of TBr3 measured in CHCl3. Soret band: 427 nm 

(logε = 4.47). 
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3.3. Structural characterisation of the quaternised low-symmetry porphyrin  
 

The quaternised molecule was characterised in the same manner that the other 

photosensitisers were. The MS of Sn(IV)T2Q2+ yielded a mass of 235.88 amu, which can be 

accounted for by the loss of an axial chloride ion from the entire complex (with an expected 

mass of 976.64), which leads to a mass of 941.19 amu and a subsequent division by the 

charge of 4 due to the quaternisation gives rise to an expected mass of 235.30 amu (Figure 

3.3.1). This lies within ±1 amu for the experimentally determined mass/charge ratio.  

 
Figure 3.3.1. MALDI-TOF data for SnT2Q2+ with its obtained mass in red and the expected 

mass and structure alongside.  

 

The 1H NMR of the quaternised compound proved difficult to measure, particularly the 

aromatic region. There is a new signal at 3.53 ppm that is not observed in the unquaternised 

molecule (Figure 3.1.3.5), which can tentatively be assigned to the methyl protons (Figure 

3.3.2). Integration of this peak was not possible due to the absence of aromatic peaks needed 

for a ratio in the normalisation and characterisation of the number of protons accounted for by 

each signal. The aromatic region was not intense enough to integrate and/or visualise.   
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Figure 3.3.2. 1H NMR spectrum of SnT2Q2+ measured in d6-DMSO. 

 

The UV visible absorption spectrum of the quaternised molecule, Sn(IV)T2Q2+, was measured 

in DMF immediately after the synthesis (Figure 3.3.3). There is an apparent red-shifting of the 

Soret and Q band envelope of the cationic molecule, as opposed to its unquaternised 

counterpart, but the optical properties of the porphyrin are still maintained. This will be 

elaborated on further in Chapter 8.  
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Figure 3.3.3. UV-visible absorption spectrum of SnT2Q2+ measured in DMF compared to the 

unquaternised molecule, Sn(IV)T2Q2. Soret band: 435 nm (logε = 3.32). 

 

 

3.4. Photophysical and -chemical properties of the porphyrinoids  
 

This subsection details a comprehensive analysis of the photophysical properties of the 

photosensitisers, including singlet oxygen quantum yields (𝜙𝜙Δ), fluorescent quantum yields 

(𝜙𝜙𝐹𝐹), triplet lifetimes, photostability and molar extinction coefficients. 

 

In this thesis, the 𝜙𝜙Δvalues were determined in DMSO with a comparative method: DMA (a 

singlet oxygen scavenger) was used to spectroscopically determine the 𝜙𝜙Δof an unknown 

compound relative to a standard, which was ZnTPP in DMSO, in this case (ZnTPP in DMSO; 

𝜙𝜙Δ = 0.55).123 

 

Porphyrinoid compounds, such as porphyrins, themselves, and corroles, are slightly 

fluorescent. The 𝜙𝜙F values were determined in DMSO due to their complete solubility within 

this solvent and lack of solubility in water. The fluorescence quantum yields of the free base 
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and metalated molecules were quantified using a comparative method with ZnTPP as the 

reference molecule (𝜙𝜙F = 0.039 in DMSO).123 

 

The triplet lifetimes of the photosensitisers give insight into how long-lived the triplet manifolds 

of the photosensitisers are. This is an important parameter as this electronic state reacts with 

molecular oxygen in the surrounding biological environment to produce reactive oxygen 

species and/or singlet oxygen, which are the therapeutic agents in the context of PDT and 

PACT (see Figures 1.8.2 and 1.9.1).  

 

Photosensitiser drugs are prone to degradation by the singlet oxygen formed upon the 

photoexcitation event. It is, thus, important to assess the degree of photodegradation that 

occurs under the conditions used in PDT and PACT activity experiments.  

 

The above photophysical and -chemical properties are summarised in Table 3.4.1.  
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Table 3.4.1. A summary of the photophysicochemical properties (singlet oxygen quantum 

yields, fluorescence quantum yields, triplet lifetimes and photostability) of the photosensitisers 

within this investigation. The molecules that were not synthetically achievable within this thesis 

are denoted with N/A, as their photophysicochemical properties could not be quantified. 

 

 Compound Φ∆ ΦF TT (µs) Photostability 

(%) 

 

 

 

Free base 

compounds 

T4 0.55 0.03 28 90 

TBr4 0.59 0.02 14 92 

T2Q2 0.61 0.02 56 91 

TBr2Q2 0.67 0.01 48 94 

T3 0.14 0.02 12 86 

TBr3 0.09 0.02 10 92 

T2Q -- -- -- -- 

TBr2Q -- -- -- -- 

 

 

 

Sn(IV) 

complexes 

Sn(IV)T4 0.52 0.02 130 94 

Sn(IV)TBr4 0.58 0.01 110 98 

Sn(IV)T2Q2 0.85 <0.01 170 87 

Sn(IV)T2Q2+ 0.68 0.03 40 96 

Sn(IV)TBr2Q2 -- -- -- -- 

Sn(IV)T3 -- -- -- -- 

Sn(IV)TBr3 -- -- -- -- 

Sn(IV)T2Q -- -- -- -- 

Sn(IV)TBr2Q -- -- -- -- 

In(III) 

complexes 

In(III)T4 0.82 0.01 83 87 

In(III)TBr4 -- -- -- -- 

In(III)T2Q2 0.72 0.02 100 84 
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In the context of the porphyrin photosensitisers, incorporating of heavy atoms into the 

molecules, such as bromine, tin or indium, generally increases the singlet oxygen quantum 

yields and decreases the fluorescence quantum yields, as expected. This is due to the heavy 

atom effect and the increased rate of ISC to populate the triplet manifold of the photosensitiser. 

The free bases exhibited lower singlet oxygen quantum yields than their metalated 

counterparts, and the brominated compounds generally exhibited higher singlet oxygen 

quantum yields than their non-brominated counterparts. The Sn(IV) complexes of the thienyl- 

and 4-bromo-thienyl-substituted exhibited slightly lower singlet oxygen quantum yields than 

their free base counterparts, which could possibly be attributed to increased rates of 

phosphorescence with the heavy atoms.  

 

An exception was noted for the corroles: T3 had a higher singlet oxygen quantum yield than 

its brominated counterpart, TBr3, and these photosensitisers had the same fluorescence 

quantum yields. It has been noted that the presence of heavy atoms can increase the rate of 

phosphorescence, which may account for the decreased singlet oxygen quantum yields 

observed in the brominated corrole.124 Additionally, the brominated corrole, TBr3, has a shorter-

lived triplet state than T3. This merits further investigation and needs to be compared across 

a larger range of non-brominated and brominated corroles.  

 

The low-symmetry porphyrins had improved singlet oxygen quantum yields than their high-

symmetry counterparts, and asymmetry was explored within this thesis specifically to exploit 

these favourable photophysical properties for their therapeutic efficacy in PDT and PACT.125 

 

For the low-symmetry porphyrin, In(IV)T4 exhibited a higher singlet oxygen quantum yield 

than Sn(IV)T4, but in the low-symmetry porphyrin, the Sn(IV) complex had the higher singlet 

oxygen quantum yield. Again, this merits further investigation across a larger series of high- 

and low-symmetry porphyrins.  
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Sn(IV)T2Q2 had the highest singlet oxygen quantum yield, the lowest fluorescence quantum 

yield, the longest-lived triplet state and a reasonable photostability and, due to these 

favourable photophysicochemical properties, was quaternised for application in PDT and 

PACT.  

 

The triplet lifetimes followed the same trends as the singlet oxygen quantum yields, which was 

expected. The photosensitisers had reasonable photostabilities, with Sn(IV)TBr4 exhibiting the 

highest photostability. 

 

3.5 Summary of chapter  

 
 
The synthesis of the free base porphyrin, as well as three Sn(IV) complexes and two In(III) 

complexes were synthesised sucessfully. Additionally, two free base corrole molecules were 

synthesised. Characterisations were successfully carried out by analysing their UV-visible 

absorption and 1H NMR spectra and MALDI-TOF MS data. The porphyrins became the 

primary interest due to the significant challenges experienced with the corrole syntheses, 

which should be further optimised.  

 

Additionally, the photophysical and -chemical properties of the porphyrins and corroles were 

quantified in this chapter. The porphyrins exhibited superior properties to the corrole dyes from 

the standpoint of PDT and PACT applications, and in addition to the challenging synthesis and 

purification of the corroles, only the porphyrins were advanced to the biological applications.  
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CHAPTER FOUR 
 
 

PHOTODYNAMIC ANTIMICROBIAL 
CHEMOTHERAPY  
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4.1. PACT studies against Staphylococcus aureus and Escherichia coli  
 

There is potential to use this therapy against bacterial infections that affect the skin and soft 

tissue layers, and such an application would employ a wavelength of light within the deep-red 

region of the spectrum to exploit the phototherapeutic window and avoid the development of 

adverse side effects. This investigation assessed the potential of the photosensitisers as a 

soft tissue infection treatment, as well as a water purification agent.126,127 Water-bourne 

diseases caused by microbes pose both an environmental and health hazard, specifically 

Escherichia col.126 Although there are other means to treat wastewater, such as disinfection 

with chlorine, ozone or ultraviolet light, this has been known to lead to the formation of toxic 

by-products, which leads to other health hazards.127 PACT, therefore, has proven to be an 

effective alternative to treat wastewater and disinfect it, as well as to treat microbial infections 

that affect the skin.  

 

The compounds that were assessed in this study were: Sn(IV)T4, In(III)T4, Sn(IV)TBr4, 

Sn(IV)T2Q2, In(III)T2Q2 and later in the study, Sn(IV)T2Q2+, the quaternised compound.  

 

Concentration optimisation studies of the photosensitisers against Staphylococcus aureus 

were initially conducted with a 60 min irradiation time interval after 30 min of localisation and 

the irradiation was achieved with a 565 nm LED, as depicted by Figure 4.1.1. 

 

The compounds that were initially employed in this investigation all exhibited relatively low 

activities against the bacterial colonies, so the optimal concentrations employed in the time 

studies shown later in the chapter was 40 µM for both Staphylococcus aureus and Escherichia 

coli.  
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Figure 4.1.1. The initial concentration optimisation investigation against Staphylococcus 

aureus using 1.25, 2.5, 5, 10 and 20 µM as the drug concentrations. The experiment is 

represented as the percentage viability of the bacteria versus the concentration of the drug. 

OT was inoculated immediately after 30 min of incubation of the bacteria with the drug, the 

dark experiment after 1 h of no exposure to light, and the light experiment after 1 h of irradiation 

with a 565 nm Thorlabs M565L3 LED (270 mW/cm2).   

 

It is evident from the results represented in Figure 4.1.1. that the compounds did not display 

a high level of photoactivity. The increasing concentrations did prove effective in reducing the 

bacterial survival rate, particularly in the case of In(III)T4, which is also the only compound 

that showed any difference between the light experiment and the OT and dark experiments 

and was able to reduce approximately 45% of the bacterial growth at the highest concentration 

in the light experiment. Sn(IV)T4 and In(III)T2Q2 were able to reduce approximately 25% of 

bacterial growth after irradiation with the 565 nm Thorlabs M565L3 LED (270mW/cm2) at a 

concentration of 20 µM. 

 

It is also evident that some excess bacterial growth was observed in the presence of the 

photosensitiser, particularly in the case of Sn(IV)TBr4, which had close to 200% of the bacterial 

colonies present compared to the control. This may be because the bromine present within 

this compound aids in bacterial growth. This could, however, be attributed to anomalous 

results.  
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Overall, the compounds exhibited relatively low activities against Staphylococcus aureus. 

Another investigation was conducted whereby a working concentration of 20 µM was 

employed, and the activities were reassessed with an LED closer to the therapeutic window: 

Thorlabs M595L3 LED (240 mW/cm2). This was done to enhance the PACT activity and to 

assess whether the longer wavelength LED was more appropriate for the studies. In addition 

to this, a longer localisation time of 1 h was used to facilitate increased uptake of the drugs 

into the bacterial cell membrane.  

 
Figure 4.1.2. A repeated concentration optimisation investigation against Staphylococcus 

aureus using 20 µM as the drug concentration. The data is reported as both mean 

log(CFU/mL) and percentage viability of the bacteria versus the type of experiment. OT was 

plated immediately after 1 h of incubation of the bacteria with the drug, the dark experiment 

was inoculated after 1 h of no exposure to light, and the light experiment was inoculated after 

1 h of irradiation with a 595 nm Thorlabs M595L3 LED (240 mW/cm2).   

 

In Figure 4.1.2, it can be noted that In(III)T4 was the most active compound against 

Staphylococcus aureus within this experiment as well. A 55% bacterial reduction was 

observed within this experiment after 60 min of irradiation with the Thorlabs M595L3 LED 

(240mW/cm2), as opposed to the 45% reduction seen in the first experiment with the shorter 

wavelength LED. In(III)T4 still exhibited a 45% reduction in the dark conditions, implying that 
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it has an inherent antibiotic activity and exhibits slight photoactivity. In addition, none of the 

compounds within this experiment contributed to the bacterial growth suggesting that the 

previous results may have been anomalous, particularly in the case of Sn(IV)TBr4. Sn(IV)T4 

reduced bacterial growth by approximately 35%, which was also an improvement from the 

previous experiment. On this basis, it was decided that the Thorlabs M595L3 LED (240 

mW/cm2) would be employed for the subsequent studies and that a 1 h localisation time was 

more appropriate.  

 
Figure 4.1.3. The concentration optimisation studies against Escherichia coli. The data 

represents the percentage viability as a function of the drug concentration, which ranges from 

2.5 µM−40 µM. A 1 h localisation was employed within this investigation. The graphs on the 

left-hand side represent the percentage viability of the bacteria immediately after incubation 

with the drug at these varying concentrations (0T), those in the middle represent the viability 

of the bacteria after 1 h of being placed in the dark, and those on the right-hand side represent 

the viability of the drugs after irradiation with a Thorlabs M595L3 LED (240 mW/cm2) for 1 h.  

 
 
The first experiment conducted against Escherichia coli is outlined in Figure 4.1.3. Higher 

concentrations of the photosensitisers were employed within this investigation (2.5–40 µM) 

since this is a gram-(−) bacterium and, thus, more of a challenge to inhibit its growth,86 as well 

as the fact that the photosensitisers exhibited lower than expected activities against 

Staphylococcus aureus.  

 

This was the first time that the quaternised compound was introduced into the study as a 

possible means of improving the observed PACT activity. As expected, it exhibited the highest 
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activity against the bacteria, as well as the greatest photoactivity. It reduced bacterial growth 

by 50% in the light experiment, as opposed to the 15% reduction observed in both the OT and 

dark experiments. This was a promising improvement, particularly when considering it was 

against a gram-(−) bacterium. As previously, Sn(IV)T4 displayed the highest PACT activity 

among the other compounds. There was a 30% reduction in the bacterial growth observed in 

the light experiment at the highest concentration and only an approximate 15% reduction in 

the bacterial growth in both the 0T and dark experiments.  

 

In(III)T2Q2 was the third-best-performing compound in this investigation, but only exhibited a 

20% reduction in bacterial growth and did not exhibit any bacterial toxicity in the dark at the 

highest concentration.  

 

Sn(IV)T2Q2 and Sn(IV)TBr4 were the worst-performing compounds in this experiment, as they 

both contributed slightly to the bacterial growth throughout all three experiments, 0T, dark and 

light.  
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Figure 4.1.4. The preliminary time studies conducted against Staphylococcus aureus with the 

most promising compounds, In(III)T4, Sn(IV)T2Q2 and Sn(IV)T2Q2+. The drugs were at a 

concentration of 40 µM, a 2 h localisation time was employed, and the irradiation was done 

over 60 min. The graphs on the left-hand side of the figure represent the light experiments that 

were exposed to a 595 nm Thorlabs M595L3 LED (240 mW/cm2) over the relevant time 

intervals, whereas those on the right-hand side represent the dark toxicity experiments, which 

had no light exposure. The top four graphs are Log(CFU/mL) versus time of irradiation in min 

and the bottom four are percentage viability (%) versus time of irradiation in min. The data is 

given as both line and bar graphs.  

 

This experiment was conducted as a preliminary time study against Staphylococcus aureus, 

with the quaternised compound, Sn(IV)T2Q2+, and the second-most promising compound 
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from the previous studies, In(III)T4. The unquaterrnised Sn(IV)T2Q2 was also included within 

this study as a means to assess the effect of quaternisation on the photodynamic antimicrobial 

chemotherapeutic activity of the photosensitisers. A 2 h localisation time was employed to 

further improve the uptake of the drug into the bacterial cell membrane (Figure 4.1.4). 

 

It is noteworthy that all of the compounds studied exhibited an inherent antimicrobial activity 

in the absence of light, as there was a percentage reduction of at least 40% in all cases during 

the dark toxicity experiments. In addition to this, the bacterial reduction improved with longer 

irradiation times, as expected. Once again, the quaternised compound was the most promising 

photosensitiser and had an approximate 90% reduction in bacterial growth in the light 

experiment and an approximate 80% reduction in the dark experiment.  

 

In general, Sn(IV)T2Q2 exhibited higher antimicrobial activity than In(III)T4 in this particular 

study. This could be attributed to the longer localisation times and its higher singlet oxygen 

quantum yield. The one exception to this observation is after 60 min of irradiation in the light 

experiment: In(III)T4 reduced the bacterial growth by approximately 84%, whereas 

Sn(IV)T2Q2 reduced the bacterial growth by only 82%. It can be rationalised that In(III)T4 has 

a greater photoactivity after extended periods of irradiation, as they both have the same 

photostability (87%).  

 

None of the compounds in this experiment, however, achieved a satisfactory log10 reduction, 

as all of the log10 reductions observed throughout the experiment were less than 1. In this 

regard, an even longer localisation time of 4 h was employed for the final time studies against 

both Staphylococcus aureus and Escherichia coli. It should be noted that Malá et al. incubated 

their photosensitisers with the bacteria for up to 5 h in a similar study.128 
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Figure 4.1.5. The final time studies against Staphylococcus aureus with the following 

compounds: Sn(IV)T4, In(III)T4, Sn(IV)TBr4, Sn(IV)T2Q2, In(III)T2Q2, TBr2Q2 and 

Sn(IV)T2Q2+. The drugs were at a concentration of 40 µM, a 4 h localisation time was 

employed and the irradiation was done over 120 min. The graphs on the left-hand side of the 

figure represent the light experiments that were exposed to a 595 nm Thorlabs M595L3 LED 

(240 mW/cm2) over the relevant time intervals, whereas those on the right-hand side represent 

the dark toxicity experiments, which had no light exposure.  The top four graphs are 

Log(CFU/mL) versus time of irradiation in min, and the bottom four are percentage viability 

(%) versus time of irradiation in min. The data is given as both line and bar graphs.  
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A 2 h irradiation time over 30 min intervals, as well as a 4 h localisation was employed within 

this experiment to further enhance the results (Figure 4.1.5).   

 

The final time studies against Staphylococcus aureus provided much more promising results, 

especially in the context of Sn(IV)T2Q2+: this compound exhibited a bacterial viability 

reduction of >99% and a log10 reduction of 6.91 in the light experiments. Considering that a 3-

log10 in the CFU/mL value is deemed the desirable level of antibacterial activity, this compound 

performed well.110,129 In the dark, It still reduced the bacterial viability by approximately 99%, 

but only had an approximate 2-log10 reduction. This, again, speaks to the inherent 

antimicrobial activity of the compound, as is observed for all the compounds in each of the 

experiments undertaken. Another confirming factor that the compounds exhibit antibiotic 

activity is that all the compounds achieved at least a 50% reduction, even in the dark.  

 

Interestingly, Sn(IV)TBr4 was the second-best-performing compound in the light studies and 

reduced bacterial growth by approximately 97% after 120 min of irradiation with the 595 nm 

Thorlabs M595L3 LED (240 mW/cm2). This improvement in activity could be attributed to the 

increased localisation time and the long irradiation, showing that this compound requires at 

least 2 h of irradiation to perform well in PACT. It also had the second-lowest dark toxicity.  

 

In(III)T4 had an approximate 92% bacterial reduction in the light experiment and an 

approximate 85% reduction in the dark experiment. This compound did, however, have the 

second-highest log10 reduction in both the light and dark experiments, since the colonies that 

grew were smaller than those that were able to form in the presence of Sn(IV)TBr4.  

 

In this experiment, the only free-base molecule that was applied, TBr2Q2, exhibited the lowest 

activity in the light and dark experiments, which was the anticipated trend. Precipitation issues 

were experienced with this compound, and the lack of metalation, regardless of the 

incorporation of bromines into the atoms, reduces its ability to have high singlet oxygen 

quantum yields and without the axial ligands associated with metalation, π-π stacking of the 
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organic macrocycles is more likely, leading to aggregation and solubility problems in aqueous 

media. In order to improve the potential of the compound as a photosensitising agent, 

metalation and quartenisation should be considered for future work.  
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Figure 4.1.6. The final time studies conducted against Escherichia coli with the following 

compounds: Sn(IV)T4, In(III)T4, Sn(IV)TBr4, Sn(IV)T2Q2, In(III)T2Q2, TBr2Q2 and 

Sn(IV)T2Q2+. The drugs were at a concentration of 40 µM, a 4 h localisation time was 

employed and the irradiation was done over 120 min. The graphs on the left-hand side of the 

figure represent the light experiments that were exposed to an LED of 595 nm over the relevant 

time intervals, whereas those on the right-hand side represent the dark experiments, which 

had no light exposure. The top four graphs are Log(CFU/mL) versus time of irradiation in min 

and the bottom four are percentage viability (%) versus time of irradiation in min. The data is 

given as both line and bar graphs.  
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The same experimental conditions for the final time studies against Staphylococcus aureus 

were employed against Escherichia coli: 4 h localisation and 2 h irradiation over 30 min 

intervals with a working concentration of 40 µM of the photosensitisers. The results of this 

experiment are outlined in Figure 4.1.6.  

 

Sn(IV)T2Q2+ was again, the most active compound within this experiment: it achieved a >99% 

bacterial reduction in the light and a 90% bacterial reduction in the dark. Despite these 

promising results in the percentage reduction against the gram-negative bacterium, the 

disparity between the activity of this photosensitiser against Staphylococcus aureus and 

Escherichia coli is clear when comparing its log10 reductions. Sn(IV)T2Q2+ had an 

approximate 2-log10 reduction against Escherichia coli in the light and a 1.2-log10 reduction in 

the dark, which is much less than the 6.9-log10 and 3-log10 reductions observed against 

Staphylococcus aureus in the light and dark, respectively. This is expected due to the more 

resistant nature of gram-negative bacteria, as opposed to gram-positive bacteria.  

 

In(III)T4 was seen to be the second-best-performing compound within this experiment, too. It 

reduced bacterial growth by approximately 92% in the light experiments after 2 h and 65% in 

the dark experiments, speaking to the most noticeable photoactivity of this compound, when 

compared to the other photosensitisers.  

 

Sn(IV)TBr4 exhibited much higher activities than the early experiments within this investigation, 

which again rationalises the concept that a longer localisation and irradiation time is required 

for this compound to exhibit decent activity against the bacterium. It exhibited an 80% 

reduction in bacterial growth in the light experiment after 2 h and a 65% reduction in the dark 

experiment.  

 

It is evident that TBr2Q2 was the worst-performing compound after extended periods of 

irradiation: after 0, 30 and 60 min of irradiation, this compound was outperforming In(III)T2Q2 
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but after a longer exposure to the LED, the metalated asymmetric macrocycle, ultimately, 

caused a greater reduction in the bacterial growth, despite the greater photostability of TBr2Q2.  

 

Table 4.1.1. A summary of the log10 reductions and percentage viability of the photosensitisers 

(at a working concentration 40 µM) against Staphylococcus aureus and Escherichia coli after 

120 minutes of irradiation with a 595 nm Thorlabs M595L3 LED (240 mW/cm2).  
 

  
Log10 reduction 

 
Percentage viability 

 Staphylococcus 

aureus 

Escherichia coli Staphylococcus 

aureus 
Escherichia coli 

Sn(IV)T4 0.91 0.58 9.26 25.75 

In(III)T4 0.97 1.07 8.23 7.66 

Sn(IV)TBr4 0.71 0.71 3.06 19.03 

Sn(IV)T2Q2 0.61 0.55 16.8 27.84 

In(III)T2Q2 0.52 0.58 20.92 24.36 

TBr2Q2 0.72 0.40 13.89 35.2 

Sn(IV)T2Q2+ 6.91 1.97 0.23 0.93 

     

 

 

4.2. Summary of chapter  
 

This chapter focussed on the application of the porphyrins in an in vitro analysis of their 

photodynamic antimicrobial chemotherapeutic activities against both Staphylococcus aureus 

and Escherichia coli.  

 

The compounds, overall, did not exhibit incredibly high activities against the bacteria, 

particularly in the case of Escherichia coli. The only exception to this was Sn(IV)T2Q2+, which 

had a 6.91-log10 reduction against Staphylococcus aureus and a 1.97-log10 reduction against 

Escherichia coli, as well as exhibiting a bacterial percentage reduction of >99% against both 

bacterial strains, as outlined in Table 4.1.1. Additionally, to achieve a significant reduction in 

bacterial growth, long localisation times are not usually required, and this merits further 

investigation, particularly in the context of cellular uptake.111 
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In general, the compounds performed better against Staphylococcus aureus than Escherichia 

coli, which was not unusual due to the resistant cell membrane that the latter presents. The 

only exception to this was seen in the indium compounds: In(III)T4 and In(III)T2Q2. This could 

be due to the molecular geometry of the molecules and increased permeation through the 

complex gram-(−) cell wall. In(III)T2Q2, however, did not exhibit a higher percentage reduction 

in Escherichia coli than Staphylococcus aureus.  

 

Sn(IV)TBr4 produced identical log10 reductions for both bacterial strains. It did, however, have 

a higher percentage viability reduction against Staphylococcus aureus, which is consistent 

with the expected results.  

 

In(III)T4 exhibited the second-highest log10 reduction against both of the bacterial strains and 

exhibited the best photoactivity. Surprisingly, however, Sn(IV)TBr4 was able to reduce a higher 

percentage of the bacterial colonies with the increased localisation time and longer exposure 

to the 595 nm Thorlabs M595L3 LED (240 mW/cm2) LED, compared to the results from the 

early experiments of the investigation, which were not promising for this compound. It is clear 

that the increased localisation times and longer irradiation improve the photodynamic 

antimicrobial chemotherapeutic activities of the photosensitising agents. 

 

Generally, it would seem as if the symmetric molecules performed better in this investigation 

than the asymmetric molecules, despite the improved singlet oxygen quantum yields of the 

latter, which is known to be the main cytotoxic agent within this therapeutic approach. There 

are other factors, such as localisation, to take into account when considering the success of 

photosensitising agents in PACT, however. Additionally, the thiophene moiety could have a 

higher bacterial toxicity than the quinoline.  

 

The dark toxicity that the compounds presented is not a major concern due to the inherent 

antimicrobial activity that the compounds present, which is promising in itself.   
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The ability of the indium compounds to yield improved log10 reductions against Escherichia 

coli compared to Staphylococcus aureus is interesting and cannot be attributed to singlet 

oxygen quantum yield trends within this thesis. It is also rather unexpected since a reduced π-

π stacking should be observed in the Sn(IV) complexes due to the presence of two axial 

ligands. This observed phenomenon merits further investigation across a broader series of 

photosensitisers.  

 

Upon comparison with other work of a similar nature, it is apparent that the results obtained in 

this study of the photodynamic antimicrobial chemotherapeutic activities of porphyrins were 

not favourable. The rationale behind this series of porphyrins was to exploit the improved 

singlet oxygen quantum yields of the dyes upon the incorporation of the sulfur in the thiophene, 

as well as the observed red shift of the UV-visible absorption trends of the porphyrins, 

compared to TPP, which will be further elaborated on in Chapter 7. Additionally, the loss of 

symmetry was explored to improve the singlet oxygen quantum yields of the dyes, which is 

detailed in Section 3.4. Although improved singlet oxygen quantum yields were observed in 

the low-symmetry porphyrins, they exhibited lower log10-reductions than their symmetric 

counterparts. 

 

Babu et al. observed a significant reduction of bacterial growth and relatively high log10-

reductions of both S. aureus and E. coli for brominated thienyl porphyrinoids (chlorins) of 7.42 

and 8.32, respectively, as well as minimal observed dark toxicity.129 Additionally, Sn(IV) 4-

thiolmethylphenyl chlorins and N-confused porphyrins exhibited high log10-reductions (>10) 

against S. aureus, and the chlorin analogue also exhibited a high log10-reduction (>8) against 

E. coli after 75 min of irradiation with a 660 nm Thorlabs (280 mW/cm2) LED.110 As a result, a 

more significant reduction in bacterial growth within this study was anticipated.  

 

Although there is not much available literature on the PACT activities of triaryl corroles with 

the meso-substituents reported in this thesis, the low singlet oxygen quantum yields of these 

molecules may hinder their potential in this particular application, but this merits further 
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investigation. The initial aim of this thesis was to study the photodynamic antimicrobial 

chemotherapeutic activities of the corroles within the synthetic trend, but due to synthetic 

difficulties, the porphyrins were the main focus of the biological application.  

 

Overall, it is evident that the thienyl substitution of porphyrinoids and the loss of symmetry is 

promising, but this should be explored with other porphyrin analogues and isomers, such as 

corroles, chlorins and N-confused porphyrins to enhance the PACT activities of these 

photosensitisers.  
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CHAPTER FIVE 
 
 

PHOTODYNAMIC THERAPY 
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5.1 Anticancer Photodynamic Activities  
 

In this chapter, the in vitro cytotoxicities and phototoxicities of Sn(IV)T4, In(III)T4, Sn(IV)TBr4, 

Sn(IV)T2Q2, In(III)T2Q2 and Sn(IV)T2Q2+ were assessed against the MCF-7 breast cancer 

cell line.  

 

All PDT studies were carried out in 2% DMSO due to the photosensitisers’ poor solubility in 

aqueous media, besides from Sn(IV)T2Q2+. The in vitro studies were conducted in triplicate 

against the MCF-7 breast cancer cell line for validation and improved reliability of the results. 

The WST-1 assay was used to determine the cell viability of the cells after treatment with the 

photosensitisers without/with light irradiation. Both the light and dark toxicity of the drugs were 

evaluated, and the half-maximal inhibitory concentration (IC50) values were determined. The 

IC50 value is the concentration of the drug that is required for 50% inhibition of a specific 

biological/biochemical process and is essentially a measure of the quantity of the 

pharmacological agent that is required to inhibit the biological activity by half.131 

 

The percentage viabilities of the cells were determined with the following equation (Equation 

2.7.1):  

% 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 =  
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎 450 𝑛𝑛𝑛𝑛
𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑟𝑟𝑟𝑟𝑟𝑟 𝑎𝑎𝑎𝑎 450 𝑛𝑛𝑛𝑛 

 𝑥𝑥 100 

 

The in vitro toxicity studies against the MCF-7 breast cancer cell lines were conducted in the 

absence and presence of light to determine the suitability of the porphyrins for PDT. Ideally, 

the photosensitisers should exhibit minimal dark toxicity and a high phototoxicity to be 

promising PDT agents and limit the development of adverse side effects.  

 

The concentration range of the drugs was 2.5–80 µM and the irradiation was done with a 625 

nm Thorlabs M625L3 light-emitting diode (LED) with an irradiance value of 240 mW/cm2, 

which was mounted on the Modulight® Medical 7710-860 laser. The irradiation period was 30 

min, and the cells were then incubated with the activated dyes for 24 h. Although there was 



 
 

130 

dark toxicity observed, particularly in the case of In(III)T4 and Sn(IV)T2Q2 (Figure 5.1.1), 

significantly higher phototoxicities were observed in all the drugs except for Sn(IV)T2Q2+ 

(Table 5.1.1). 
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Figure 5.1.1. Dose-dependent photocytotoxicity of the porphyrins against the MCF-7 breast 

cancer cell line in the dark (black) and after irradiation with a 625 nm Thorlabs M625L3 LED 

(240 mW/cm2) (red). The error bars denote the standard deviation.  
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Table 5.1.1. A summary of the IC50 values of the porphyrins against the MCF-7 breast cancer 

cell line in the light experiment (photocytotoxicity) and the dark experiment (cytotoxicity). 

 

 IC50 (µM) 

 Lighta Darkb 

Sn(IV)T4 22.3 >>80 

In(III)T4 1.10 35.3 

Sn(IV)TBr4 6.67 >80 

Sn(IV)T2Q2 12.3 44.8 

In(III)T2Q2 2.29 >80 

Sn(IV)T2Q2+ 40.5 >80 
a24 h of incubation after 30 min of irradiation with a 625 nm Thorlabs M625L3 LED (240 

mW/cm2). 
b24 h of incubation in the dark. 

 

 

5.2 Cellular imaging  
 

Figure 5.2.1. provides a visual representation of the effect of the photosensitisers on the MCF-

7 cells at the highest and lowest concentration studied after irradiation with the 625 nm 

Thorlabs M625L3 LED (240 mW/cm2). It is evident that the control well had fully confluent cells 

that appeared healthy, but upon treatment with the photosensitisers, there was a decrease in 

the MCF-7 confluence, due to the phototoxicity of the photosensitisers. The higher 

concentration caused a more significant disruption of the cellular confluence, but this effect is 

still visible even at the lowest concentration.  

 

It is apparent that there is precipitation of the drug at the highest concentration (80 µM), 

particularly in the case of Sn(IV)TBr4. This is a potential limitation to the photosensitiser 

efficacy because it limits uptake and overall bioavailability.  
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Figure 5.2.1. MCF-7 morphological changes observed upon treatment with the 

photosensitisers and irradiation with a 625 nm Thorlabs M625L3 LED (240 mW/cm2) 

compared to the control well. A comparison is made between the highest dosage (80 µM) on 

the left and the lowest dosage (2.5 µM) on the right. The scale bar in the control panel 

represents 275 µm and applies to all of the images.  
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5.3 Summary of chapter  
 

In(III)T4 is the best-performing compound in the context of light study IC50 values, but this 

molecule exhibits significant dark toxicity issues. Sn(IV)T4 exhibits the highest dark IC50 value 

and minimal dark toxicity.  

 

The neutral low-symmetry porphyrins (Sn(IV)T2Q2 and In(III)T2Q2) show low dark toxicity at 

low concentrations but significant phototoxicity, as both of their IC50 values are well below 50 

µM, as depicted in Table 5.1.1. It is likely that this is a result of their higher singlet oxygen 

quantum yields, but this needs further investigation as In(III)T2Q2 has a lower IC50 value, but 

a lower singlet oxygen quantum yield. Other factors determine the efficacy of a photosensitiser 

for PDT, however, and uptake studies should be conducted in the future to assess the effect 

differing meso-aryl rings and the central metal ions. The overall photodynamic activity of the 

trans-A2B2 porphyrins is promising and merits further investigation to assess their suitability 

for PDT.  

 

The quaternised molecule, Sn(IV)T2Q2+, showed a significant dark toxicity. Quaternisation of 

low-symmetry porphyrins with sulfurs and/or nitrogens needs further investigation.  

 

The meso-aryl rings of the dyes provide scope for conjugation to silver or gold nanoparticles 

for improved cellular uptake and overall PDT activity. Further in-depth study is merited in this 

context.  

 

Upon comparison with other studies of a similar nature, it is evident that there is scope for 

improvement of the photodynamic activities of these photosensitisers. The light IC50 value of 

Sn(IV)T4 has been reported (> 25 µM) against the MCF-7 cell line, but the chlorin analogue 

of this photosensitiser has a significantly lower light IC50 value of 0.9 µM. Additionally, the 

Sn(IV) 4-thiolmethylphenyl substituted porphyrin exhibited a light IC50 value of 12.4 against 

the MCF-7 cell line, whereas its corrole analogue exhibited an improved light IC50 value of 8.9 
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µM, with both having minimal dark toxicity.131 Lastly, a study between Sn(IV) 4-

thiolmethylphenyl substituted porphyrins, corroles and chlorins reported light IC50 values 

against the MCF-7 cell line of 12.4 µM, 8.9 µM and 3.9 µM, respectively.132 

 

Sn(IV)T3 has been reported in literature, and it exhibited a light IC50 value of 3.2 µM against 

the MCF-7 cell line after 30 min of irradiation with a 625 nm Thorlabs M625L3 LED (240 

mW/cm2) LED.133 This is a significant improvement to the light IC50 value of Sn(IV)T4 (22.3 

µM) reported in Table 5.1.1, as well as the light IC50 value of 13.1 µM reported for 

Sn(IV)TPC.133 Corroles are, therefore, still promising for PDT applications, despite their 

relatively unfavourable photophysicochemical properties, and this merits an in-depth 

investigation within this synthetic trend.  

 

N-confused porphyrins are also promising for PDT applications: NCTPP exhibited a light IC50 

value of 1.6 µM, while that of TPP was >25 µM after irradiation with a 660 nm Thorlabs M660L3 

LED (280 mW/cm2) LED due to the significant spectral red shift and improved singlet oxygen 

quantum yield of the former.133 

 

Conjugation of P(V) and Ga(III) trithienylcorroles to gold nanoparticles has been reported to 

afford improved PDT activity and IC50 values, as reported by Soy et al.134 Time constraints 

made it impossible to explore this possibility in the context of this study.  

 

Overall, the thiophene moieties are promising for red shifting the spectral bands of 

porphyrinoids deeper into the phototherapeutic window, improved singlet oxygen quantum 

yields and facilitating nanoparticle conjugation via affinity. For future work, an in-depth 

investigation of this series of high- and low-symmetry porphyrins should be extended to other 

analogues and isomers, including but not limited to corroles, chlorins and N-confused 

porphyrins.   
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CHAPTER SIX 
 
 

OPTICAL LIMITING 
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6.1 Porphyrinoids for NLO studies  
 

It has been previously demonstrated that π-conjugated systems possess large electronic 

polarisabilities.136 In this work, a series of porphyrin macrocycles and two corrole molecules 

were investigated for their optical limiting properties (Figure 6.1.1 and Figure 6.1.2). 

Additionally, the most promising compound, Sn(IV)T4, was embedded in poly(bisphenol 

carbonate A) to improve the optical limiting properties of the dye and to conduct OL 

measurements in the solid state, which is important for real-world applications.  

 

The nonlinear optical parameters were determined using the open aperture z-scan technique 

described in Chapter 2. The studies were carried out in solution, except for Sn(IV)T4-PBC, 

which was conducted in the solid state. The studies were carried out in different organic 

solvents (either CHCl3 or DMSO) for each compound to optimise the solubility and eliminate 

aggregation in solution, and the refractive index of the solvent was incorporated into the 

calculation of the optical limiting parameters. The open aperture z-scan profiles of the 

porphyrins and the corroles are given in Figure 6.1.3.1 and Figure 6.1.3.2, respectively. The 

plots of output fluence (Iout) vs input fluence (I0) of the porphyrins and corroles are given in 

Figure 6.1.4.1 and Figure 6.1.4.2, respectively. The normalised transmittance vs input 

fluence (I0) of the porphyrins and corroles are given in Figure 6.1.5.1 and Figure 6.1.5.2, 

respectively. Lastly, the optical limiting parameters of the porphyrins and corroles are 

summarised in Table 6.1. The parameters that were reported included concentration, α, the 

effective nonlinear absorption coefficient (βeff), the imaginary third-order susceptibility 

(𝐼𝐼𝐼𝐼{𝜒𝜒3}), the second-order hyperpolarisability (γ), and the optical limiting threshold (Ilim). 

Although there is not a single parameter that will determine the efficacy of an optical limiting 

material, the second-order hyperpolarisability (γ) is a particularly useful parameter to compare 

the photosensitisers with, as it is independent of concentration and hence allows for a 

meaningful comparison.  
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Since nanosecond laser pulses are employed and the fact that the absorbance of the 

molecules at 532 nm is nonzero, the RSA responses that are observed cannot be attributed 

strictly to 2PA.90,97 As a result, the 2PA intrinsic β value cannot be measured, which would be 

possible in the context of femtosecond laser pulses. Instead, the effective nonlinear absorption 

coefficient (βeff) is obtained.97 

 

It is expected that the incorporation of heavy atoms, including and not limited to bromine, tin 

(IV) and indium (III), promotes intersystem crossing to the triplet manifold. Linear single-photon 

absorption populates the excited states enabling ESA from either the S1 state and /or the T1. 

Hence the RSA responses are due to a combination of 2PA and ESA.  

 

A good optical limiting material should display a significant decrease in transmittance at 

increased fluence values.  
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Figure 6.1.1. The porphyrin molecules that were assessed for their optical limiting properties 

within this chapter. A thin film of Sn(IV)T4 (embedded in poly(bisphenol carbonate A)) was 

also investigated.  
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Figure 6.1.2. The corrole molecules that were assessed for their optical limiting properties 

within this chapter.  
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Figure 6.1.3.1. Open aperture z-scan profiles of porphyrins (T4 (a), Sn(IV)T4 (b), In(III)T4 (c), 

TBr4 (d), Sn(IV)TBr4 (e), T2Q2 (f), Sn(IV)T2Q2 (g), In(III)T2Q2 (h), TBr2Q2 (i), and 

Sn(IV)T2Q2+ (j). 
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Figure 6.1.3.2. Open aperture z-scan profiles of the free base corroles (T3 (k) and TBr3 (l)). 
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Figure 6.1.4.1. Plots of output fluence (Iout) vs input fluence (I0) of the porphyrins: T4 (a), 

Sn(IV)T4 (b), In(III)T4 (c), TBr4 (d), Sn(IV)TBr4 (e), T2Q2 (f), Sn(IV)T2Q2 (g), In(III)T2Q2 (h), 

TBr2Q2 (i), and Sn(IV)T2Q2+ (j). 
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Figure 6.1.4.2. Plots of output fluence (Iout) vs input fluence (I0) of the corroles: T3 (k) and TBr3 
(l). 
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Figure 6.1.5.1. Normalised transmittance vs input fluence (I0) of the porphyrins: T4 (a), 

Sn(IV)T4 (b), In(III)T4 (c), TBr4 (d), Sn(IV)TBr4 (e), T2Q2 (f), Sn(IV)T2Q2 (g), In(III)T2Q2 (h), 

TBr2Q2 (i), and Sn(IV)T2Q2+ (j). 
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Figure 6.1.5.2. Normalised transmittance vs input fluence (I0) of the corroles: T3 (k) and TBr3 
(l). 
 
 

6.2. Porphyrin-PBC thin film  
 

The ground state absorption spectrum of the thin film in solution was obtained to investigate 

the effect of embedding the dye in a solid support, poly(bisphenol A carbonate) (PBC). Figure 

6.2.1 shows the absorption trends of Sn(IV)T4, the most promising compound from the 

previous study of the macrocycles alone, and Sn(IV)T4-PBC. It is evident that the spectrum 

of Sn(IV)T4-PBC in solution is slightly red-shifted. The average film thickness of Sn(IV)T4-

PBC was determined using SEM (Figure 6.2.2).  
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Figure 6.2.1 Ground state absorption spectra for Sn(IV)T4 and Sn(IV)T4-PBC in solution, 

which was measured in CH2Cl2. 

 

Figure 6.2.2. Scanning electron microscopy images of the PBC thin films embedded with 

Sn(IV)T4. The width of the thin film was measured transversely, and an average film thickness 

of ca. 41 µm was obtained.  



 
 

148 

 
Figure 6.2.3. (a) Open aperture z-scan profile of Sn(IV)T4-PBC until z = 0. (b) Plots of output 

fluence (Iout) vs input fluence (I0) of Sn(IV)T4-PBC, and (c) Normalised transmittance vs input 

fluence (I0) of Sn(IV)T4-PBC.  

 

The thin film displayed unusual optical limiting properties, as seen in Figure 6.2.3, likely due 

to thermal effects and a lack of transparency of the film, despite multiple synthetic attempts. 
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As a proof of concept, a porphyrin or corrole being embedded in a polymer to form a thin film 

for application in the solid state is promising as there is a substantial reduction in the 

transmission towards z = 0. There is a need to optimise the thin film preparation process before 

further progress will be possible, however.  

  

Table 6.1. A summary of the optical limiting parameters of T4, Sn(IV)T4, In(III)T4, TBr4, 

Sn(IV)TBr4, T2Q2, Sn(IV)T2Q2, In(III)T2Q2, TBr2Q2, T3, TBr3, Sn(IV)T2Q2+ and Sn(IV)T4-
PBC at a fixed pulse energy of 35 kJ.  

 

 Solvent 

used 

[ ] / M α / 

cm-1 

βeff / 

cm.GW-1 

Im{X3} / 

esu 

γ / esu Ilim / J.cm-2 

T4 DMSO 1.41 × 10−6  1.36 41 8.78 × 10−11 3.29 × 10-29 − 

Sn(IV)T4 CHCl3 3.63 × 10−6 1.08 170 3.64 × 10−10 5.29 × 10-29 1.16 

In(III)T4 CHCl3 6.26 × 10−6 0.81 80 1.79 × 10−10 1.38 × 10-29 − 

TBr4 DMSO 3.04 × 10−6 2.47 80 1.71 × 10−10 2.98 × 10-29 − 

Sn(IV)TBr4 CHCl3 7.71 × 10−6 1.39 47 1.06 × 10−10 6.63 × 10-30 − 

T2Q2 CHCl3 5.72 × 10−6 0.83 6 1.35 × 10−11 1.13 × 10-30 − 

Sn(IV)T2Q2 DMSO 1.85 × 10−5 0.86 58 1.24 × 10−10 3.54 × 10-30 − 

In(III)T2Q2 CHCl3 1.37 × 10−5 0.77 17 3.78 × 10−11 1.33 × 10-30 − 

TBr2Q2 DMSO 7.30 × 10−5 6.71 58 1.24 × 10−10 8.98 × 10-31 − 

Sn(IV)T2Q2+ DMSO 2.42 × 10−4 1.11 35 8.22 × 10−11 1.48 × 10-31 − 

T3 CHCl3 1.51 × 10−5 1.86 31 6.95 × 10−11 2.22 × 10-30 − 

TBr3 CHCl3 6.63 × 10−6 2.36 59 1.32 × 10−10 9.59 × 10-30 − 

Sn(IV)T4-PBC Solid state -- -- ≈ 10000 ≈ 2 × 10−8 -- ≈ 0.02 
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6.3. Summary of chapter  
 
It is evident that all of the dyes studied exhibit promising optical limiting properties and a 

significant decrease in transmittance at increased fluence values, with the apparent 

exceptions of T2Q2 and In(III)T2Q2. They all have optimal ranges of second-order 

hyperpolarisability (γ) and the imaginary third-order susceptibility (𝐼𝐼𝐼𝐼{𝜒𝜒3}), as reported in 

Chapter 1.10.1.  

 

Generally, the optical limiting properties of the dyes improve upon the incorporation of heavy 

atoms: Sn(IV)T2Q2 and In(III)T2Q2 both had better RSA responses than T2Q2, as well as 

TBr4 having a better RSA response than T4. One exception to this general trend was apparent: 

Sn(IV)TBr4 did not exhibit better OL properties than TBr4. Sn(IV)TBr4 did not exhibit such a 

significant decrease in the normalised transmittance with an increased input fluence and TBr4 

had a better RSA response. In Chapter 4, it was noted that Sn(IV)TBr4 did exhibit a 

surprisingly low singlet oxygen quantum yield compared to TBr4, which could explain the 

reduced optical limiting properties due to reduced ESA.  

 

Sn(IV)T4 was chosen as the most promising compound, due to its promising RSA response, 

a significant decrease in transmittance at higher input fluence and obtainable Ilim value. It was 

thus embedded in poly(bisphenol carbonate A). The thin film showed a significant reduction 

in transmission towards z = 0 and a strong RSA response, but was not sufficiently transparent 

under ambient light conditions and had an abnormal optical limiting response due to the 

thermal effects and hence needs to be further optimised. 
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CHAPTER SEVEN 
 
 

THEORETICAL CALCULATIONS  
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7.1 Molecular structures and TD-DFT calculations 
 

In accordance with Gouterman’s 4-orbital theory (Figure 1.6.4), the degenerate excited singlet 

configurations of normal porphyrins (i.e. (a2u)1(eg)1 and (a1u)1(eg)1) are responsible for the 

typical spectroscopic trends: an intense Soret band and relatively weak Q band absorption 

band envelope. Time-dependent density functional theory (TD-DFT) was used in this thesis to 

establish the relationship between structural modifications to the porphyrin core and the 

resultant bathochromic shift and intensification of the Q bands. All the theoretical calculations 

conducted in this chapter involved a geometry optimisation calculated at the B3LYP/SDD level 

of theory. 

 

A time-dependent density functional theory (TD-DFT) treatment is provided for the optical 

properties of the molecules of synthetic interest within this thesis: free base, Sn(IV) and P(V) 

high- and low-symmetry porphyrins and corroles, as well as In(III) high- and low-symmetry 

porphyrins. Calculations were performed at the CAM-B3LYP/SDD level to obtain the 40 lowest 

singlet-singlet transitions. The SDD basis sets account for the relativistic heavy atoms such 

as tin, indium, sulfur and bromine.136 The in vacuo results presented in this chapter provide 

insight into the effect of structural modification on the parent porphyrin complex to the lower 

symmetry analogue, corroles, as well as that of substitution with different meso-substituents.  
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The first series of molecules include the reference compound, tetraphenylporphyrin (TPP) and 

its thienyl-substituted counterpart (T4) and their corrole analogues (TPC and T3) (Figure 7.1). 

This is done to provide a theoretical explanation of the observed groundstate absorption 

spectra in accordance with Gouterman’s 4-orbital model and Michl’s perimeter model.41,42,46-49 

A secondary goal was to provide insight into the optical and electronic properties of the 

molecules upon replacing the phenyl ring with a thien-2-yl substituent.  

 
Figure 7.1. The nodal patterns of tetraphenylporphyrin (TPP), T4, triphenylcorrole (TPC) and 

T3 at an isosurface value of 0.02 a.u., and the MO energies of the a, s, -a, and -s MOs.   
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Figure 7.2. The relative energies of the molecular orbitals of the phenyl- and thienyl-

substituted symmetric porphyrins (TPP and T4, respectively) and corroles (TPC and T3, 

respectively). The four-frontier molecular orbitals energies are bolded and in purple, and the 

occupied orbitals are denoted by circular black markers. A secondary axis is used to plot the 

HOMO−LUMO energy gap in red diamonds.  

 
Figure 7.3. The simulated UV-visible spectra comparing the thienyl-substituted symmetric 

porphyrin (T4) and corrole (T3) to the phenyl-substituted tetraphenylporphyrin (TPP) and 

triphenylcorrole (TPC) as well as the TD spectral bands depicted as purple diamonds for the 

B (allowed) band and red diamonds for the Q (forbidden) transitions. A wavelength scale is 

included for reference. 
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Upon comparison of the experimental ground state absorption spectra of the porphyrins and 

corroles, key trends can be discerned. The lowering of the corroles symmetry lifts the 

degeneracy of the LUMO orbitals (i.e. -s and -s), as seen in Figure 7.2. There is a significant 

intensification of the Q bands of the corrole compared to those of the porphyrins (Figure 7.3). 

This increase in ∆LUMO cause a mixing of the allowed and forbidden properties of the B and 

Q transitions. Additionally, there is a decrease in the HOMO−LUMO gap in the corrole 

analogues, which leads to a red-shifted spectrum of the corroles, specifically in the Q bands. 

Ding et al. observed a relative blue shift of the B band of TPC compared to TPP, which was 

not consistent with what was found in the theoretical calculations.137 The ground-state 

absorption spectra of porphyrinoids are highly dependent on the solvent system, however.138 

 

The thiophene substituent was explored to red shift the absorption spectra of the porphyrins 

and corroles, as can be observed in Figure 7.3. Additionally, Figure 7.2. shows the decreased 

HOMO−LUMO gap, which gives rise to the observed red shift, which is further emphasized by 

the trends in the experimental data provided in Table 7.1.133 This makes the thiophene 

substituent more suitable for PDT applications since the aim is to excite the molecules with a 

wavelength of light within the therapeutic window. A summary of the calculated UV-visible 

absorption spectra is given in Table 7.1. 
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Table 7.1. The calculated UV-visible absorption spectra of the B3LYP optimised geometries 

of TPP, T4, TPC, and T3 obtained using the CAM-B3LYP functional of the Gaussian 09 

software packages108 with SDD basis sets.  

TPP 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 549133 589 0.03 65% s  -s; 35% a  -a; … 
Q 2 514133 528 0.04 61% s  -a; 38% a  -s; … 
B 3 

419133 
362 1.30 62% a  -a; 20% s  -s; … 

B 4 354 1.69 62% a  -s; 41% s  -a; … 
T4 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 552 611 0.02 60% s  -s; 39% a  -a; … 
Q 2 520 548 0.04 59% s  -a; 40% a  -s; … 
B 3 

425 
381 1.17 55% a  -a; 32% s  -s; … 

B 4 368 1.64 59% a  -s; 51% s  -a; …  
TPC 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 615133 579 0.19 68% s  -a; 19% a  -s; … 
Q 2 572133 518 0.04 46% a  -a; 41% s  -s; … 
B 3 

414133 
374 1.14 51% s  -s; 46% a  -a; … 

B 4 359 1.36 71% a  -s; 20% s  -a; … 
T3 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 627 598 0.21 67% s  -a; 18% a  -s; … 
Q 2 585 535 0.05 43% a  -a; 42% s  -s; … 
B 3 

427 
389 1.09 49% s  -s; 47% a  -a; … 

B 4 376 1.36 71% a  -s; 19% s  -a; … 
aExcited state number assigned in increasing energy in the TD-DFT calculations. 
bExperimental wavelengths in nanometers. cCalculated wavelengths in nanometers. 
dCalculated oscillator strengths. eWavefunctions describing the MOs involved in the 
transition based on eigenvectors predicted by TD-DFT. Only one-electron transition 
contributions of more than 5% are included. a, s, -a, and -s refer to the MO nomenclature 
of Michl’s perimeter model.46-49 One-electron transitions between these orbitals are 
highlighted in bold. 

 

 

 
The second series of molecules compares the initial synthetic goal of this thesis: free base, 

Sn(IV) and P(V) high- and low-symmetry porphyrins and corroles (T4, Sn(IV)T4, P(V)T4, T3, 
Sn(IV)T3, P(V)T3, T2Q2, Sn(IV)T2Q2, P(V)T2Q2, T2Q, Sn(IV)T2Q and P(V)T2Q) (Figure 
7.4.1 and Figure 7.4.2).  
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Figure 7.4.1. The nodal patterns of the high-symmetry molecules in the non-brominated series 

of molecules: T4, Sn(IV)T4, P(V)T4, T3, Sn(IV)T3 and P(V)T3 at an isosurface value of 0.02 

a.u., and the MO energies of the a, s, -a, and -s MOs. The black arrow indicates the orientation 

of the axis along which the orbitals were assigned according to Michl’s perimeter model.  
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Figure 7.4.2. The nodal patterns of the low-symmetry molecules in the non-brominated series 

of molecules: T2Q2, Sn(IV)T2Q2, P(V)T2Q2, T2Q, Sn(IV)T2Q and P(V)T2Q at an isosurface 

value of 0.02 a.u., and the MO energies of the a, s, -a, and -s MOs. The black arrow indicates 

the orientation of the axis along which the orbitals were assigned according to Michl’s 

perimeter model.  
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Figure 7.5. The relative energies of the molecular orbitals comparing the series of non-

brominated compounds: T4, Sn(IV)T4, P(V)T4, T3, Sn(IV)T3, P(V)T3, T2Q2, Sn(IV)T2Q2, 
P(V)T2Q2, T2Q, Sn(IV)T2Q, and P(V)T2Q. The four-frontier molecular orbitals energies are 

bolded and in purple, and the occupied orbitals are denoted by circular black markers. A 

secondary axis is used to plot the HOMO−LUMO energy gap in red diamonds.  
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Figure 7.6. The simulated UV-visible spectra comparing the series of non-brominated 

porphyrins and corroles: T4, Sn(IV)T4, P(V)T4, T3, Sn(IV)T3, P(V)T3, T2Q2, Sn(IV)T2Q2, 
P(V)T2Q2, T2Q, Sn(IV)T2Q, and P(V)T2Q, as well as the TD spectral bands depicted as 

purple diamonds for the B (allowed) band and red diamonds for the Q (forbidden) transitions. 

A wavelength scale is included for reference. 
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Table 7.2. The calculated UV-visible absorption spectra of the B3LYP optimised geometry of  
T4, Sn(IV)T4, P(V)T4, T3, Sn(IV)T3, P(V)T3, T2Q2, Sn(IV)T2Q2, P(V)T2Q2, T2Q, 
Sn(IV)T2Q, and P(V)T2Q obtained using the CAM-B3LYP functional of the Gaussian 09 

software packages108 with SDD basis sets.  

T4 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 552 611 0.02 60% s  -s; 39% a  -a; … 
Q 2 520 548 0.04 59% s  -a; 40% a  -s; … 
B 3 

425 
381 1.17 55% a -a; 32% s  -s; … 

B 4 368 1.64 59% a  -s; 41% s  -a; … 
Sn(IV)T4 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 613 579 0.02 58% s  -a; 39% a  -s; … 
Q 2 567 579 0.02 57% s  -s; 39% a  -a; … 
B 3 

437 
383 1.20 55% a  -s; 37% s  -a; … 

B 4 383 1.21 55% a  -a; 37% s  -s; … 
P(V)T4 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 -- 622 0.09 57% s  -a; 25% a  -s; … 
Q 2 -- 621 0.09 57% s  -s: 25% a  -a; … 
B 3 -- 410 0.95 46% a  -s; 21% s  -a; … 
B 4 -- 410 0.95 46% a  -a; 21% s  -s; … 

T3 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 627 598 0.21 67% s  -a; 18% a  -s; … 
Q 2 585 535 0.05 43% a  -a; 42% s  -s; … 
B 3 

427 
389 1.09 49% s  -s; 47% a  -a; … 

B 4 376 1.36 71% a  -s; 19% s  -a; … 
Sn(IV)T3 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 -- 560 0.20 74% s  -a; 25% a  -s; … 
Q 2 -- 524 0.00 60% a  -a; 38% s  -s; … 
B 3 -- 371 1.15 58% s  -s; 36% a  -a; … 
B 4 -- 368 1.29 67% a  -s; 24% s  -a; … 

P(V)T3 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 562 0.15 75% s  -a; 24% a  -s; … 
Q 2 -- 523 0.00 57% a  -a; 42% s  -s; … 
B 3 -- 374 0.88 57% s  -s; 42% a  -a; … 
B 4 -- 367 1.01 72% a  -s; 23% s  -a; … 
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T2Q2 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 554 603 0.02 34% s  -a; 26% s  -s; … 
Q 2 518 540 0.03 29% s  -s; 28% s  -a; … 
B 3 

423 
377 1.16 29% a  -a; 26% a  -s; … 

B 4 364 1.68 32% a  -s; 25% a  -a; … 
Sn(IV)T2Q2 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 602 575 0.03 62% s  -a; 37% a  -s; … 
Q 2 561 571 0.00 56% s  -s; 43% a  -s; … 
B 3 

432 
381 1.25 54% a  -a; 41% s  -s; … 

B 4 380 1.16 59% a  -s; 35% s  -s; … 
P(V)T2Q2 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 -- 596 0.06 60% s  -a; 25% a  -s; … 
Q 2 -- 595 0.01 56% s  -s; 28% a  -a; … 
B 3 -- 413 0.58 66% a  -s; 24% s  -a; … 
B 4 -- 405 0.58 31% a  -a; 27% s  -s; … 

T2Q 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 590 0.21 67% s  -a; 19% a  -s; … 
Q 2 -- 529 0.04 47% a  -a; 39% s  -s; … 
B 3 -- 386 1.08 52% s  -s; 44% a  -a; … 
B 4 -- 373 1.41 71% a  -s; 20% s  -a; … 

Sn(IV)T2Q 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 553 0.19 74% s  -a; 25% a  -s; … 
Q 2 -- 521 0.02 63% a  -a; 36% s  -s; … 
B 3 -- 365 1.15 61% s  -s; 35% a  -s; … 
B 4 -- 364 1.29 68% a  -s; 24% s  -a; … 

P(V)T2Q 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 562 0.15 75% s  -a; 23% a  -s; … 
Q 2 -- 523 0.01 56% a  -a; 42% s  -s; … 
B 3 -- 375 0.85 55% s  -s; 42% a  as; … 
B 4 -- 366 1.04 73% a  -s; 23% s  -a; … 

aExcited state number assigned in increasing energy in the TD-DFT calculations. 
bExperimental wavelengths in nanometers. cCalculated wavelengths in nanometers. 
dCalculated oscillator strengths. eWavefunctions describing the MOs involved in the 
transition based on eigenvectors predicted by TD-DFT. Only one-electron transition 
contributions of more than 5% are included. a, s, -a, and -s refer to the MO nomenclature 
of Michl’s perimeter model.46-49 One-electron transitions between these orbitals are  
highlighted in bold. 
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The P(V) porphyrins exhibit a marked stabilisation in their MO energies because they are 

cationic (Figure 7.5): they retain two axial ligands and bond ionically to the third, existing with 

an overall positive charge in solution. In addition, they have relatively red-shifted calculated 

absorption spectra (Figure 7.6). P(V) corroles, on the other hand, are destabilised compared 

to their free base and Sn(IV) counterparts. This is due to the trianion that this porphyrin 

analogue forms upon deprotonation and metalation; the corrole can coordinate central metal 

ions in higher oxidation states and retains two axial ligands, so there is no overall charge.   

 

Upon the introduction of Sn(IV), a heavy atom, into the centre of the ligands, there is a relative 

stabilisation of the MO energies and a blue-shifting of the Q band envelopes. The blue shift 

observed in the Q bands can be attributed to the increased HOMO−LUMO gap seen upon 

metalation (Figure 7.5). The metalation is done to improve the singlet oxygen quantum yields 

of the molecules to facilitate a more efficacious therapy.  

 

There is no significant difference in the electronic and spectral properties of the high- and low-

symmetry molecules.  

 

A summary of the calculated UV-visible absorption spectra is given in Table 7.2. 
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The third series of molecules compares the non-brominated thiophene-substituted porphyrin 

to its brominated counterpart (substituted at the 4-position of the thiophene ring) (Figure 7.7).  

 
Figure 7.7. The nodal patterns of T4 and TBr4 at an isosurface value of 0.02 a.u., and the 

MO energies of the a, s, -a, and -s MOs.  

 

 
Figure 7.8. The relative energies of the molecular orbitals comparing the non-brominated 

thienyl-substituted high-symmetry porphyrin (T4) and brominated thienyl-substituted porphyrin 

(TBr4). The four-frontier molecular orbitals energies are bolded and in purple, and the occupied 

orbitals are denoted by circular black markers. A secondary axis is used to plot the 

HOMO−LUMO energy gap in red diamonds.  
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Figure 7.9. The simulated UV-visible spectra comparing the non-brominated thienyl-

substituted high-symmetry porphyrin (T4) and brominated thienyl-substituted porphyrin (TBr4), 

as well as the TD spectral bands depicted as purple diamonds for the B (allowed) band and 

red diamonds for the Q (forbidden) transitions. A wavelength scale is included for reference. 

 
 
Table 7.3. The calculated UV-visible absorption spectra of the B3LYP optimised geometry of 

T4 and TBr4 obtained using the CAM-B3LYP functional of the Gaussian 09 software 

packages108 with SDD basis sets.  

T4 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 552 611 0.02 60% s  -s; 39% a  -a; … 
Q 2 520 548 0.04 59% s  -a; 40% a  -s; … 
B 3 

425 
381 1.17 55% a -a; 32% s  -s; … 

B 4 368 1.64 59% a  -s; 41% s  -a; … 
TBr4 

 #a λexpb λcalcc fd Wavefunction =e 

Q 1 554 608 0.01 58% s  -s; 41% a  -a; … 
Q 2 521 546 0.04 58% s  -a; 41% a  -s; … 
B 3 

425 
382 1.23 54% a  -a; 33% s  -s; … 

B 4 368 1.77 58% a  -s; 43% s  -a; … 
aExcited state number assigned in increasing energy in the TD-DFT calculations. 
bExperimental wavelengths in nanometers. cCalculated wavelengths in nanometers. 
dCalculated oscillator strengths. eWavefunctions describing the MOs involved in the 
transition based on eigenvectors predicted by TD-DFT. One-electron transition 
contributions of more than 5% are included. a, s, -a, and -s refer to the MO nomenclature 
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of Michl’s perimeter model.46-49One-electron transitions between these orbitals are 
highlighted in bold. 

 

A slightly increased HOMO−LUMO gap is predicted in the brominated porphyrin, which leads 

to blue-shifted spectral bands, as observed specifically in the Q band region (Figure 7.8), but 

this was not observed experimentally (Table 7.3). There is no significant difference in the 

simulated UV-visible spectra of the porphyrin upon incorporation of the heavy atom, bromine 

(Figure 7.9). The rationale for including the bromines was to improve the rate of ISC to 

populate the triplet manifold of the photosensitiser more effectively, leading to the generation 

of more singlet oxygen.  

The fourth series of molecules compare the brominated high- and low-symmetry porphyrins 

and corroles: TBr4, Sn(IV)TBr4, P(V)TBr4, TBr3, Sn(IV)TBr3, P(V)TBr3, TBr2Q2, Sn(IV)TBr2Q2, 

P(V)TBr2Q2, TBr2Q, Sn(IV)TBr2Q, and P(V)TBr2Q (Figure 7.10.1 and Figure 7.10.2). 
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Figure 7.10.1. The nodal patterns of the high-symmetry molecules in the brominated series 

of molecules: TBr4, Sn(IV)TBr4, P(V)TBr4, TBr3, Sn(IV)TBr3, and P(V)TBr3 at an isosurface 

value of 0.02 a.u., and the MO energies of the a, s, -a, and -s MOs. The black arrow indicates 

the orientation of the axis along which the orbitals were assigned according to Michl’s 

perimeter model.  
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Figure 7.10.2. The nodal patterns of the high-symmetry molecules in the brominated series 

of molecules: TBr2Q2, Sn(IV)TBr2Q2, P(V)TBr2Q2, TBr2Q, Sn(IV)TBr2Q, and P(V)TBr2Q at an 

isosurface value of 0.02 a.u., and the MO energies of the a, s, -a, and -s MOs. The black 

arrow indicates the orientation of the axis along which the orbitals were assigned according to 

Michl’s perimeter model.  
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Figure 7.11. The relative energies of the molecular orbitals comparing the series of 

brominated compounds (TBr4, Sn(IV)TBr4, P(V)TBr4, TBr3, Sn(IV)TBr3, P(V)TBr3, TBr2Q2, 
Sn(IV)TBr2Q2, P(V)TBr2Q2, TBr2Q, Sn(IV)TBr2Q, and P(V)TBr2Q). The four-frontier molecular 

orbitals energies are bolded and in purple, and the occupied orbitals are denoted by circular 

black markers. A secondary axis is used to plot the HOMO−LUMO energy gap in red 

diamonds.  
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Figure 7.12. The simulated UV-visible spectra comparing the series of brominated porphyrins 

and corroles: TBr4, Sn(IV)TBr4, P(V)TBr4, TBr3, Sn(IV)TBr3, P(V)TBr3, TBr2Q2, Sn(IV)TBr2Q2, 

P(V)TBr2Q2, TBr2Q, Sn(IV)TBr2Q, and P(V)TBr2Q, as well as the TD spectral bands depicted 

as purple diamonds for the B (allowed) band and red diamonds for the Q (forbidden) 

transitions. A wavelength scale is included for reference. 
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Table 7.4. The calculated UV-visible absorption spectra of the B3LYP optimised geometry of  
TBr4, Sn(IV)TBr4, P(V)TBr4, TBr3, Sn(IV)TBr3, P(V)TBr3, TBr2Q2, Sn(IV)TBr2Q2, P(V)TBr2Q2, 
TBr2Q, Sn(IV)TBr2Q, and P(V)TBr2Q obtained using the CAM-B3LYP functional of the 

Gaussian 09 software packages108 with SDD basis sets.  

TBr4 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 554 608 0.01 58% s  -s; 41% a  -a; … 
Q 2 521 546 0.04 58% s  -a; 41% a  -s; … 
B 3 

425 
382 1.23 54% a  -a; 33% s  -s; … 

B 4 368 1.77 58% a  -s; 43% s  -a; … 
Sn(IV)TBr4 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 609 579 0.02 59% s  -s; 41% a  -a; … 
Q 2 566 579 0.02 58% s  -a; 41% a  -s; … 
B 3 

434 
384 1.29 57% a  -a; 39% s  -s; … 

B 4 384 1.29 57% a  -s; 39% s  -s; … 
P(V)TBr4 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 -- 618 0.12 45% s  -a; 23% s  -s; … 
Q 2 -- 617 0.12 45% s  -s; 23% s  -a; … 
B 5 -- 414 1.01 43% a  -a; 20% a  -s; … 
B 6 -- 413 1.01 43% a  -s; 20% a  -a; … 

TBr3 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 - 597 0.21 64% s  -a; 18% a  -s; … 
Q 2 589 538 0.06 42% a  -a; 40% s  -s; … 
B 3 

427 
391 1.12 48% s  -s; 46% s  -s; … 

B 4 379 1.47 69% a  -s; 19% s  -a; … 
Sn(IV)TBr3 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 -- 558 0.20 72% s  -a; 26% a  -s; … 
Q 2 -- 525 0.01 61% a  -a; 37% s  -s; … 
B 3 -- 371 1.22 57% s  -s; 34% a  -s; … 
B 4 -- 369 1.40 64% a  -s; 24% s  -a; … 

P(V)TBr3 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 564 0.14 72% s  -a; 26% a  -s; … 
Q 2 -- 533 0.00 57% a  -a; 41% s  -s; … 
B 5 -- 381 0.86 56% s  -s; 41% a  -a; … 
B 6 -- 369 1.08 69% a  -s; 26% s  -a; … 
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TBr2Q2 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 564 594 0.01 33% s  -s; 29% a  -a; … 
Q 2 516 538 0.02 35% s  -a; 26% a  -s; … 
B 3 

422 
374 1.23 37% a  -a; 32% s  -s; … 

B 4 361 1.73 44% a  -s; 33% s  -a; … 
Sn(IV)TBr2Q2 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 -- 574 0.04 62% s  -a; 37% a  -s; … 
Q 2 -- 568 0.00 53% s  -s; 46% a  -a; … 
B 3 -- 381 1.26 50% a  -a; 42% s  -s; … 
B 4 -- 380 1.20 58% a  -s; 33% s  -a; … 

P(V)TBr2Q2 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 590 0.05 55% s  -a; 20% a  -s; … 
Q 2 -- 586 0.01 49% s  -s; 23% a  -a; … 
B 3 -- 417 0.37 67% a  -s; 18% s  -a; … 
B 5 -- 401 0.47 59% a  -a; 23% s  -s; … 

TBr2Q 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 591 0.22 66% s  -a; 18% a  -s; … 
Q 2 -- 533 0.05 48% a  -a; 37% s  -s; … 
B 3 -- 386 1.08 52% s  -s; 41% a  -a; … 
B 4 -- 374 1.49 69% a  -s; 19% s  -a; … 

Sn(IV)TBr2Q 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 557 0.22 74% s  -a; 24% a  -s; … 
Q 2 -- 525 0.01 63% a  -a; 35% s  -s; … 
B 3 -- 367 1.12 64% s  -s; 36% a  -a; … 
B 4 -- 365 1.46 72% a  -s; 25% s  -a; … 

P(V)TBr2Q 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 555 0.18 75% s  -a; 24% a  -s; … 
Q 2 -- 524 0.01 56% a  -a; 41% s  -s; … 
B 5 -- 374 0.87 57% s  -s; 40% a  -a; … 
B 6 -- 369 1.10 70% a  -s; 23% s  -a; … 

aExcited state number assigned in increasing energy in the TD-DFT calculations. 
bExperimental wavelengths in nanometers. cCalculated wavelengths in nanometers. 
dCalculated oscillator strengths. eWavefunctions describing the MOs involved in the 
transition based on eigenvectors predicted by TD-DFT. One-electron transition 
contributions of more than 5% are included. a, s, -a, and -s refer to the MO nomenclature 
of Michl’s perimeter model.46-49 One-electron transitions between these orbitals are 
highlighted in bold. 
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The same trends were observed for the brominated compounds compared to their non-

brominated counterparts: the stabilisation of the P(V) porphyrins due to their overall positive 

charge and the destabilisation of P(V)TBr3 is seen within this series of molecules (Figure 

7.11). Interestingly, there is a notable stabilisation of the HOMO orbital of P(V)TBr2Q in 

comparison to that of the free base and Sn(IV) complexes of this low-symmetry corrole.  

 

Upon the introduction of Sn(IV), a heavy atom, into the centre of the ligands, there is a relative 

stabilisation of the MO energies and a blue-shifting of the Q band envelopes. The blue shift 

observed in the Q bands can be attributed to the increased HOMO−LUMO gap predicted upon 

metalation (Figure 7.12). The metalation is done to improve the singlet oxygen quantum yields 

of the molecules to facilitate a more efficacious therapy.  

 

There is no significant difference in the electronic or spectral properties of the high- and low-

symmetry molecules, as noted in the second series of molecules, despite slightly blue-shifted 

spectral bands in the low-symmetry molecules (Table 7.4) that can be attributed to an 

increased HOMO−LUMO gap (Figure 7.12).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

174 

The fifth series of molecules compares the free base and In(III) high- and low-symmetry 

porphyrins: T4, In(III)T4, TBr4, In(III)TBr4, T2Q2, In(III)T2Q2, TBr2Q2, and In(III)TBr2Q2. This 

was done to assess the effect of metalation with In(III) on the optical and electronic properties 

of the porphyrins (Figure 7.13.1 and Figure 7.13.2).  

 
Figure 7.13.1. The nodal patterns of the high-symmetry molecules in the Indium (III) series 

of porphyrins: T4, In(III)T4, TBr4, and In(III)TBr4 at an isosurface value of 0.02 a.u., and the 

MO energies of the a, s, -a, and -s MOs. The black arrow indicates the orientation of the axis 

along which the orbitals were assigned according to Michl’s perimeter model. 
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Figure 7.13.2. The nodal patterns of the low-symmetry molecules in the Indium (III) series of 

porphyrins: T2Q2, In(III)T2Q2, TBr2Q2, and In(III)TBr2Q2 at an isosurface value of 0.02 a.u., 

and the MO energies of the a, s, -a, and -s MOs. The black arrow indicates the orientation of 

the axis along which the orbitals were assigned according to Michl’s perimeter model. 
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Figure 7.14. The relative energies of the molecular orbitals comparing the series of free base 

and Indium (III) porphyrins (T4, In(III)T4, TBr4, In(III)TBr4, T2Q2, In(III)T2Q2, TBr2Q2, and 

In(III)TBr2Q2). The four-frontier molecular orbitals energies are bolded and in purple, and the 

occupied orbitals are denoted by circular black markers. A secondary axis is used to plot the 

HOMO−LUMO energy gap in red diamonds.  
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Figure 7.15. The simulated UV-visible spectra comparing the series of free base and Indium 

(III) porphyrins (T4, In(III)T4, TBr4, In(III)TBr4, T2Q2, In(III)T2Q2, TBr2Q2, and In(III)TBr2Q2) 

as well as the TD spectral bands depicted as purple diamonds for the B (allowed) band and 

red diamonds for the Q (forbidden) transitions. A wavelength scale is included for reference. 
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Table 7.5. The calculated UV-visible absorption spectra of the B3LYP optimised geometry of  
T4, In(III)T4, TBr4, In(III)TBr4, T2Q2, In(III)T2Q2, TBr2Q2, In(III)TBr2Q2, obtained using the 

CAM-B3LYP functional of the Gaussian 09 software packages108 with SDD basis sets.  

 

T4 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 552 611 0.02 60% s  -s; 39% a  -a; … 
Q 2 520 548 0.04 59% s  -a; 40% a  -s; … 
B 3 

425 
381 1.17 55% a -a; 32% s  -s; … 

B 4 368 1.64 59% a  -s; 41% s  -a; … 
In(III)T4 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 610 572 0.02 57% s  -s; 42% a  -a; … 
Q 2 565 571 0.01 55% s  -a; 44% a  -s; … 
B 3 

435 
376 1.40 56% a  -a; 42% s  -s; … 

B 4 375 1.43 55% a  -s; 43% s  -a; … 
TBr4 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 554 608 0.01 58% s  -s; 41% a  -a; … 
Q 2 521 546 0.04 58% s  -a; 41% a  -s; … 
B 3 

425 
382 1.23 54% a  -a; 33% s  -s; … 

B 4 368 1.77 58% a  -s; 43% s  -a; … 
In(III)TBr4 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 -- 570 0.02 55% s  -a; 44% a  -s; … 
Q 2 -- 569 0.01 54% s  -s; 45% a  -a; … 
B 3 -- 376 1.50 55% a  -s; 43% s  -a; … 
B 4 -- 376 1.53 53% a  -a; 44% s  -s; … 

T2Q2 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 554 603 0.02 34% s  -a; 26% s  -s; … 
Q 2 518 540 0.03 29% s  -s; 28% s  -a; … 
B 3 

423 
377 1.16 29% a  -a; 26% a  -s; … 

B 4 364 1.68 32% a  -s; 25% a  -a; … 
In(III)T2Q2 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 606 565 0.02 58% s  -a; 41% a  -s; … 
Q 2 564 560 0.01 51% s  -s; 47% a  -a; … 
B 3 

433 
371 1.46 52% a  -a; 46% s  -s; … 

B 4 371 1.37 57% a  -s; 40% s  -a; … 
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TBr2Q2 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 564 594 0.01 33% s  -s; 29% a  -a; … 
Q 2 516 538 0.02 35% s  -a; 26% a  -s; … 
B 3 

422 
374 1.23 37% a  -a; 32% s  -s; … 

B 4 361 1.73 44% a  -s; 33% s  -a; … 
In(III)TBr2Q2 

 #a λexpb λcalcc fd Wavefunction =e 
Q 1 -- 564 0.03 58% s  -a; 41% a  -s; … 
Q 2 -- 560 0.00 50% a  -a; 49% s  -s; … 
B 3 -- 371 1.44 37% a  -s; 25% s  -a; … 
B 4 -- 371 1.48 32% a  -a; 31% s  -s; … 

aExcited state number assigned in increasing energy in the TD-DFT calculations. 
bExperimental wavelengths in nanometers. cCalculated wavelengths in nanometers. 
dCalculated oscillator strengths. eWavefunctions describing the MOs involved in the 
transition based on eigenvectors predicted by TD-DFT. Only one-electron transition 
contributions of more than 5% are included. a, s, -a, and -s refer to the MO nomenclature 
of Michl’s perimeter model.46-49 One-electron transitions between these orbitals are 
highlighted in bold. 

 
 

All of the porphyrins in the fifth series show a marked stabilisation of the MO upon coordination 

to In(III) (Figure 7.14). With the exception of In(III)TBr2Q2, which has a decreased 

HOMO−LUMO gap compared to its free base counterpart, the In(III) molecules have an 

increased HOMO−LUMO gap compared to the free base molecules. The In(III) molecules 

generally have relatively blue-shifted spectra due to the increased HOMO−LUMO gap (Figure 

7.15).  

 

A summary of the calculated UV-visible absorption spectra is given in Table 7.5. 

 

 

 

 

 

 

 

 



 
 

180 

The sixth series of molecules compares the free base reference compound (T4) to the 

metalated molecules (Sn(IV)T4 and In(III)T4) and the molecule that is coordinated to P(V), 

P(V)T4 (Figure 7.16). 

 
Figure 7.16. The nodal patterns of the series of free base and metalated porphyrins (T4, 

Sn(IV)T4, In(III)T4, P(V)T4) at an isosurface value of 0.02 a.u., and the MO energies of the a, 
s, -a, and -s MOs. The black arrow indicates the orientation of the axis along which the orbitals 

were assigned according to Michl’s perimeter model. 
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Figure 7.17. The relative energies of the molecular orbitals comparing the series of free base 

and metalated porphyrins (T4, Sn(IV)T4, In(III)T4, P(V)T4). The four-frontier molecular orbitals 

energies are bolded and in purple, and the occupied orbitals are denoted by circular black 

markers. A secondary axis is used to plot the HOMO−LUMO energy gap in red diamonds.  

 
 

Figure 7.18. The simulated UV-visible spectra comparing the series of free base and 

metalated porphyrins (T4, Sn(IV)T4, In(III)T4, and P(V)T4), as well as the TD spectral bands 

depicted as purple diamonds for the B (allowed) band and red diamonds for the Q (forbidden) 

transitions. A wavelength scale is included for reference. 
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Table 7.6. The calculated UV-visible absorption spectra of the B3LYP optimised geometry of  
T4, Sn(IV)T4, In(III)T4, and P(V)T4, obtained using the CAM-B3LYP functional of the 

Gaussian 09 software packages108 with SDD basis sets.  

 
T4 

 #a λexpb λcalcc fd Wavefunction =e 

Q 1 552 611 0.02 60% s  -s; 39% a  -a; … 
Q 2 520 548 0.04 59% s  -a; 40% a  -s; … 
B 3 

425 
381 1.17 55% a -a; 32% s  -s; … 

B 4 368 1.64 59% a  -s; 41% s  -a; … 
Sn(IV)T4 

 #a λexpb λcalcc fd Wavefunction =e 

Q 1 613 579 0.02 58% s  -a; 39% a  -s; … 
Q 2 567 579 0.02 57% s  -s; 39% a  -a; … 
B 3 

437 
383 1.20 55% a  -s; 37% s  -a; … 

B 4 383 1.21 55% a  -a; 37% s  -s; … 
In(III)T4 

 #a λexpb λcalcc fd Wavefunction =e 

Q 1 610 572 0.02 57% s  -s; 42% a  -a; … 
Q 2 565 571 0.01 55% s  -a; 44% a  -s; … 
B 3 

435 
376 1.40 56% a  -a; 42% s  -s; … 

B 4 375 1.43 55% a  -s; 43% s  -a; … 
P(V)T4 

 #a λexpb λcalcc fd Wavefunction =e 

Q 1 -- 622 0.09 57% s  -a; 25% a  -s; … 
Q 2 -- 621 0.09 57% s  -s; 25% a  -a; … 
B 3 -- 410 0.95 46% a  -s; 21% s  -a; … 

B 4 -- 410 0.95 46% a  -a; 21% s  -s; … 
aExcited state number assigned in increasing energy in the TD-DFT calculations. 
bExperimental wavelengths in nanometers. cCalculated wavelengths in nanometers. 
dCalculated oscillator strengths. eWavefunctions describing the MOs involved in the 
transition based on eigenvectors predicted by TD-DFT. Only one-electron transition 
contributions of more than 5% are included. a, s, -a, and -s refer to the MO nomenclature 
of Michl’s perimeter model.46-49 One-electron transitions between these orbitals are 
highlighted in bold. 

 
The free base molecule, T4, is the least stable molecule with the most destabilised HOMO 

energy due to the lack of the heavy atom in the centre of the macrocycle (Figure 7.17). P(V)T4 

is the most stable due to its overall cationic charge. Additionally, P(V)T4  has red-shifted 
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spectral bands due to the decreased HOMO−LUMO gap (Figure 7.18). The free base 

molecule has Q bands with significantly different calculated wavelengths, which give rise to 

four Q bands, experimentally, due to the presence of vibrational overtones in addition to the 

main electronic bands. Sn(IV), In(III)T4, and P(V)T4 are predicted to have Q spectral bands 

that have identical or near-identical calculated wavelengths, which causes the experimentally 

observed collapse of the four Q bands of the free base dye into two bands in the context of 

metal complexes.  A summary of the calculated UV-visible absorption spectra is given in Table 

7.6. 

 

The seventh and final series of molecules aims to assess the effect of the quaternisation of 

the porphyrin on the electronic and optical properties (Figure 7.19). 

 
Figure 7.19. The nodal patterns of the series of the free base, metalated and quaternised 

molecules (T2Q2, SnT2Q2, and SnT2Q2+, respectively) at an isosurface value of 0.02 a.u., 

and the MO energies of the a, s, -a, and -s MOs. The black arrow indicates the orientation of 

the axis along which the orbitals were assigned according to Michl’s perimeter model. 
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Figure 7.20. The relative energies (LUMO = 0) of the molecular orbitals comparing the series 

of free base, metalated and quaternised low-symmetry porphyrins (T2Q2, Sn(IV)T2Q2, 
Sn(IV)T2Q2+). The four-frontier molecular orbitals energies are bolded and in purple, and the 

occupied orbitals are denoted by circular black markers. A secondary axis is used to plot the 

HOMO−LUMO energy gap in red diamonds.  

 

 
Figure 7.21. The simulated UV-visible spectra comparing the series of the free base, 

metalated and quaternised low-symmetry porphyrins (T2Q2, SnT2Q2, SnT2Q2+), as well as 

the TD spectral bands depicted as purple diamonds for the B (allowed) band and red diamonds 

for the Q (forbidden) transitions. A wavelength scale is included for reference. 
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Table 7.7. The calculated UV-visible absorption spectra of the B3LYP optimised geometry of  
T2Q2, Sn(IV)T2Q2, and SnT2Q2+, obtained using the CAM-B3LYP functional of the Gaussian 

09 software packages108 with SDD basis sets.  

T2Q2 
 #a λexpb λcalcc fd Wavefunction =e 

Q 1 554 603 0.02 34% s  -a; 26% s  -s; … 
Q 2 518 540 0.03 29% s  -s; 28% s  -a; … 
B 3 

423 
377 1.16 29% a  -a; 26% a  -s; … 

B 4 364 1.68 32% a  -s; 25% a  -s; … 
Sn(IV)T2Q2 

 #a λexpb λcalcc fd Wavefunction =e 

Q 1 602 575 0.03 62% s  -a; 37% a  -s; … 
Q 2 561 571 0.00 56% s  -s; 43% a  -a; … 
B 3 

434 
381 1.25 54% a  -a; 41% s  -s; … 

B 4 380 1.16 59% a  -s; 35% s  -a; … 
Sn(IV)T2Q2+ 

 #a λexpb λcalcc fd Wavefunction =e 

Q 1 614 588 0.06 68% s  -a; 29% a  -s; … 
Q 2 565 574 0.01 56% a  -a; 42% s  -s; … 
B 3 

435 
422 0.66 50% s  -s; 37% a  -a; … 

B 4 416 0.66 61% a  -s; 25% s  -a; … 
aExcited state number assigned in increasing energy in the TD-DFT calculations. 
bExperimental wavelengths in nanometers. cCalculated wavelengths in nanometers. 
dCalculated oscillator strengths. eWavefunctions describing the MOs involved in the 

transition based on eigenvectors predicted by TD-DFT. Only one-electron transition 

contributions of more than 5% are included. a, s, -a, and -s refer to the MO nomenclature 

of Michl’s perimeter model.46-49 One-electron transitions between these orbitals are 

highlighted in bold. 
 
 

Upon incorporating a methyl group onto two nitrogen atoms and two sulphur atoms, the 

porphyrin possesses an overall charge of +4. This is done to improve the efficacy of therapy 

by improving the bioavailability with improved hydrophilicity and permeation through the target 

cells, due to their overall negative charge. This leads to a significant stabilisation of the MOs 

(Figure 7.20), in a similar but more exaggerated manner to the P(V) porphyrins. A reduced 

HOMO−LUMO gap gives rise to the marked red shift in the spectral bands of the quaternised 
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molecule, which makes this molecule more suitable for PDT. There is also an intensification 

of the Q bands in the quaternised species due to an increased ∆LUMO value (Figure 7.21). 

A summary of the calculated UV-visible absorption spectra is given in Table 7.7. 

 

7.2 Summary of chapter 
 

The goal of this chapter was to provide a theoretical explanation of the observed groundstate 

absorption spectra in accordance with conceptual frameworks, such as Gouterman’s 4-orbital 

model and Michl’s perimeter model, based on trends in the relative energies of the four frontier 

π-MOs.41,41,46-49 

 

It can be concluded that the bromination of the thiophene did not significantly alter the 

electronic or optical properties of the molecules but was used for the heavy atom effects to 

improve the efficacy of the photosensitisers in PDT and PACT. Metalation of porphyrins and 

corroles blue shifted the Q band envelopes and was done for improved singlet oxygen 

quantum yields and bioavailability due to axial ligation. The corroles have more intense Q 

bands than the porphyrins due to their increased ∆LUMO due to the decreased symmetry of 

this analogue. This is in agreement with the observations made in Chapter 3.  
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CHAPTER EIGHT 
 
 

DISCUSSION 
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8.1. Conclusions 
  

The main aim of this thesis was to synthesise and characterise a series of high- and low-

symmetry porphyrins and corroles for their application during in vitro PDT and PACT. 

Additionally, their Sn(IV) and In(IV) complexes were compared.  

 

The novel low-symmetry porphyrins, T2Q2 and TBr2Q2, were synthesised and purified from 

Gryko et al.’s 2001 low-symmetry corrole synthesis, and the former was metalated with Sn(IV) 

and In(IV), thereafter. The high-symmetry corrole, T3, was purified from the same synthesis 

that yielded the low-symmetry porphyrin, T2Q2. TBr3, on the other hand, was synthesised 

using Gryko et al.’s 2006 method.  

 

There were synthetic challenges experienced with the corroles, and the low-symmetry 

corroles could not be synthesised and/or purified to a level that is required for the subsequent 

characterisation, quantification of the photophysical and-chemical properties and subsequent 

application-related studies of the molecules. Additionally, the corroles did not exhibit 

favourable photophysical and -chemical properties suitable for PDT and PACT, and 

subsequently, it was decided that porphyrins would be the main focus of this thesis.  

 

Sn(IV)T2Q2 was found to have the most promising photophysicochemical properties, as it 

exhibited the highest singlet oxygen quantum yield of 0.85, as well as a low fluorescence 

quantum yield and a long-lived triplet state. For this reason, this photosensitiser was chosen 

to be quaternised to afford a cationic charge and improved bioavailability due to enhanced 

solubility in aqueous solutions.  

 

In(III)T4, Sn(IV)TBr4, Sn(IV)T2Q2, In(III)T2Q2 and Sn(IV)T2Q2+ all displayed significant dark 

toxicity, but the neutral low-symmetry porphyrins were promising due to their high phototoxicity 

and low dark toxicity at low concentrations. This is promising and merits further investigation 

to assess their suitability for PDT applications. The indium (III) complexes had relatively high 
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activities (low IC50) values, and this is preferential for PDT applications. Quaternisation of the 

molecule seemed to increase the dark toxicity but not the overall photoactivity to a significant 

extent. This merits further investigation in the context of nitrogen and sulfur quaternisation and 

the suitability of these molecules for PDT.  

 

The PACT studies revealed that the quaternised molecule, Sn(IV)T2Q2+, exhibited the best 

antimicrobial activity. Sn(IV)T2Q2+ achieved a log10 reduction of 6.91 against Staphylococcus 

aureus, which is suitable in the context of PACT, and a log10 reduction of 1.97 against 

Escherichia coli. Overall, the other photosensitisers did not perform very well against either S. 

aureus or E. coli, and this is likely due to the lack of a positive charge and the resultant low 

bioavailability and uptake into the bacterial cell membrane. Dark toxicity was observed in all 

the photosensitisers, which is not necessarily problematic due to the inherent antimicrobial 

activities of these molecules.  

 

The porphyrins and corroles all exhibited nonlinear optical properties, but the two most 

promising molecules were Sn(IV)T4 (with an obtainable Ilim) and TBr2Q2, since they exhibited 

the most pronounced RSA responses. In general, the incorporation of heavy atoms did 

improve the nonlinear optical properties of the molecules, and this trend should be investigated 

across a larger series of molecules. Sn(IV)T4 was embedded in a polymer (poly(bisphenol 

carbonate A)) in order to assess its solid state properties. Although the response was 

anomalous due to thermal effects and a lack of transparency, there was a significant reduction 

in transmittance towards z = 0. This is promising for future applications, despite the need to 

optimise the transparency of the thin film.  

 

The theoretical calculations provided insight into the optical and electronic properties of the 

molecules, even those that could not be yielded synthetically. This chapter gave insight into 

the intensification of the Q bands of the corrole molecules relative to the analogous porphyrins, 

as well as the experimentally observed red shift of their spectral bands. This was the initial 

premise for their inclusion in this investigation due to the excitation of the molecules in the 
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phototherapeutic window in the context of PDT and PACT. As previously mentioned, the 

synthetic challenges and undesirable photophysicochemical properties that the synthetically 

viable corroles presented resulted in their lack of application in PDT and PACT.  

 

8.2. Future outlook  
 

Nevertheless, there is still more work to be carried out in exploiting low-symmetry porphyrins 

and corroles for their applications in PDT, PACT and optical limiting. Specifically, the following 

recommendations are made for future work:  

i. The optimisation of the low-symmetry porphyrin synthesis and the high- and low-

symmetry corrole synthesis, as well as purification.  

ii. To explore the photodynamic and optical limiting properties of this synthetic trend 

across more low symmetry porphyrinoids and isomers, prepared from 

dipyrromethanes in a similar manner to the ABAB porphyrins in this study, including 

but not limited to corroles, chlorins and N-confused porphyrins in a similar manner 

to other recent research by Mack and coworkers.18  

iii. To quaternise porphyrinoids at the nitrogens and/or sulfurs for their application in 

PDT and PACT. 

iv. To explore other heavy atoms, including iodine, for improved 

photophysicochemical and optical limiting properties.  

v. To compare symmetrical porphyrins to their A3B, trans-A2B2 and AB3 counterparts 

across a larger series of meso-substituents.  

vi. To incorporate nanoparticles by taking advantage of the Au-S affinity to improve 

the photodynamic activity of the thienyl-substituted dyes and localisation into the 

target cells to improve their efficacy.  

vii. To optimise the thin film synthesis in the context of the optical limiting studies.  
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